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Chapter 1 Introduction to Human Biology

Figure 1.1 Blood Pressure. 
Understanding anatomy and 
physiology is fundamental to 
understanding your own health and is 
necessary knowledge for any career in 
the health professions. (credit: Bryan 
Mason/Flickr CC BY 2.0 via Wikipedia) 

Whether or not you are considering a career in health, the knowledge you gain in this 
course will serve you well in many aspects of your life. An understanding of the human 
body’s anatomy (structure) and physiology (function) is not only fundamental to any 
career in the health professions, but is also potentially beneficial to your own health. 
Familiarity with the human body can help you make healthy choices and help you 
understand news reports about nutrition and medicine. The information you learn will 
help you better understand health and disease, and your knowledge can be a resource 
to you, your family and friends. 

1.1 The Process of Science 

There is much known about human biology, yet there is still a lot more that needs to 
be learned. Is the knowledge that has been gathered up till now trustworthy 
information? How will new discoveries be made and how can we be sure that the 
information is accurate and reliable? 

There is a process that is used for quality control, known as the “Scientific Method”. 
This is a series of steps that includes observation and experimentation, that helps us 
reach a trustworthy answer to a question. It is important to use this method to separate 
out reliable information from rumors. There is a lot of information that we hear from 
others that is not based on the scientific method, and some of that information is 
misleading, or may simply not be true. One notorious example is that many people 
incorrectly believe vaccinations cause autism. In fact, that false claim was based on 
one report which did not properly follow the scientific method. Since then, many 
researchers have used the steps of the scientific method to carefully study this 
possible linkage between vaccinations and autism, and none have found this claim to 
be true. (Indian Journnal of Psychiatry; MMR Vaccine is Not Linked to Autism) As 
informed citizens, each of us should always check out the reliability of things that we 
hear or read. 

The scientific method begins with a question or observation of something that is 
around you, and a possible explanation that answers your question or would explain 
your observation. This possible explanation is known as a hypothesis. The hypothesis 
must then be tested through experimentation and/or careful observations. Results of 
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the experiment would then be analyzed and conclusions would be drawn based on the 
results. The results may, or may not, support the original hypothesis. All the steps of 
the scientific method are discussed below. 

We shall see that the scientific method isn’t only for scientists. It is also for anyone 
who is curious, and who cares about reliable explanations for things that happen 
around them. The steps of the scientific method can be applied to logically solve almost 
any problem. These steps are guides to help us understand our world and to see if 
our guesses about why things happen are possibly correct. 

Let’s think about a simple problem that starts with an observation and apply the 
scientific method to solve the problem. One morning, a student arrives at class and 
discovers that the classroom is too warm. That is an observation that also describes 
a problem: the classroom is too warm. The student then asks a question: “Why is the 
classroom so warm?” 

Recall that a hypothesis is a suggested explanation that can be tested. For example, 
a hypothesis might be, “The classroom is warm because no one turned on the air 
conditioning.” But there could be other guesses, and therefore other hypotheses may 
be proposed. A second hypothesis might be, the classroom is warm because there is 
a power failure, so the air conditioning won’t work. 

Once a hypothesis has been selected, it is often stated in the form of a prediction, 
using the format, “If . . . then.” For example, the first hypothesis predicts, “If the student 
turns on the air conditioning, then the classroom will become cooler.” The hypothesis 
prediction for the second guess could be, “If the power is restored, then the air 
conditioning will cool the room.” 

A hypothesis must be testable to ensure that it is valid. For example, you can’t make a 
scientific hypothesis about what an animal is thinking. It is not testable; so the 
scientific method can’t be applied to it. If the hypothesis is testable, a researcher will 
conduct one or more experiments designed to eliminate other possible hypotheses. 
A hypothesis can be disproven, but it is also important to understand that it can never 
actually be proven. If an experiment supports a hypothesis, then that hypothesis is 
considered a likely explanation. But it is possible a better explanation will be found at 
some later point in time, or a more carefully designed experiment will show the 
hypothesis to be false. 

Below, the scientific method is used to solve an everyday problem. Based on 
the results of the experiment, is the hypothesis supported? If it is not 
supported, propose an alternative hypothesis. 
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A. Observation: - My toaster doesn’t toast my bread.

B. Question: - Why doesn’t my toaster work?

C. Guess: - There is something wrong with the electrical outlet.

D. Hypothesis/Prediction: - If something is wrong with the outlet, then my

coffeemaker also won’t work when plugged into it.

E. Experiment: - I plug my coffeemaker into the outlet.

F. Result: - My coffeemaker works.

Let us look at another everyday example. 

- you exercise your arm and you observe your arm muscle has gotten larger.
- you hypothesize “If the arm is exercised, then the arm muscle will grow larger”
- you experiment to test if arm exercises cause arm muscles to grow.
- you analyze the results to determine if exercise causes arm muscles to grow larger.

An experiment that is well designed will test only one variable at a time, so that the results 
won’t be confusing. A variable is any part of the experiment that can vary or change 
during the experiment. In the example above, a variable could be the type of exercise 
that is performed; another variable could be how many days a week the muscle is 
exercised. Imagine designing an experiment where both variables are changing? For 
example, it would be very difficult to interpret results if one person uses arm weights once 
a week and another person exercises their arms without weights three times a week.  
A better experiment would have the subjects exercise in the same way, changing only 
one of the variables. The one variable that is changing in an experiment is known as the 
independent variable. In a first experiment you could have two people perform the same 
exercises, but one exercises once a week and the other exercises three times a week. A 
later experiment could test a different independent variable, such as different types of 
arm exercises. In that later experiment, the number of days of exercise would remain 
constant, but exercising with, or without, weights could be explored. In this way, each 
experiment tests only one variable at a time. Many different experiments can be designed 
to learn more about the subject and to help support the hypothesis. 

In an experiment, the result that is changing is known as the dependent variable, since 
the amount it changes depends on what is being done to it. In the above experiment, the 
size of the muscle is the dependent variable, since the variation in its growth depends on 
how much independent variable (exercise) it is given. 

Well-designed experiments also need a control, where there has been no “treatment” 
with the independent variable. In the experiment above, the control would be the size of 
the muscle before it was exercised. A control provides the baseline information that can 
be used to compare changes that occur during the experiment, and helps validate that 
the results are showing a real change. 
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To recap, based on the muscle growth experiment: 
• independent variable = item varied in the experiment = amount of exercise
• dependent variable = result that changes = size of the muscle
• control = result when there is no independent variable = muscle with no exercise

In human experiments where medications are being tested, the control is known as a 
“placebo”. For example, a new drug is tested to treat diabetes. Half the group gets the 
new medication. The other half of the group gets a placebo that looks identical to the real 
medication. Placebos are necessary since humans are complex, and if a person believes 
he is getting medication, even if he is not, it can affect the outcome of the experiment. 
This is known as the “placebo effect”. 

Concept Check: 
I observe that I get tired at night and fall asleep while doing my homework. I want to 
drink coffee so that I can be more alert and stay up longer to do my homework. I plan 
an experiment to see if coffee lets me stay up longer to study. One night I don’t drink 
coffee. The second night I drink one cup of coffee. The third night I drink 3 cups of 
coffee. Each of those nights I write down how long I am able to study before falling 
asleep. 

1. Identify the hypothesis
2. Identify the independent variable.
3. Identify the dependent variable.
4. Identify the control.

The steps of the scientific method are reviewed below: 
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Figure 1.2 The scientific method 
is a series of defined steps that 
include experiments and careful 
observation. If a hypothesis is 
not supported by data, a new 
hypothesis can be proposed. 
Credit: CNX OpenStax [CC BY 4.0 ] 

Forensic Scientist 

Credit: West Midlands Police from West Midlands, United Kingdom [CC BY-SA 2.0] 

Forensic science is the application of science to answer questions related 
to the law. Biologists as well as chemists and biochemists can be forensic 
scientists. Forensic scientists provide scientific evidence because of 
popular television shows that feature forensic scientists on the job. Also, 
the development of molecular techniques and the establishment of DNA 
databases have updated the types of work that forensic scientists can do. 
Their job activities are primarily related to crimes against people such as 
murder, rape, and assault. Their work involves analyzing samples such as 
hair, blood, and other body fluids and also processing DNA (Figure 1.3) 
found in many different environments and materials. Forensic scientists 
also analyze other biological evidence left at crime scenes, such as insect 
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parts or pollen grains. Students who want to pursue careers in forensic 
science will most likely be required to take chemistry and biology courses 
as well as some intensive math courses. 

1.2 Levels of Organization of Living Things 
In order to understand human anatomy and physiology, it is important to 
understand the building blocks that come together to create our bodies. Humans, 
like all living things, are highly organized. If we were to decompose our bodies 
into smaller and smaller structures, we would find that the smallest, stable unit is 
the atom. The atom is the smallest structure that makes up everything that we 
know of, both living and non-living. In the following chapter, we will learn more 
about atoms, how they come together to bond and form molecules. We will learn 
how many smaller molecules combine to form very large, biological 
macromolecules, like DNA seen here (Figure 1.4). 

Figure 1.4 This very large DNA molecule, is composed of many atoms that combine to form 
this larger structure (credit: "Brian0918"/Wikimedia Commons) 

Macromolecules join to form structures named organelles, which are structures 
that exist within cells and perform specialized functions. Up until this point, from 
atom to organelles, the increasingly complex structures are not considered to be 
alive. The level of organization that is considered living is the cell, which is 
composed of many different organelles that work together.  
All living things are made of cells; some organisms consist only of a single cell, 
such as an amoeba, while others are multicellular. Humans are multicellular and 
are composed of trillions of cells. These cells organize into tissues, that are groups 
of similar cells carrying out similar functions. The four different tissue types join 
together in different proportions to form the various organs of our bodies. These 
organs then assemble into 11 different organ systems that function together to 
form a single organism; a single human being. 
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Figure 1.5 Atom to Organism. (credit "macromolecule": modification of work byJeff16 [CC BY-SA 4.0}, 
via Wikimedia Commons; credit remainder to Art by OpenStax College – CC-BY 
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1.3 Anatomy and Physiology Terminology 

Anatomy and physiology are intimately related. 

Human Anatomy (ana- = “up”, tome = “to cut”) is often defined as the study of 
structures in the human body. Gross anatomy studies macroscopic structures, 
visible by eye (for example, the body, organs, and organ systems), and histology 
studies microscopic structures (for example, tissues, cells, and organelles). 

Human Physiology (physio = “nature”; -logy = “study”) studies how structures 
work. What is the function of each different type of cell, tissue, organ, and organ-
system? 

We say, “structure follows function”, because for something to work, it must be built 
in a certain way. A straw only works because it is hollow, has stiff walls and is a 
certain length. Similarly, our organs function because they are built in a very 
specific way. For example, the anatomy of the fingers (length, shape, and types 
of movements the fingers can make) determines what things a hand can grab 
(function). 

Figure 1.6: (a) x-ray of hand By Hellerhoff [CC BY-SA 3.0 
(https://creativecommons.org/licenses /by-sa/3.0)], from Wikimedia Commons (b) 
baby’s hand grasping By User: Mattes [Public domain], from Wikimedia Commons 

Keep in mind as you learn the organs of the body, that understanding physiology 
requires an understanding of anatomy, and vice versa. 
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1.4 HOMEOSTASIS 

As you know, it is dangerous for human body temperature to drop too far below 
37oC (98.6oF), or to go too high above 37oC. Slightly above or below is okay and 
does not mean that a person is sick. However, developing too high a fever can be 
life-threatening. We say that 37oC is our body’s set point that it tries to maintain,
but there is a normal range of fluctuation; about a degree above or below the set 
point. Homeostasis is the way our body maintains itself in normal range. That 
means, we can go outside when it is very cold and our internal body temperature 
does not cool down, because as our temperature starts to drop, our body responds 
by shivering, which increases our body temperature. We can also go out on very 
hot days, because as our body starts to heat up our body responds by sweating, 
which releases heat causing our body to cool down. 

In addition to maintaining our internal body temperature, our bodies have many 
more internal things that must remain in normal range, or it can badly affect our 
health. Some examples of things that must remain in normal range include water, 
oxygen, pH, hormones, glucose and other nutrients, blood pressure, sodium, 
calcium and other electrolytes. The levels of all these things are regulated through 
homeostasis, the body’s method of monitoring, and correcting the levels, when it 
is about to go outside normal range. Negative feedback is the most common type 
of homeostatic control. 

Control centers in the brain and other parts of the body monitor and react to 
deviations from homeostasis using negative feedback. Negative feedback is a 
mechanism that reverses a deviation from the set point. Therefore, negative 
feedback maintains the body within its normal range. When the body fails to 
maintain homeostasis, and something goes outside of normal range, disease or 
illness may result. 
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Figure 1.7: Homeostasis through negative feedback. Control of body temperature through 
negative feedback. credit S. Ellerton (own work) 

Positive feedback is a mechanism that intensifies a change in the body rather than 
reversing it (as a negative feedback mechanism does). That would be like…your 
body temperature rises above normal range; so positive feedback makes it go even 
higher, away from normal. Obviously, this doesn’t happen when regulating body 
temperature. Positive feedback is less common than negative feedback. It is only in 
effect during situations where more change will help the body and there is a definite 
end-point. Once this point is reached, the feedback will cease. Childbirth and blood 
clotting are two examples of positive feedback loops that are normal but are 
activated only when needed. 

Childbirth requires positive feedback to get the baby out of the uterus. The smooth 
muscle contractions of the uterus become stronger and stronger for this purpose. If 
negative feedback happened, the muscle contractions would start and then get 
weaker and then stop, since negative feedback brings you back to normal. That 
won’t work for childbirth, since with negative feedback, the baby would never be 
born. Instead, positive feedback causes the muscle to contract with more and more 
force, and the positive feedback loop shuts down when the baby is born. 

Another example in our body where we need the change to move further away from 
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normal is when we are losing blood. When a person is injured and is bleeding, the 
platelets begins steps to close off the wound to stop the bleeding. Positive feedback 
intensifies the work of the platelets so that bleeding will end. If it was a negative 
feedback loop, the platelets would activate, and then shut back down. We would 
then bleed to death. So, a positive feedback loop is needed, and this loop ends 
when bleeding ends because the clot has successfully formed. 

FEEDBACK HOW 
COMMON 
IS THIS? 

EXAMPLE RESPONSE WHEN 
DOES THIS 
END? 

NEGATIVE 
FEEDBACK 

very common body 
temperature 
changes away 
from normal 
range 

reverses the 
change so body 
temperature 
returns to set 
point, normal 
range

ends when the 
body returns to 
the normal 
range and is in 
a state of 
homeostasis

POSITIVE 
FEEDBACK 

not common childbirth intensifies the 
change to 
complete a 
process so 
contractions 
become 
stronger and 
stronger 

Ends when 
some 
change 
needed by 
the body is 
completed 
and end 
point is 
reached.  
The child is 
born.

Table 1.1 Comparison between negative feedback and positive feedback (credit: 
modification of Liachovitzky, Carlos, "Human Anatomy and Physiology 
Preparatory Course" (2015). CUNY Academic Works. Creative Commons 
Attribution-Noncommercial-Share Alike 4.0 License. 
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KEY TERMS 
Anatomy  science that studies the form and composition of the body’s structures 

Cell smallest independently functioning unit of all organisms; in animals,  a cell contains 
cytoplasm, composed of fluid and organelles 

control center compares values to their normal range; deviations cause the activation of an 
effector 

effector  organ that can cause a change in a value 

gross anatomy study of the larger structures of the body, typically with the unaided 
eye; also referred to macroscopic anatomy 

growth  process of increasing in size 

homeostasis  steady state of body systems that living organisms maintain 

metabolism sum of all of the body’s chemical reactions 

microscopic anatomy study of very small structures of the body using magnification 

negative feedback homeostatic mechanism that tends to stabilize an upset in the 
body’s physiological condition by preventing an excessive response to a stimulus, 
typically as the stimulus is removed 

normal range range of values around the set point that do not cause a reaction by the 
control center 

nutrient chemical obtained from foods and beverages that is critical to human survival 

organ f unctionally distinct structure composed of two or more types of tissues 

organ system group of organs that work together to carry out a particular function 

organism living being that has a cellular structure and that can independently 
perform all physiologic functions necessary for life 

physiology science that studies how the body structures function

positive feedback mechanism that intensifies a change in the body’s physiological 
condition in response to a stimulus 

regional anatomy study of the structures that contribute to specific body regions 

sensor  (also, receptor) reports a monitored physiological alue to the control center 

set point  ideal value for a physiological parameter; the level or small range within 
which a physiological parameter such as blood pressure is stable and optimally healthful, 
that is, within its parameters of homeostasis 

systemic anatomy study of the structures that contribute to specific body systems 

tissue group of similar or closely related cells that act together to perform a specific 
function 
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X-ray form of high energy electromagnetic radiation with a short wavelength capable of
penetrating solids and ionizing gases; used in medicine as a diagnostic aid to visualize body
structures such as bones
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Chapter 2 Chemistry 
2.1 Elements and Atoms 

2.1.1 Elements 
Imagine that you were given 92 different types of miniscule building blocks.  Each of these 
blocks are so small you can put more than a million of them onto the tip of your pencil 
point.   Now, imagine using these tiny blocks to create everything that exists on our planet, 
including rocks, paper, metal, wood, plastic, ocean, plants and humans.  First you would 
realize you need a tremendous number of these tiny building blocks, and then, you might 
be amazed that only 92 different types of tiny blocks are all you need to build all the 
tremendously different things that exist on our planet.  These building blocks are each a 
different type of atom and we categorize each as a different type of element.  An element, 
therefore, is a substance made up of one particular type of atom. Figure 2.1 shows the 
118 different elements that exist.  92 occur naturally, and the rest were created in the 
laboratory.  You will recognize the names of many of the building block elements, such as 
carbon, calcium, oxygen and iron. 

Figure 2.1 The Periodic Table of the Elements.  This table includes the atomic symbols, atomic 
numbers and atomic weights of each element.  By Dmarcus100 [CC BY-SA 4.0], from Wikimedia 
Commons 
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Notice that each element is represented by a symbol such as ‘C’ for carbon, and ‘Na’ for 
sodium.  Also, notice that each element is numbered from 1-118.  This is known as the 
atomic number, and it is usually found above the symbol for the element.  The atomic 
number of H is 1, of He is 2, and the atomic number of Na is 11.  The atomic number is 
based on the number of protons there are in an atom.  Protons are tiny subatomic 
particles that will be discussed in the next section. Based on this information, we know 
that each atom of hydrogen (H) has one proton while each atom of sodium (Na) has 
eleven protons.  Therefore, what makes one element different from another element is 
the number of protons each has.  If two atoms have the same number of protons, they 
are the same element.  The number of protons gives atoms unique properties.   

96% of the human body is formed of only four elements, oxygen (O), carbon (C), 
hydrogen (H) and nitrogen (N).  The remaining 4% of the body is primarily composed of 
calcium (Ca), phosphorous (P), potassium (K), sulfur (S), sodium (Na), chlorine (Cl), and 
magnesium (Mg).  There are also trace elements found in very low levels.  For example, 
iron (Fe) and iodine (I) are only present in trace amounts, yet they remain essential for 
normal body functioning. A lack of iron, for example, can lead to anemia.  See 
Figure/Table 2.2 for a listing of major and trace elements in the human body.

Figure/Table 2.2 The main elements 
that compose the human body  credit: 
Art by OpenStax College –  CC- BY 

ELEMENT SYMBOL PERCENTAGE 
IN BODY 

Oxygen O 65.0 
Carbon C 18.5 
Hydrogen H 9.5 
Nitrogen N 3.2 
Calcium Ca 1.5 
Phosphorus P 1.0 
Potassium K 0.4 
Sulfur S 0.3 
Sodium Na 0.2 
Chlorine Cl 0.2 
Magnesium Mg 0.1 
Trace elements 
include boron(b), 
chromium (CR), 
cobalt (Co),copper 
(Cu), fluorine (F), 
iodine (I), iron (Fe), 
manganese(Mn), 
molybdenum (Mo), 
selenium (Se), 
silicon (Si), tin (Sn), 
vanadium (V), and 
zinc (Zn). 

Less than 1.0 
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 2.1.2 Atoms 
 

Atoms are composed of even smaller subatomic particles called protons, neutrons, 
and electrons.  Protons have a positive electrical charge (+), electrons have a negative 
electrical charge (-), and neutrons are electrically neutral, meaning they have no 
charge.  Figure 2.3 is a picture of a helium atom.  If we look at the periodic table we see 
helium has an atomic number of 2, which means each helium atom has two protons.  In 
Figure 2.3, we see the two protons are located in the center of the atom, in a location 
known as the nucleus (please note that this is not the same thing as a nucleus of a cell. 
The word nucleus just means the central part of a structure).  In the picture, you can also 
see that there are two neutrons in the nucleus, and there are two electrons circling the 
nucleus in an orbital shell. 

Figure 2.3 The Structure of the Atom and Location and Charge of Sub-Atomic 
Particles. credit: Svdmolen/Jeanot (converted by King of Hearts) [CC BY-SA 
3.0 ] 

The mass, or weight, of each subatomic particle is also listed in Figure 2.3 (the meaning 
of mass and weight are slightly different, but for our purposes, we will use these terms 
interchangeably).  Looking at the picture, we can calculate the mass of an atom, since 
each proton and each neutron weighs 1 amu (atomic mass unit).  Electrons have almost 
no weight; so they won’t count in the weight of the atom.  If we add up the weight of the 
2 protons and the 2 neutrons in the helium atom, the atomic weight (atomic mass) will 
be 4 amu. 

Note:  Do not confuse atomic number and atomic weight. 
 Atomic Number = the number of protons 
 Atomic Weight = weight of the entire atom = protons + neutrons (don’t count electrons!) 

Despite having both positive and negative charges within them, atoms are electrically 
neutral, since the number of positively charged protons always equals the number of 
negatively charged electrons.  For example, one atom of sodium has 11 protons (+) and 
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11 electrons (-). The 11 positive protons cancel out the 11 negative electrons, and the 
overall charge of the atom is zero. 

Knowing the atomic number of an atom gives us a lot of information.  It tells us how 
many protons the atom has, and since atoms are electrically neutral there must be the 
same number of electrons.  For example, nitrogen (N) with an atomic number of 7 must 
have seven protons, and it must also have seven electrons. The atomic number, 
however, does not tell us the weight of the atom, because the number of neutrons can 
vary. 

 2.1.3 Isotopes 
 

Atoms that have the same atomic number (number of protons) are always the same 
element.  However, atoms of the same element can have a different number of neutrons, 
which causes them to have different atomic weights.   For example, some hydrogen 
atoms have no neutrons, some have one neutron and some have two neutrons.  They 
are all hydrogen atoms with an atomic number of one, but each of those types of 
hydrogen atoms will have a different atomic weight.  Isotopes are atoms of the same 
element that have different weights because they have a different number of neutrons. 

The way an atom behaves depends on its atomic number (# of protons), and does not 
depend on its atomic weight.  Two atoms can have different weights but can still be the 
same element and behave in identical ways during chemical reactions. 

A Deeper Look – 
Isotopes 

Atoms that are isotopes are the same element, having the same number of 
protons, but a different number of neutrons.  For example, as shown in Table 
2.1, carbon (C) has an atomic number of 6.  It has 6 protons and 6 electrons, 
but can have 6, 7 or 8 neutrons.  If a carbon atom has 6 neutrons, it will have 
an atomic weight of 12 (6 protons + 6 neutrons = 12 amu) and is written C12.  
If it has 7 neutrons, it will have an atomic weight of 13 (6 protons + 7 neutrons 
= 13 amu) and is written C13.  If it has 8 neutrons, it will weigh 14 (6 protons 
+ 8 neutrons = 14 amu) and is written C14.  All three types of carbon atoms
have the same chemical properties and behave the same way, since the
properties of the atom depend on the number of protons.  The number of
neutrons can vary and we will see that even the number of electrons can
change during chemical reactions, but that will not change what type of
element it is. Some isotopes, such as C14, are not stable and will emit
radiation. Radioisotopes are used in medicine to diagnose and treat
illnesses.
Isotope Atomic 

number 
# of 
protons 

# of 
electrons 

# of 
neutrons 

Atomic 
weight 

C12 6 6 6 6 12 
C13 6 6 6 7 13 
C14 6 6 6 8 14 

Table 2.1 Isotopes of Carbon.  All behave the same way chemically (credit: 
S.Ellerton)
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2.5 
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Remember 
• atomic number = number of protons = number of electrons in a neutral atom
• two atoms are the same element if they have the same number of protons.
• Isotopes have the same number of protons but have different numbers of

neutrons.
• Isotopes are the same element and have the same atomic number, but they

have different atomic weights.

Concept Check 
a. Two atoms have the same atomic number, but a different atomic weight.

Are they the same element with the same properties?
b. Two atoms have the same atomic weight, but a different atomic number.

Are they the same element with the same properties?
c. How is it possible for two atoms to weigh the same amount but not be the

same element?

2.1  Electron Organization and Valence Electrons 
Electrons are arranged in orbital shells (layers) surrounding the atom’s nucleus. The 
atoms of the elements found in the human body range from having one to five electron 
shells. All electron shells hold eight electrons except the first shell, which can only hold 
two.  The number of shells depends on the number of electrons in the atom. Since 
hydrogen only has one electron and helium has only two electrons, both these atoms 
will have only one shell.  They are the only elements that have just one electron shell 
(Figure 2.7a).  

Lithium (Li), with an atomic number of 3, has three electrons. Two of these fill the first 
electron shell, and the third spills over into a second shell (Figure 2.7b). The second 
electron shell can accommodate as many as eight electrons. Carbon, with its six 
electrons, fills its first shell with two electrons, and the remaining four electrons occupy 
the second shell. With ten electrons, neon (Ne) entirely fills its two electron shells 
(Figure 2.7c). 

The outermost shell of an atom is known as the valence shell, and the electrons in 
that outermost shell are called valence electrons.  Atoms that have full valence shells, 
like helium (He) or neon (Ne) (see Figure 2.7) are stable atoms.  A stable atom is not 
reactive.  Most atoms do not have the maximum number of electrons within their valence 
shell, and so they are reactive; interacting with other atoms in an effort to stabilize by 
filling their valence shell.  These interactions between atoms are known as chemical 
bonding.  The interaction happens among the valence electrons (the ones in the 
outermost orbital shell) allowing the reacting atoms to fill their outermost shells with 
electrons and become stable.  In the process, a chemical bond is formed between the 
reacting atoms. 



Figure 2.7 Electron Shells   Electrons orbit the atom’s nucleus at different energy levels 
called electron shells. (a) With one electron, hydrogen half-fills its electron shell. Helium also 
has a single shell, but its two electrons completely fill it. (b) The electrons of carbon completely 
fill its first electron shell, but only half-fills its second. (c) Neon has 10 electrons, filling both of 
its electron shells. Credit: Openstax CC 

2.3 Chemical Bonds 
There are two basic methods atoms use to fill valence shells and become stabilized: 
ionic and covalent bonding.  Ionic bonds are formed when electrons are transferred 
from one atom to another, and results in atoms that become charged.  The positive and 
negative charges on atoms results in charged attraction, forming ionic bonds. Covalent 
bonding involves forming bonds where atoms share electrons. 

2.3.1 Ionic Bonds 
Atoms lose or gain electrons to become more stable.  For example, an atom with an 
outermost shell containing seven electrons, would stabilize if it gained one more electron, 
since eight electrons fill the valence shell.  Another atom may only have one electron 
and would become stable if it gave away that electron, since losing that electron 
eliminates that unfilled valence shell (the alternative of gaining seven electrons does not 
occur).  Atoms that stabilize by losing electrons or stabilize by gaining electrons will 
interact, thereby forming an ionic bond.   

Recall that atoms are neutral in charge, because the number of positive protons equals 
the number of negative electrons.    During this process of losing or gaining electrons, 
the reacting atoms are changing their charge balance.  An atom that gives away an 
electron will lose one negative charge.  Since the number of protons remains the same, 
the atom now has more protons than electrons, and the atom takes on a positive charge. 
The atom that gains an electron now has more electrons than protons, and will become 
negatively charged.  An atom that gains or loses electrons is no longer neutral, and is 
therefore no longer an “atom”.  Instead, it is known, as an ion. 

These charged ions are attracted to one another, forming ionic bonds. For instance, the 
sodium (Na) atom has one electron in its valence shell, which it “wants” to give away. A 
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chlorine (Cl) atom has seven electrons in its valence shell. Therefore, it “wants” to gain 
one more electron.  Na transfers its electron to Cl, creating a positively charged Na+ ion,
and a negatively charged Cl- ion.  These oppositely charged ions attract one another,
and NaCl is created, which is table salt. 

A Deeper Look - 
 Atoms Gain or Lose Electrons to Stabilize – Ionic Bonds 

Sodium (Na) has an atomic number of 11.  That means there are 11 protons and 
11 electrons.  Two electrons fill the first shell.  Eight more electrons fill the second 
shell.  The last electron enters the third shell, and causes sodium to be unstable, 
since that shell is not full.  To fill that shell would require sodium gaining 7 more 
electrons.  However, there is another possibility that makes much more sense. 
Sodium can also stabilize by removing that one valence electron, and in that way 
the entire third shell “disappears”.  Then the second shell, with its eight electrons 
becomes the new valence shell and sodium is stabilized as seen in Figure 2.8.   

During this process of stabilizing sodium, an electron is removed.  Initially, sodium 
had eleven positive charges from its eleven protons, and eleven negative charges 
from its eleven electrons, with an overall charge equal to zero. When sodium lost 
one electron, it also lost one negative charge. This stabilized sodium still has eleven 
positive charges from the protons but only 10 negative charges from the electrons, 
with an overall charge of +1.  Since this stabilized sodium is no longer neutral, it is 
no longer an atom (since atoms are neutral).  It is now known as an ion.  A positively 
charged ion is known as a cation. 

Figure 2.8 part 1 & 2 Stabilizing an Atom by Losing an 
electron 
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(a)  The sodium atom(Na) has 11 protons in the nucleus, and 11 
electrons in the shells circling the nucleus.  There are 2 electrons 
in the first shell, 8 in the second, and only 1 in the valence 
(outermost) shell.  (b)  In order to stabilize, the sodium atom gives 
away its valence electron, becoming a sodium ion with a positive 
charge (since it has eleven positive charges but only ten negative 
charges).  The valence shell is now the second shell (since there 
is no more 3rd shell once that electron was lost.)  Note that the 
valence shell has 8 electrons, so it is full, and is therefore stable. 
(c) the sodium atom and (d) sodium ion are redrawn showing only 
the valence shell. credit: own work, S. Ellerton 

  
In contrast, chlorine (Cl) has a total of seventeen electrons: two electrons in the 
first shell, eight electrons in the second shell, and seven more in the third (valence 
shell). By adding one electron to its third shell, it completes eight electrons and has 
stabilized, as shown in Figure 2.9. Initially, chlorine had seventeen positive charges 
from its seventeen protons, and seventeen negative charges from its seventeen 
electrons, with an overall charge equal to zero. Now that chlorine has gained one 
negative charge (the electron), it has an extra negative charge and becomes a 
negatively charged ion, known as an anion. 

              

 Figure 2.9 Stabilizing an Atom by Gaining an Electron 
(a)  chlorine atom(Cl): there are 17 protons in the nucleus, and 17 
electrons in the shells circling the nucleus.  There are 2 electrons in 
the first shell, 8 in the second shell, and 7 in the valence (outermost) 
shell.   (b) chlorine ion (Cl-): In order to stabilize, the chlorine atom 
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adds on an electron, causing it to become a chlorine ion with a 
negative charge (since it has 17 positive charges and 18 negative 
charges).  The valence shell is now full, and is therefore stable.  (c) 
the chlorine atom and (d) chlorine ion are redrawn showing only the 
valence shell of each   Credit: own work, S.Ellerton 

 
To summarize, an atom that gains an electron will have an extra negative charge, 
and will no longer be chemically neutral.  Similarly, an atom that loses an electron 
becomes positively charged (since it has one less negative charge), and again, 
will no longer be chemically neutral.  An atom that is no longer neutral is known 
as an ion. 
 
Now it should be easier to understand how atoms that gain or lose electrons 
interact.  If sodium (Na) “wants” to remove an electron, while chlorine (Cl) “wants” 
to gain an electron, they react together to stabilize.  In Figure 2.10 we see Na 
transferring its valence electron to Cl forming Na+ and Cl- ions. Once the positive 
Na+ and negative Cl- ions are formed, they are attracted to each other, forming the 
compound NaCl, sodium chloride, which is table salt.  This charge attraction that 
holds ions together is known as an ionic bond.  

                               
Figure 2.10 Formation of an ionic bond.  Sodium has an electron 
it needs to lose in order to stabilize.  Chlorine needs one more 
electron to stabilize.  Sodium transfers its electron to chlorine 
creating a positive sodium ion and a negative chlorine ion.  The 
charged ions attract and the ionic bond forms. (credit: S. Ellerton) 

Concepts, Terms, and Facts Check 
1. What is a cation?  An anion?  How are thy different from an ion? 
2. What is the difference between an element and an ion? 
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 2.3.2 Covalent Bonds 
A second form of bonding that allows atoms to stabilize is the formation of covalent 
bonds.  During this process, atoms share pairs of electrons in order to complete their 
outer shells, with 
one electron coming from each atom.  In this way, the shared electrons orbit around both 
atoms, so that both atoms fill their valence shell.  See below in Activity 2.1 how two 
atoms of hydrogen each share their electron, so that both electrons (one from each 
hydrogen) circle both hydrogen atoms, and each atom now has a full valence shell 
(remember, the 1st shell fills with two electrons).  
 
In covalent bonding, there can be equal, or unequal sharing of electrons, since some 
atoms attract the electrons more strongly than others.  Non-polar covalent bonding Is 
when electrons are shared equally, meaning that the electrons spend about the same 
amount of time orbiting each atom. Nonpolar covalent bonds do not have a charge and 
are electrically neutral.  Polar covalent bonding occurs when one atom in the bond 
attracts the electron more strongly, causing an unequal sharing of the electron.  The 
atom that has the electron around it more frequently carries a partial negative charge, 
while the other atom has a partial positive charge.  Water, for example, has an oxygen 
atom that attracts the electron more strongly than does the hydrogen atoms in that 
molecule.   
 

 
Activity 2.1 See how two hydrogen atoms (each carrying one electron in the outer shell) share 
electrons to complete two in their outer shells. Note that the pair of electrons moves around the 
two nuclei, and this is what keeps the two hydrogen atoms together forming a molecule. The 
two electrons moving around the two nuclei is what is meant by “sharing”.Animation by 
University of Maryland University College CC-BY-NC 
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A Deeper Look -  
      Covalent bond formation 

In a single covalent bond, a pair of electrons is shared between two atoms, while 
in a double covalent bond, two pairs of electrons are shared between two atoms 
(see Figure 2.11). 

 
Figure 2.11 Covalent Bonding The examples shown above show sharing of (a) 
one pair of electrons forming a single covalent bond, and (b) and (c) two pairs of 
electrons, forming double covalent bonds.  In (c), carbon forms double bonds with 
two different atoms of oxygen. Credit: Art by OpenStax College – CC-BY-3.0 
 
Polar covalent bonds occur when atoms are not equally attracted to the shared 
electrons.  A polar covalent bond is common when either oxygen or nitrogen is sharing 
electrons with hydrogen. As shown in Figure 2.12 below, water (H2O) is a polar covalent 
molecule, in which one oxygen atom is covalently bound to two hydrogen atoms. The 
oxygen atom has 8 protons (and 8 electrons) and the hydrogen atom has just one proton 
(and one electron). The eight protons in the oxygen atom draw the pair of shared 
electrons toward oxygen and away from hydrogen. This is because the eight protons in 
the nucleus of oxygen attract the shared electrons with a stronger force than the single 
proton in the nucleus of hydrogen. This unequal sharing of electrons results in the atom 
that attracts the electrons more, in this example oxygen, having a slightly negative 
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charge density (noted as δ-) and the other atom, in this example hydrogen, having a 
slightly positive charge density (noted as δ+). Note that we refer to charge density, as 
opposed to net charge, because neither oxygen nor hydrogen gains or loses electrons. 
 

 

 
Figure 2.12 Water: a polar covalent molecule (a) shows two polar covalent bonds in the water 
molecule. See the explanation in the paragraph above; (b) and (c) show two other ways to 
represent a water molecule, other than the molecular formula, H2O, and the structural formula, 
H-O-H. credit: Art by OpenStax College – CC-BY-3.0 
 

Summarizing: 
Covalent bonds are formed when atoms in a molecule share electrons. There are two 
types of covalent bonds. Molecules with non-polar covalent bonds equally share 
electrons between atoms and have an even arrangement of charges.  Molecules with 
polar covalent bonds share electrons unequally between atoms and have an uneven 
arrangement of charges. 
 

Concepts, Terms, and Facts Check 
1. What is a covalent bond? 
2. What is the difference between a single covalent bind and a double covalent bond? 
3. What is a non-polar covalent bond? Is a polar covalent bond? 
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2.4  Water 

Atoms in water molecules are held together by polar covalent bonds where the electrons 
are not shared equally.  The term, molecule, refers to structures formed when atoms 
bond together. The oxygen attracts the electrons more strongly than hydrogen, resulting 
in the oxygen atom having a slightly negative charge and hydrogen atoms having a 
slightly positive charge. This causes each water molecule to have a positive side near the 
hydrogens and a negative side near the oxygen.  

As water molecules come close together, they orient so the slightly negative oxygen in one 
water molecule is attracted to the slightly positive hydrogen of a neighboring water 
molecule as shown in Figure 2.13. This weak bond between different water molecules is 
called a hydrogen bond.  A hydrogen bond is a weaker type of bond and can easily be 
broken. Hydrogen bonds explain many of the properties of water. Activity 2.2 below 
shows how hydrogen bonds form.        

Figure 2.13 Water Molecules are Polar and can Form Hydrogen Bonds.  (a) Different 
atoms of the water molecule have partial charges.  The oxygen is slightly negatively charged 
while the hydrogens are slightly positively charged.  (b) Hydrogen bonds are relatively weak 
bonds. Water molecules bond to one another through hydrogen bonds.  The hydrogen 
bonds are shown here as dotted lines while the stronger covalent bonds are shown here as solid 
lines. Modification of Art by OpenStax College –  CC-BY 
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Activity 2.2 Adjust the volume on your computer and click to see water molecule polarity and 
how hydrogen bonds form. Animation by Art by  Open Learning Initiative CC-BY-NC-SA 

Water’s property of having a positive end and a negative end causes it to be an 
excellent solvent.  A solvent is a liquid that dissolves a substance.  Water “dissolves” 
ionic bonds that hold salts together, and can also dissolve many polar covalent 
molecules, such as glucose.  Water does not dissolve non-polar covalent molecules, 
such as fats.   
When a compound with ionic bonds is placed in water, the ionic bonds dissociate 
(separate).  For example, NaCl (“table salt”) has Na+ and Cl- ions that are attracted to
one another, forming this salt compound.  When NaCl is added to water, these charged 
ions no longer stay bonded to each other.  Instead, water molecules surround each ion, 
as seen in Figure 2.14. The small positive charges on hydrogen atoms in water 
molecules attract the negative chlorine (Cl-), and the small negative charges on the
oxygen atoms attract the positive sodium (Na+). That is why salt “disappears” when you
add it to water.  It no longer exists as NaCl, but as separated ions. 

Figure 2.14 Dissociation of Sodium Chloride into Water A sodium chloride crystal dissociates 

not into molecules of NaCl, but into Na+ cations and Cl– anions, each completely surrounded by 
water molecules. Credit: Art by OpenStax College –CC-BY-3.0 
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 2.5.1 Hydrophobic and Hydrophilic Substances 

Polar molecules are usually water soluble (mix well with water), and are referred to 
as hydrophilic, or “water-loving” (hydro = water; philia = loving). Alcohols, salts and 
some sugars are examples of hydrophilic substances. 

Nonpolar molecules do not interact with water, and they are not water soluble (they do 
not mix with water). So they are referred to as being hydrophobic, or “water-fearing” 
(phobos = fear). Oils, fats and waxes are examples of hydrophobic substances. 
See Figure 2.15. 

Figure 2.15 Sucrose (table sugar) molecules are hydrophilic and mix well with water, whereas 
unsaturated fats (mineral oils) are hydrophobic and do not mix well with water Art by Olli Niemitalo 
- Public Domain (left) and Victor Blacus - CC BY-SA (right)

 2.5.2 Solution, Solvent, and Solute 

A solution is a liquid mixture that forms when a solute is dissolved in a solvent.  The 
solvent is the liquid that causes the solute to dissolve.  An example we have already seen 
is the dissolving of table salt (NaCl) in water.  The solute is the salt; the solvent is the 
water.  The solution is salt water (Figure 2.16).   

Most chemical reactions that happen inside and outside our body occur among 
compounds dissolved in water. For this reason, water is considered the “universal 
solvent”. 

Figure 2.16 A saline water solution can be prepared by dissolving table salt (NaCl) in water. 
Salt is the solute and water the solvent.  Credit: Chris 73 / Wikimedia Commons [CC BY-SA 
3.0] 

 2.5.3 Electrolytes, Salts, Acids and Bases 

2.5 Solutions Chapter 2 | The Chemical Level of Organization

2.15

http://commons.wikimedia.org/wiki/User%3AOlli_Niemitalo
http://commons.wikimedia.org/wiki/User%3AOlli_Niemitalo
http://commons.wikimedia.org/wiki/User%3AVictor_Blacus
http://creativecommons.org/licenses/by-sa/3.0/deed.en
http://creativecommons.org/licenses/by/3.0/deed.en
http://creativecommons.org/licenses/by/3.0/deed.en
https://commons.wikimedia.org/wiki/File:Water_and_oil.jpg
https://commons.wikimedia.org/wiki/File:SaltInWaterSolutionLiquid.jpg


Electrolytes are substances that dissolve in water, releasing ions.  For example, when 
NaCl is placed into water, the Na+ separates from the Cl- (Figure 2.17).  This type of 
electrolyte is known as a salt.  There are also other types of electrolytes known as acids 
and bases.  All electrolytes can conduct electrical currents. 

An acid is a substance or compound that releases hydrogen ions (H+) when in solution.
A base is a substance that releases hydroxyl ions (OH-) when in solution. The hydroxyl
ions (OH-) released will combine with hydrogen ions (H+) to form water molecules (OH- +
H+ = H2O), thereby “removing” the hydrogen ions from that solution.  So, we can also define
a base as a substance that “removes” hydrogen ions (H+) already present in the solution.

Figure 2.17 (a) In water, an acid dissociates into hydrogen ions (H+) and anions.  (b) In aqueous
solution, a base dissociates into hydroxyl ions (OH–) and cations. Art derivative of  OpenStax
College–CC-BY-3.0 
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2.6 pH and Buffers 

2.6.1   Acid, Base and pH 

pH is a measurement of the concentration of hydrogen ions (H+) and hydroxyl ions (OH-)
in water. pH is measured in a range from 0 to 14, with pH 7 being neutral. 
Numbers below 7 are acidic, and numbers above 7 are alkaline. 

In a container of pure water, the number of H+ = OH-,  and the water is with a pH 
of 7.  (Note that most of the water molecules in liquid water have hydrogen and oxygen 
atoms attached to each other through covalent bonds, and those water molecules do 
not separate into ions.  However, a small percentage of the water molecules do form 
ionic bonds, and ionize, forming equal numbers of H+ and OH- ions).

When H+ concentration is higher than OH- concentration, the solution is acidic, and the
pH of the solution is below 7.0. Saliva, coffee, lemon juice, tomato juice, and the acid in 
a battery are all acidic. So in all of them, the concentration of H+ is higher than the 
concentration of OH-. The more H+ in a solution, the more acidic and lower its pH (See
Figure 2.18 below).  

When the H+ concentration is lower than the OH- concentration, the solution is basic 
or alkaline, and the pH of the solution is above 7.0. Blood, baking soda, ammonia and 
bleaches are all basic. So in all of them, the concentration of H+ is lower than the
concentration of OH-. 
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Figure 2.18 pH of various solutions. The lower the pH, the more hydrogen ions (H+) in the 
solution.  The higher the pH, the less hydrogen ions in the solution.Art derivative of  OpenStax 
College–CC-BY-3.0 
 
  2.6.2  Buffers 

 
Our body needs to maintain pH at an optimal level for life, meaning the fluids of our body 
must always have proper levels of hydrogen ions (H+) and hydroxyl ions (OH-).  For 
example, our blood plasma must be maintained at a pH between 7.35 and 7.45.  We must 
not allow excess hydrogen ions or excess hydroxyl ions to enter our body fluids, since 
they threaten our lives.  Yet, our acid-base balance is constantly being challenged due to 
chemical reactions in the body, food we eat, medication we take, muscle movements, 
and the effects of some diseases—all being able to  add or remove hydrogen ions (H+) 
or hydroxyl ions (OH-) into or out of our body fluids. 
 
Homeostasis is our key to survival!  Our bodies have several homeostatic mechanisms 
to maintain pH at the proper level, including buffers in our body fluids, changing our 
breathing rate and removing hydrogen ions in our urine.  The role of breathing and urine 
production in pH balance will be discussed in later chapters.   
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Buffers function in our body fluids and help prevent the pH from changing. For example, 
during exercise, muscle cells can produce excess lactic acid, which increases hydrogen 
ions (acids release hydrogen ions). These hydrogen ions will make our body fluids more 
acidic, but chemical buffers in the body rapidly absorb them, preventing a pH change.  
Bicarbonate buffer is found in our blood plasma, and there are other buffers found in 
other body fluids as well that absorb extra hydrogen ions or extra hydroxyl ions that form 
within us. 
 
 Concepts, Terms, and Facts Check 

1. What is a buffer? 
2. What happens to the pH of a plain solution when acid is added to it? 
3. What happens to the pH of a buffered solution when acid is added to it? 
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KEY TERMS 
Acid compound that releases hydrogen ions (H+) in solution 

anion atom with a negative charge 

atom smallest unit of an element that retains the unique properties of that element 

atomic number number of protons in the nucleus of an atom 

base compound that accepts hydrogen ions (H+) in solution 

bond electrical force linking atoms 

buffer solution containing a weak acid or a weak base that opposes wide fluctuations in 
the pH of body fluids 

cation atom with a positive charge 

colloid liquid mixture in which the solute particles consist of clumps of molecules large 
enough to scatter light 

compound substance composed of two or more different elements joined by chemical 
bonds 

concentration number of particles within a given space 

covalent bond chemical bond in which two atoms share electrons, thereby completing 
their valence shells 

electron subatomic particle having a negative charge and nearly no mass; found orbiting 
the atom’s nucleus 

electron shell area of space a given distance from an atom’s nucleus in which electrons 
are grouped 

element substance that cannot be created or broken down by ordinary chemical means 

functional group group of atoms linked by strong covalent bonds that tends to behave 
as a distinct unit in chemical reactions with other atoms 

hydrogen bond dipole-dipole bond in which a hydrogen atom covalently bonded to an 
electronegative atom is weakly attracted to a second electronegative atom 

inorganic compound substance that does not contain both carbon and hydrogen 

ion atom with an overall positive or negative charge 

ionic bond attraction between an anion and a cation 

isotope one of the variations of an element in which the number of neutrons differ from 
each other 

mass number sum of the number of protons and neutrons in the nucleus of an atom 

matter physical substance; that which occupies space and has mass 
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molecule two or more atoms covalently bonded together 

neutron heavy subatomic particle having no electrical charge and found in the atom’s 
nucleus 

organic compound substance that contains both carbon and hydrogen 

periodic table of the elements  arrangement of the elements in a table according to their 
atomic number; elements having similar properties because of their electron 
arrangements compose columns in the table, while elements having the same number of 
valence shells compose rows in the table 

pH negative logarithm of the hydrogen ion (H+) concentration of a solution 

polar molecule molecule with regions that have opposite charges resulting from uneven 
numbers of electrons in the nuclei of the atoms participating in the covalent bond 

product one or more substances produced by a chemical reaction 

proton heavy subatomic particle having a positive charge and found in the atom’s 
nucleus 

radioactive isotope unstable, heavy isotope that gives off subatomic particles, or 
electromagnetic energy, as it decays; also called radioisotopes 

reactant one or more substances that enter into the reaction 

solution homogeneous liquid mixture in which a solute is dissolved into molecules within 
a solvent 

suspension liquid mixture in which particles distributed in the liquid settle out over time 

valence shell outermost electron shell of an atom

Chapter 2 | The Chemical Level of Organization

2.21



Chapter 3:  Macromolecules of Life 

3.1 Organic Compounds and Macromolecules 

3.2 Macromolecule: Carbohydrates  

3.2.1 Monosaccharides  
3.2.2   Disaccharides 
3.2.3   Polysaccharides  
3.2.4   Carbohydrate Functions 

3.3 Macromolecule: Lipids 

3.3.1 Triglycerides 
3.3.2   Phospholipids 
3.3.3   Steroids 

3.4  Macromolecule: Proteins  

3.5  Macromolecule: Nucleic Acids 

3.5.1 Nucleotide Structure 
3.5.2   Structure and Function of DNA and RNA 
3.5.3   ATP, an Active Nucleotide 

Key Terms 

Page Number

3.1 – 3.2 

3.2 – 3.6 

3.3 
3.3 
3.5 
3.5 

3.7 – 3.10 

3.7 
3.9 
3.9 

3.10 – 3.12 

3.12 – 3.17 
3.12 
3.14 
3.15 

3.17 – 3.18 

Chapter 3 | Macromolecules of Life             Textbook:  Introduction to Human Biology 

3.0

Topics



Chapter 3 | Macromolecules of Life 
3.1: Organic Compounds and Macromolecules 

Organic molecules contain carbon atoms that are covalently bonded to hydrogen.  CO2, 
which is carbon dioxide, is not an organic molecule since it does not contain hydrogen. 
There are several inorganic molecules that are necessary for life, such as CO2, H2O 
and NaCl. 

In this chapter, we will focus on organic molecules.  Carbon’s ability to bond with four 
additional atoms allows it to form large molecules, usually in the form of carbon chains 
(see Figure 3.0).  The four types of organic molecules most important to human structure 
and function are carbohydrates, lipids, proteins, and nucleic acids.  Because most 
of these are very large, they are known as the “macromolecules of life”.  These 
macromolecules are formed of carbon, hydrogen, and sometimes other elements, 
especially oxygen, nitrogen and phosphorous.   

Figure 3.0 Carbon forms four bonds creating large molecules.  Carbons can bond to other 
carbons, as well as to hydrogen, oxygen, or other atoms. Each carbon forms four bonds.  Note 
that sometimes it forms two bonds with another atom. (credit: self,Sharon Ellerton, CC BY-NC). 

The largest of the macromolecules are made up of several “copies” of single units called 
monomers (mono- = “one”; -mer = “part”). Like beads in a long necklace, these 
monomers covalently bond together to form long polymers (poly- = “many”).  For each 
of the types of macromolecules we will see examples of monomers and polymers.  

Monomers form polymers through a process known as dehydration synthesis (see 
Figure 3.1) which causes a water molecule to be released from the monomers. Polymers 
are split into monomers by hydrolysis (-lysis = “rupture”). The bonds between 
monomers are broken, when a molecule of water is added back, causing the monomers 
to separate. 
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Figure 3.1 Dehydration Synthesis and Hydrolysis Monomers, the building blocks of the larger 
molecules, join to form polymers (two or more chemically-bonded monomers). (a) In dehydration 
synthesis, two monomers are covalently bonded in a reaction and a molecule of water is released 
as a byproduct. (b) In hydrolysis, the covalent bond between two monomers is split by the addition 
of a hydrogen atom to one and a hydroxyl group to the other, which requires adding back one 
molecule of water. (credit: openstax) 

Macromolecules are in the foods we eat (Figure 3.2) and are the nutrients we need for 
energy or for building our own bodies.  Many of the foods we eat are polymers.  During 
digestion, we break down these polymers by the process of hydrolysis.  The monomers 
then enter our blood stream and are carried throughout the body to cells that will use them 
for energy, or as building blocks to create necessary polymers through the process of 
dehydration synthesis.  If you eat steak for dinner.  The steak is composed of protein 
polymers.  You will digest those polymers down to the monomer known as amino acids, 
which are then transported to cells.  The amino acids are then assembled into new 
proteins (polymers) that the cells need in order to function. 

Figure 3.2   Macromolecules in our Foods  (a) foods rich in carbohydrates credit: Agricultural 
Research Service, the research agency of the U.S. Dept. of Agriculture, ID k9566-1.  (b). foods 
rich in protein   credit: smastronardo. Wikimedia Commons, cc  ShareAlike  4.0 International  
(c). foods rich in lipids (fats) credit: Public Domain; Bill Branson, photographer, National Cancer 
Institute, National Institute of Health, ID #2466o 

Concepts, Terms, and Facts Check 
1. What is an organic compound?
2. What are the four classes of biological macromolecules found in living things?
3. What is a dehydration synthesis reaction?  Does it form polymers, or monomers?
4. What is a hydrolysis reaction? Does it form polymers, or does it form monomers?

3.2: Macromolecule:  Carbohydrates 
(carbo- = “carbon”; hydrate = “water”)

Carbohydrates contain the elements carbon, hydrogen, and oxygen, and the chemical 
formula for carbohydrates is (CH2O)n.  This means that the ratio of carbon to hydrogen 
to oxygen (C:H:O) in carbohydrate molecules is 1:2:1 (1 carbon for every 2 hydrogens 
and 1 oxygen).   As an example, a very common type of carbohydrate has 6 carbons. 
You can then correctly predict that it must have 12 hydrogens and 6 oxygens. 

Carbohydrates are referred to as saccharides, a word meaning “sugars, sweet.” Three 
forms are important in the body. Monosaccharides are the monomers of carbohydrates. 
Disaccharides (di- = “two”) are made up of two monomers. Polysaccharides are the 
polymers, and can consist of hundreds to thousands of monomers.  Monosaccharides 
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and disaccharides are also called simple sugars, and their names usually end with -
ose, which means sugar (e.g., glucose, sucrose).  Simple sugars are small, usually polar, 
hydrophilic molecules that dissolve well in water. Polysaccharides are also called 
complex carbohydrates, and are large non-polar molecules which are hydrophobic, 
and don’t dissolve well in water. 
 
   3.2.1  Monosaccharides 
 

A monosaccharide is a monomer of carbohydrates. Five monosaccharides are 
important in the body. Three of these are the hexose sugars, so called because each 
contain six atoms of carbon.  The carbon chain forms a hexagonal, cyclic form (Figure 
3.3a). These are glucose, fructose, and galactose (Figure 3.3b). The remaining 
monosaccharides are pentose sugars, each of which contains five atoms of carbon. 
They are ribose and deoxyribose (Figure 3.3c).  

                                                
Figure 3.3: Five Important Monosaccharides (a) the 6 carbons of glucose are shown in three 
ways.  The straight chains of carbons takes on a cyclic form.  Many images of cyclic carbon 
structures do not label the carbons, so glucose is shown here first showing all the carbons, and 
then how it is usually depicted, with the carbons in the corners of the cycle not labeled, credit:  
modification of Blausen.com staff (2014). "Medical gallery of Blausen Medical 2014". 
WikiJournal of Medicine 1 (2). DOI:10.15347/wjm/2014.010. ISSN 2002-4436. [CC BY 3.0], 
from Wikimedia Commons) (b) three important 6 carbon sugars (c) two important 5 carbon 
sugars. OpenStax  CC-BY 

 
 

3.2.2 Disaccharides 
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Disaccharides form by a covalent bond between two monosaccharides.  Three 
disaccharides important to humans can be seen in Figure 3.4. These are sucrose, 
commonly referred to as table sugar; lactose, or milk sugar; and maltose, or malt sugar.     
As you can tell from their common names, you consume these in your diet; however, 
your body cannot use them directly.  Instead, in the digestive tract, they are hydrolyzed 
(split apart) into monosaccharides. 

 
Figure 3.4 The most common disaccharides:  sucrose, lactose and maltose.  Each is formed 
when a monomer of glucose joins with another through dehydration synthesis. Art: OpenStax 
College  CC-BY 
 

(a) Sucrose = glucose + fructose 
(b) Lactose = glucose + galactose 
(c) Maltose = glucose + glucose 

 
 

 
Watch this video on Dehydration Synthesis Disaccharide  to observe the formation of a 
disaccharide.    

 

3.2.3  Polysaccharides 
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Polysaccharides form when multiple monosaccharides covalently bond together.  Many 
polysaccharides are quite large, and may consist of a thousand, or more, 
monosaccharides.  
 
Three polysaccharides are particularly important to our bodies.  All three are formed of 
many glucose monosaccharides bonded together, but in each of these polysaccharides, 
the glucose molecules arrange in different ways.  The structure and function of each is 
shown in Figure 3.5, and is summarized in Table 3.1.  

• Starches – plants store excess glucose as starch.  Eating plants (grains, fruits, 
legumes, vegetables) provides most of the carbohydrates in the human diet. 

• Glycogen – animals store excess glucose as glycogen, which is stored in various 
body tissues, particularly in the muscles and liver.  There is limited room in the 
body to store a lot of glycogen, so excess glucose is converted to fats which is 
stored in adipose tissue. 

• Cellulose – plants use cellulose to help form its cell walls.  Cellulose in our diets 
is referred to as “fiber” which we cannot digest.  Eating fiber provides health 
benefits.  

 
        

 
Figure 3.5 Three Important Forms of Polysaccharides, attribution.  All three form when 
many glucoses link together. (a) starch is the storage form of glucose in plants - patato, credit 
ZooFari [Public domain] (b) glycogen is the storage form of glucose in humans and animals - 
lamb liver, and is stored in liver and muscles, and (c) cellulose is indigestible fiber found in 
plant cell walls - fern. 
 
 

3.2.4  Carbohydrate Functions (as an energy source and in 
membranes) 
 
Our body cells can chemically break down glucose to release its energy. When we eat 
polysaccharides, like starch, we hydrolyze it into glucose monomers, which are then 
delivered to body cells.  Most cells can also use other organic molecules as a source of 
energy, but some cells, such as nerve cells in the brain, can only use glucose for fuel. 
 

Chapter 3 | Macromolecules of Life             Textbook:  Introduction to Human Biology 

3.5

https://commons.wikimedia.org/wiki/File:Russet_potato_cultivar_with_sprouts.jpg
https://commons.wikimedia.org/wiki/File:Lambs_liver.jpg
https://commons.wikimedia.org/wiki/File:Lambs_liver.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/6/6a/Ferns.jpg/1200px-Ferns.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/6/6a/Ferns.jpg/1200px-Ferns.jpg


Our cells can’t directly use glucose to power an activity like contracting a muscle.  Instead 
the glucose must first be chemically broken down and its energy trapped into many 
smaller molecules of ATP (adenosine triphosphate).  ATP is directly used to power 
cellular activities. 

In addition to being a critical fuel source, carbohydrates are present in small amounts in 
cell membranes. Some carbohydrate molecules bind with membrane proteins to produce 
glycoproteins, and others combine with lipids to produce glycolipids. These 
membrane carbohydrates play a role in stabilizing the cell membrane and in the way 
cells interact with other cells. 
Carbohydrates Function: 

Energy Production or 
Storage 

Function: 
 Structure of the cell 

Function: 
Nucleotide 
Formation 

6 carbon monomers:  
C6H12O6 

6 carbon monomers: 
C6H12O6 

5 carbon monomers:  
C5H10O5 

Monosaccharides 
(simple sugars) 

• Glucose
• Fructose
• Galactose

- used for energy to
produce ATP

ribose (found in RNA; 
also found in ATP) 

deoxyribose (found in 
DNA) 

Disaccharides 
(simple sugars; 
formed by 
combining 
glucose with 
another 
monosaccharide) 

● Sucrose (table sugar)
formed of: glucose +
fructose

● Maltose (malt sugar)
formed of: glucose +
glucose

● Lactose (milk sugar)
formed of: glucose +
galactose
- Quick source of stored

energy.  Easily broken
down to form
monosaccharides

Polysaccharides 

glucose units) 

• Glycogen
- storage form of glucose

in animals 
• Starch

- storage form of glucose
in plants 

- storage of energy

• Cellulose
- forms cell walls in

plants (fiber)

• Glycoproteins
- carbohydrates

attach to proteins.
Important in cell
interactions

• Glycolipids
- carbohydrates

attach to lipids.
Important in
stabilizing the cell
membrane

Table 3.1 Summary of Carbohydrate Structure and Function 

Chapter 3 | Macromolecules of Life             Textbook:  Introduction to Human Biology 

3.6

Function 
Structure and 

Number of 
carbons in the 
monomer 

(complex 
carbohydrates; 
formed by 
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Concepts, Terms, and Facts Check 
1. What elements are carbohydrates made of?
2. What suffix is used to name carbohydrates?
3. What is the difference in structure among mono-, di-, and polysaccharides?
4. List 5 types of monosaccharides, 3 types of disaccharides, and 3 types of

polysaccharides.
5. How does the body use monosaccharides, disaccharides, and polysaccharides?
6. Which monosaccharide is important in forming RNA?  DNA?
7. What is a glycolipid?  A glycoprotein?  Where are they found?

3.3: Macromolecule:  Lipids 

Lipids contain the same elements as carbohydrates: carbon, hydrogen and oxygen (C, 
H, and O). However, lipids are mainly made of carbon chains (or rings) with hydrogen 
attached.  There are fewer oxygen atoms.  

There are several different types of lipids. We describe only three of them here: 
triglycerides, phospholipids, and steroids.  Even though their structures are different, 
they all have key attributes in common: they are all nonpolar, hydrophobic molecules. 

 3.3.1Triglycerides 

Triglycerides include fats and oils and are the most common type of lipids found in our 
body’s fat tissues and in our diet.  There is a lot of energy stored in triglycerides.   When 
you are resting or asleep, your body mostly uses triglycerides stored in your fat (adipose) 
tissues as the energy source to maintain your body’s activities (breathing, digestion, etc). 
Also, stored body fat protects and cushions the body’s bones and internal organs, and 
acts as insulation to retain body heat. 

Triglycerides form when a molecule of glycerol combines with three fatty acids 
(Figure 3.6): 

• A glycerol backbone consists of three carbon atoms.

• fatty acids are long chains of hydrocarbons (carbon + hydrogen), generally
around 12 – 18 carbons long.
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Figure 3.6 Triglyceride Synthesis, glycerol joins with 3 fatty acids This is a dehydration 
synthesis reaction  Art derivative of  OpenStax College –  CC-BY 
 
 
There are two classes of fatty acids: saturated and unsaturated (see Figure 3.7).  
Unsaturated fats are oils while saturated fats are more solid at room temperature.  
Examples of saturated fats include butter, lard, and the fat found on meat.   
 
Diets high in saturated fatty acids may increase the risk of heart disease, while a diet 
high in unsaturated fatty acids is thought to reduce the risk. This is especially true for 
the omega-3 unsaturated fatty acids found in cold-water fish such as salmon. 
 
A process called hydrogenation, was discovered in the early 1900s which converted 
oils into semi-solid or solid forms.  Margarine and Crisco was formed in this way.  This 
form of fats became very popular because it worked better than oil when baking, and 
was believed to be healthier than natural saturated fats such as butter or lard.  In the 
late 1900s research determined that these hydrogenated fats, known as trans fats, 
were even more harmful to the heart and blood vessels than the natural saturated fatty 
acids found in butter and lard. As of 2018, trans fats are banned in the United States. 
 
A Deeper Look-  
 - saturated and unsaturated fats  
 

Saturated fatty acids have all neighboring carbons in the hydrocarbon chain 
linked by single covalent bonds (no double bonds). This allows the maximum 
number of hydrogen atoms to attach to the carbon skeleton.  Now, the carbons 
in the chain are “saturated” with hydrogens.  These straight, rigid chains pack 
tightly together and are solid or semi- solid at room temperature (Figure 3.7a).  
 
Unsaturated fatty acids, as can be seen in Figure 3.7b have at least two 
neighboring carbons in the hydrocarbon chain linked by double covalent 
bonds. This does not allow all carbons in the chain to bind to the maximum 
number of hydrogen atoms. Now the carbons in the chain are unsaturated (or 
not saturated) with hydrogens.  These unsaturated fatty acids are unable to 
pack together tightly, are liquid at room temperature, and are called oils.  
Some unsaturated fatty acids have only one double bond along its length, and 
these would be known as monounsaturated fats.  Others have more than 
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one double bond along its length, and these would be known as 
polyunsaturated fats.  

 
 

Figure 3.7 The Shapes of Different Types of Fatty Acids The level 
of saturation of a fatty acid affects its shape. (a) Saturated fatty acid 
chains are straight. (b) Unsaturated fatty acid chains are kinked. 
Saturated fatty acids have only single bonds. Unsaturated fatty acids 
have one or more double bonds. (c) Each double bond may be in a cis 
or trans configuration. In the cis configuration, both hydrogens are on 
the same side of the hydrocarbon chain. In the trans configuration, the 
hydrogens are on opposite sides. A cis double bond causes a kink in 
the chain. Art By  OpenStax College –CC-BY 

3.3.2 Phospholipids 
Phospholipids form cellular membranes. They are similar to triglycerides in structure, 
since they are also formed from the combination of a glycerol and fatty acid chains.  
However, instead of three fatty acids attached, they have two fatty acids.  The most 
important difference is that it also binds to a phosphate group (Figure 3.8a) The two fatty 
acid chains are nonpolar while the phosphate group is polar. Therefore, phospholipids 
are molecules that have a hydrophobic side, called the tail region, and a hydrophilic, 
polar side, called the head region.  This is essential for the formation of cellular 
membranes.  This will be discussed in Chapter 4. 

 
Figure 3.8 Phospholipid Structure  Phospholipids are composed of glycerol, two nonpolar 
hydrophobic “tails”, and a polar hydrophilic “head”.  (a) chemical structure of a phospholipid (b) 
diagram illustrating hydrophilic head and hydrophobic tails Modified Art by OpenStax College –  
CC-BY 
 
3.3.3 Steroids 
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Steroids are small lipids that form four carbon ring structures.   Other atoms or molecules 
attach to these rings (see Figure 3.9). Steroids, like other lipids, are nonpolar and 
hydrophobic.  

Cholesterol is an important steroid that helps form cell membranes.  It is also a component 
of bile, which helps digest dietary fats. In addition, it forms steroid hormones such as cortisol, 
aldosterone, testosterone and estrogen. 

Figure 3.9 Structure of Steroids. Cholesterol and cortisol (a steroid hormone) share the same 
four-ring structure typical of steroids. Art By OpenStax College – CC-BY 

Type of Lipid Structure General Function 

triglyceride 
(fats and 
oils)  

glycerol plus 3 fatty 
acids 

Energy storage; surrounds and protects some 
organs 

phospholipid glycerol plus 2 fatty 
acids plus a 
phosphate group 

Forms cellular membranes 

steroids forms rings of carbon Cholesterol is a steroid found in the cell 
membrane.  It is also used to form steroid 
hormones such as cortisol, aldosterone, 
estrogen and testosterone 

Table 3.2 Summary of Lipid Structure and Function

Concepts, Terms, and Facts Check 
1. What elements are lipids made of?
2. Name three classes of lipids. How are they similar?  How are they different?
3. Explain how phospholipid structure is unusual.
4. What is the function of the different lipids?

3.4 Macromolecule:  Proteins 

Proteins contain the same elements as carbohydrates and lipids: carbon, hydrogen and 
oxygen.  In addition, they also have nitrogen (C, H, O, and N). The protein polymer is 
built from monomer building blocks called amino acids.  There are 20 different types of 
amino acids. So it is like creating a necklace using 20 different types of beads.  Each 
necklace will be unique, depending on the order of the beads in the chain, and the 
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number of each type of bead.  So, these 20 different amino acids contribute to the unique 
combinations that form thousands of different proteins important to human structure and 
function.   
 
The unique sequence of amino acids causes each protein to fold differently, and, 
therefore, have a different shape.  The shape of the protein determines its function.  For 
example, if you have a piece of metal and form it into a fork, it cannot be used to eat 
soup, and a spoon cannot be used to spear meat. So each shape gives it a different 
function.  Some proteins, such as collagen, help give structure to our body, while other 
proteins, like hemoglobin, muscle proteins, enzymes, hormones, and antibodies carry 
out different physiological jobs.  We will learn more about each of these different protein 
types in later chapters.  When a protein loses its shape, for example if it is heated, it can 
no longer do its job since it affects its ability to function. 
 
The covalent bond linking neighboring amino acids is called a peptide bond, as shown 
below in Figure 3.10.  Two amino acids join to form a dipeptide, three amino acids form 
a tripeptide, and many amino acids form a polypeptide.  When a polypeptide folds up 
into its unique shape and becomes functional, it is called a protein.  Sometimes proteins, 
in order to function, will be formed of several polypeptides that come together to form the 
functional protein molecule. 
 
A Deeper Look-  
 - amino acid structure 
 
All amino acids share a similar structure.  Each one has a central carbon atom that binds to a:  

• a hydrogen atom 
• an amino group (NH2) 
• an acidic group (COOH)  
• a side chain variable group (R) (there are 20 different types, each one creating a different 

amino acid) 

 
Figure 3.10 Amino Acids and Peptide Bonds. (a) All amino acids have a central α carbon 
covalently bound to a hydrogen, an amino functional group (-NH2), a carboxyl (acid) functional 
group (- COOH), and a side chain R. R represents any of the twenty different functional groups 
found in amino acids. Art derivative of YassineMrabet – Public Domain (b) Two amino acids join 
by dehydration synthesis to for a peptide bond. By OpenStax College [CC BY 3.0], via 
Wikimedia Commons 
 
Our bodies can synthesize most amino acids from components of other molecules. 
However, nine amino acids cannot be synthesized and must be included in our diets. 
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These are known as the essential amino acids. If a diet does not include all the essential 
amino acids, that person may not be able to build proteins necessary for his or her body.  
Animal proteins like eggs, steak, fish, and milk are “complete proteins” that contain all the 
essential amino acids.  Only some plant proteins are complete such as quinoa, buckwheat 
and soy.  Other plant proteins contain only some of the essential amino acids, so vegans 
need to pay attention to their protein sources to ensure proper nutrition. 
 
When proteins are exposed to extreme heat they will often denature. Denatured proteins 
lose their functional shape and are no longer able to carry out their jobs. An everyday 
example of protein denaturation is adding a raw egg to a hot frying pan.  Eggs are 
primarily formed of the protein, albumin, which, when heated, changes from a liquid to a 
solid form.  Another way to denature a protein is to change its pH, adding it to acids or 
bases. 
 
Homeostasis, including regulating body temperature and pH has been discussed in 
earlier chapters.  Now it should be clear why it is so important to maintain temperature 
and pH at normal values.  For example, if our body temperature rises too high, or if we 
become more acidic, it can denature our proteins and they could stop working! 
 
Concepts, Terms, and Facts Check 

1. What is a protein?  What elements are proteins made of? 
2. What are the monomers (building blocks) of proteins?  
3. What bond forms when amino acids combine? 
4. What is the difference between the terms “polypeptide” and “protein”? 
5. Why is the shape of a protein important for its functioning? 
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3.5 Macromolecule:  Nucleic Acids 
Nucleic acids include the macromolecules DNA and RNA, and are the molecules 
involved in our genetic information.  DNA stands for DeoxyriboNucleic Acid and RNA 
stands for RiboNucleic Acid.  They contain the same elements as proteins:  carbon, 
hydrogen, oxygen, and nitrogen, as well as phosphorous (C, H, O, N, and P).  The nucleic 
acid polymers are formed from building block monomers known as nucleotides.  
Sometimes nucleotides can be active without forming into a polymer.  An important 
example of an active nucleotide is the energy molecule, adenosine triphosphate (ATP).  

3.5.1 Nucleotide Structure 

Each nucleotide monomer is composed of three subunits (Figure 3.11): 
• one or more phosphate groups
• a 5-carbon sugar: either deoxyribose or ribose (see carbohydrates section

above)
• a nitrogen-containing base

- five possible bases:  adenine, cytosine, guanine, thymine, or uracil

Figure 3.11 Nucleotide Structure. Each nucleotide is made of one of the five nitrogenous bases, 
a sugar (ribose or deoxyribose) and a phosphate group. RNA has a ribose sugar, and DNA has 
deoxyribose sugar. Credit: OpenStax [CC BY 4.0], via Wikimedia Commons 

The types of nitrogenous bases and sugars that are found in nucleotides can be seen in 
Figure 3.12. 
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Figure 3.12 Types of Nitrogenous Bases and Sugars Found in DNA and RNA.  The 
nitrogenous bases adenine (A), cytosine (C) and guanine (G) can be found in both DNA and RNA.  
Thymine (T) is only found in DNA.  Uracil (U) is only found in RNA.  The type of sugar found in 
nucleic acids can be deoxyribose which is in DNA, or ribose, which is in RNA.  Credit: OpenStax 
[CC BY 4.0], via Wikimedia Commons
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3.5.2 Structure and Function of DNA and RNA 
DNA and RNA have some important differences which are listed in Table 3.3. 
Type of 
Nucleic 
acids 

5-carbon 
sugar 

Nucleotides Structure Major Function 

DNA  deoxyribose  • A= adenine       
• C= cytosine       
• G= guanine  
• T= thymine (only in DNA)  

    

double 
stranded  

contains genetic 
information that code for 
body proteins  

RNA  ribose  • A= adenine       
• C= cytosine       
• G= guanine  
• U= uracil (only in RNA)  

 

single 
stranded  

copies the genetic 
information and uses it to 
form proteins  

Table 3.3 Comparison of DNA and RNA Structure and Function 
 
When nucleotides combine, the sugar of one nucleotide attaches to the phosphate of the next 
nucleotide.  They continue to attach in this way forming a strand.  The nitrogenous base of each 
nucleotide sticks outward from the sugar phosphate backbone.  RNA, as shown in Figure 3.13a, 
is single stranded.  DNA is composed of two strands that attach together by hydrogen bonds that 
form between the nucleotides on each strand as seen in Figure 3.13b.  In DNA, every adenine 
(A) on one strand binds to a thymine (T) on the second strand.  Every cytosine (C) on one strand 
binds to a guanine (G) on the second strand. 

 
Figure 3.13 Comparison of RNA and DNA Structure   (a) RNA is a single stranded chain of 
nucleotides while (b) DNA is a double strand of nucleotides, where adenines on one strand bind 
to thymines on the second strand (A-T), and guanines on one strand bind to cytosines on the 
second strand (G-C), via Wikipedia Commons.  This double helix is held together by hydrogen 
bonds between the nitrogenous bases. Credit: openstax CC 
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If you know the nucleotides on one strand, then you will know which nucleotides are 
located on the second strand.  Try to predict which nucleotides will be present on 
Figure 3.14: 
 

 
Figure 3.14  Predict the bases that would be found in the sites labelled 1-4:  Credit: 
modification of Mirmillon at fr.wikipedia (Transferred from fr.wikipedia) [Public domain], from 
Wikimedia Commons 
Answers: 1= A,  2= T,  3= G,  4 = C 

See a video about the chemical structure of DNA double helix. 
 

DNA contains the genes that code for proteins in our body.  Recall that the correct 
sequence of amino acids within the protein is essential for a protein’s ability to function.  
The sequence of nucleic acids within the DNA contains the information about which 
amino acid to add as the protein is being built.  Every 3 nucleotides code for a specific 
amino acid.   
 
There is more than one type of RNA.  Three types of RNA are involved in the process of 
building proteins.  This will be discussed further in Chapter 4.  Other types of RNAs also 
exist which play a variety of roles in regulating cell activity. 
 

Concepts, Terms, and Facts Check 
1. What is a nucleic acid? 
2. What elements are nucleic acids made of? 
3. What are the monomers that make the building blocks of nucleic acids? 
4. What are the three components of a nucleotide? 
5. List the types of nucleic acids and their functions. 

Chapter 3 | Macromolecules of Life             Textbook:  Introduction to Human Biology 

3.16

http://www.hhmi.org/biointeractive/chemical-structure-dna
https://commons.wikimedia.org/wiki/File:Nucleotide.gif


3.5.3 ATP (adenosine triphosphate). An Active Nucleotide. 
 

ATP, adenosine triphosphate, is a nucleotide that does not form a polymer.  It is active 
as a single nucleotide monomer . ATP is the direct energy source for most cellular 
activities.  ATP consists of a single adenosine (adenine + a ribose sugar), linked to three 
phosphate ions.  There is a large amount of energy stored in the high energy bonds that 
link the phosphate groups.  When the bond attaching the 3rd phosphate group is broken, 
there is a large release of usable energy that can cause things to happen, such as causing 
a muscle to contract or causing a chemical reaction to occur.  When the third phosphate 
is released, the ATP becomes ADP, adenosine diphosphate, since it now only has two 
phosphate groups. 
 

 
 
Figure 3.15 Structure of Adenosine Triphosphate (ATP) The two covalent bonds on the right 
of the molecule (shown in red) are high energy bonds. When an enzymatic reaction breaks them 
down, a large amount of energy is released. This energy is directly used by a cell.  Molecules that 
we eat, like carbohydrates, are broken down into glucose and the energy is transferred to ATP. 
This energy can be temporarily held within ATP molecules until the cell uses the ATP. Credit: Art 
by  OpenStax College –  CC-BY 
 
 
ATP is the molecule that directly provides energy to a cell.  Even though we discussed 
that glucose is the energy molecule of the cell, we don’t directly use glucose for cellular 
activities.  Imagine having a $20 bill but you need a quarter for the parking meter.  You 
certainly have enough money, but the parking meter only works using quarters.  In the 
same way, glucose has lots of energy stored in it, but it is not usable by the cell in that 
form.  Instead, cells break down glucose, and in a process called cellular respiration 
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which will be discussed in a later chapter, the energy from glucose is transferred into 
creating ATP molecules.  This is the reverse of what occurs when doing work, where ATP 
is broken down to form ADP + Pi (Pi is the phosphate group that has lost its energy when 
the bond was broken.  This low energy form of the phosphate is known as “inorganic 
phosphate”, or Pi).  When the cell is at rest, it will restore its ATP levels by using the energy 
from glucose to create ATP, so that ADP + Pi  ATP. 
 
The chemical formula, which is reversible, is summarized here (the double arrow indicates 
the reaction can go either way).  When ATP is broken down, energy is released.  When 
ATP is being produced, energy must be added to it, and that energy comes from the 
breakdown of the glucose molecule.  
 

ATP  ADP + Pi (inorganic phosphate)  
 
ATP  ADP + Pi :  energy is released from the ATP molecule.   
 Cellular work is performed. 

 
ATP   ADP + Pi : energy is added to form the ATP molecule. The energy 
 to form ATPcomes from the breakdown of the glucose molecule                  
 
Concepts, Terms, and Facts Check 

1. What is the general structure of ATP?  What is its function? 
2. How is ATP different from other nucleotides found in RNA and DNA? 
3. Why do we need to break down a glucose molecule in order to form ATP?  
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Key Terms 

adenosine triphosphate (ATP)ss nucleotide containing ribose and an adenine base 
that is essential in energy transfer 

amino acid  building block of proteins; characterized by an amino and carboxyl 
functional groups and a variable side- chain 

carbohydrate class of organic compounds built from sugars, molecules containing 
carbon, hydrogen, and oxygen in a 1-2-1 ratio 

decomposition reaction - type of catabolic reaction in which one or more bonds 
within a larger molecule are broken, resulting in the release of smaller molecules or 
atoms 

denaturation  change in the structure of a molecule through physical or chemical 
means 

deoxyribonucleic acid (DNA) deoxyribose-containing nucleotide that stores genetic 
information 

disaccharide  pair of carbohydrate monomers bonded by dehydration synthesis via a 
glycosidic bond 

enzyme  protein or RNA that catalyzes chemical reactions 

exchange reaction  chemical reaction where bonds are both formed and broken, 
with transfer of components 

functional group  group of atoms linked by strong covalent bonds that tends to 
behave as a distinct unit in chemical reactions with other atoms 

Inorganic Molecule molecule that does not contain both carbon and hydrogen 

lipid - class of nonpolar organic compounds built from hydrocarbons and 
distinguished by the fact that they are not soluble in water 

macromolecule large molecule formed by covalent bonding 

monosaccharide monomer of carbohydrate; also known as a simple sugar 

nucleotide class of organic compounds composed of one or more phosphate 
groups, a pentose sugar, and a base 

organic compound  substance that contains both carbon and hydrogen 

peptide bond covalent bond formed by dehydration synthesis between two amino 
acids 
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phospholipid  a lipid compound in which a phosphate group is combined with a 
diglyceride 

polysaccharide compound consisting of more than two carbohydrate moomers 
bonded by dehydration synthesis via glycosidic bonds 

prostaglandin  lipid compound derived from fatty acid chains and important in 
regulating several body processes 

protein  class of organic compounds that are composed of many amino acids linked 
together by peptide bonds 

purine  nitrogen-containing base with a double ring structure; adenine and guanine 

pyrimidine  nitrogen-containing base with a single ring structure; cytosine, thiamine, 
and uracil 

ribonucleic acid (RNA)  ribose-containing nucleotide that helps manifest the genetic 
code as protein 

steroid  (also, sterol) lipid compound composed of four hydrocarbon rings bonded to 
a variety of other atoms and molecules 

substrate  reactant in an enzymatic reaction 

synthesis reaction  type of anabolic reaction in which two or more atoms or 
molecules bond, resulting in the formation of a larger molecule 

triglyceride  lipid compound composed of a glycerol molecule bonded with three 
fatty acid chains
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Chapter 4:  Cell Structure and Activities 
You started life as a single cell, and through countless cell divisions you developed into 
trillions of cells that form your body.   During this process, cells become different from 
one another, changing both in their structure and function. Different cell types form a 
variety of specialized tissues that work together to perform all the functions necessary 
for life. 

Consider the difference between a skin cell and a nerve cell.  Many skin cells are shaped 
like flat plates to form a protective barrier separating the outside world from your body’s 
interior.   A nerve cell, on the other hand, may have a star-like shape, sending out long 
processes up to a meter in length that can send rapid signals to other body cells. These 
differences in cell shape illustrate a very important theme in biology: the structure is the 
optimal shape to perform a particular function. Keep this theme in mind as you study 
anatomical structures throughout this course. 

Robert Hooke in 1665 first identified cells when studying cork under the microscope. 
Without realizing their function or importance, Hook coined the term “cell” based on the 
resemblance of the small subdivisions in the cork to the rooms that monks inhabited, 
called “cells”. About ten years later, Antonie van Leeuwenhoek became the first person 
to observe living and moving cells under a microscope.  In the century that followed, the 
cell became recognized as the basic unit of life. These tiny fluid-filled sacs house 
components responsible for the thousands of biochemical reactions necessary for an 
organism to grow and survive. In this chapter, you will learn about the major components 
and functions of cells. 

4.1 Cell Structure 
A cell is the smallest living thing in the human organism, and all living structures in the 
human body are made of cells. There are hundreds of different types of cells in the human 
body, which vary in shape, size and function (Figure 4.1). 

Figure 4.1 Different Cell Shapes  Cells come in many sizes and shapes that suit their function. 

 All cells have three main component parts, as seen in Figure 4.2 
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- the cell (plasma) membrane 
- the cytoplasm 
- and the nucleus 

 

 
Figure 4.2 Generalized cell: 3-D representation of a human cell. The top half of the cell was 
removed. The nucleus is separated from the cytoplasm by the nuclear envelope. Various 
organelles are seen immersed in the cytosol, and the cell membrane surrounds the exterior of 
the cell.  credit:  modification of LadyofHats (Mariana Ruiz) [Public domain], via Wikimedia 
Commons 
 

 

 

 

The cell membrane (also called the plasma membrane) is a thin barrier that separates 
the inside of the cell from the environment outside the cell.  The cell membrane plays an 
important role in controlling what can enter or leave the cell. 

Within the cell there is a nucleus which is surrounded by cytoplasm.  The cytoplasm is 
composed of the fluid/gel cytosol, as well as small, cellular structures called organelles.  
The largest organelle, the nucleus, is separated from the cytoplasm by a membrane 
known as the nuclear envelope. Within the nucleus is the DNA (genes) that code for 
proteins necessary for the cell to function. 

The fluid found inside of a cell is called the intracellular fluid (ICF) (intra- = inside of) 
while the fluid outside a cell is called the extracellular fluid (ECF) (extra- = outside of).  

Concepts, Terms, and Facts Check 
1. What is a cell? 
2. What structures are found in all cells? 
3. How is intracellular fluid (ICF) different from extracellular fluid (ECF)? 
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Cytotechnologist 
 

Have you ever heard of a medical test called a Pap smear (Figure 4.3)? In this 
test, a doctor takes a small sample of cells from the uterine cervix of a patient 
and sends it to a medical lab where a cytotechnologist stains the cells and 
examines them for any changes that could indicate cervical cancer or a microbial 
infection. 
Cytotechnologists (cyto- = cell) are professionals who study cells through 
microscopic examinations and other laboratory tests. They are trained to 
determine which cellular changes are within normal limits or are abnormal. Their 
focus is not limited to cervical cells;  they study cellular specimens that come from 
all organs. When they notice abnormalities, they consult a pathologist, who is a 
medical doctor who can make a clinical diagnosis. 

                           

 

 

Figure 4.3  Cervical Cells from a PAP Smear These 
uterine cervix cells, viewed through a light microscope, 
were obtained from a Pap smear. Normal cells are on the 
left. The cells on the right are infected with human 
papillomavirus. (credit: modification of work by Ed Uthman 
MD. 20 July 2006 Euthman 20:24, 29 November 2006 (UTC) 
[Public domain] 

Cytotechnologists play vital roles in saving people’s lives. When abnormalities 
are discovered early, a patient’s treatment can begin sooner, which usually 
increases the chances of successful treatment. 

4.1.1 Cell Membrane (Plasma Membrane) 
The cell membrane separates the inner environment of a cell from the extracellular fluid. 
The cell membrane, as well as other membranes found within cells, is composed of a 
phospholipid bilayer (two layers of phospholipids) as shown in Figure 4.4.  Other 
molecules found in the cell membrane include proteins, cholesterol and carbohydrates 
attached either to lipids (glycolipids) or to proteins (glycoproteins). See Figure 4.5.   

The phospholipid bilayer with its hydrophobic tails acts as a barrier to water soluble 
substances, preventing them from crossing the membrane. However, the membrane is 
“selectively permeable”, meaning that there are water soluble substances that need to 
enter or exit the cell.  In order for these substances to cross the membrane, assistance 
is needed from proteins that are found in the lipid bilayer (Figure 4.5).  The details of 
how substances cross the cell membrane will be discussed later in the chapter.  
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Figure 4.4 Phospholipid Bilayer - Phospholipids form the basic structure of membranes. 
Hydrophobic tails of phospholipids face the interior core of the membrane, avoiding contact with 
the inner and outer watery environment. One layer of hydrophilic heads faces the surface of the 
membrane in contact with intracellular fluid.  The second layer of hydrophilic heads faces the 
extracellular fluid. Credit: part a and part b, Art derivative of OpenStax College –  CC-BY .  part 
c. LadyofHats [Public domain] 

Figure 4.5 Small area of the cell membrane showing lipids (phospholipids and 
cholesterol), different proteins, glycolipids and glycoproteins. credit: CNX OpenStax [CC BY 
4.0 (https://creativecommons.org/licenses/by/4.0)], via Wikimedia Commons 
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A Deeper Look- 
 

 

 

 

Recall from Chapter 3 that the phospholipid molecule has a hydrophilic (water-
loving) head region and a hydrophobic (water-fearing) tail region.  In the 
phospholipid bilayer, the tails of one  
layer of phospholipids faces the tails of the second layer.  This creates an 
internal region of the membrane that is hydrophobic, and forms a barrier to 
water-soluble substances, preventing them from crossing the membrane.   On 
the other hand, the heads of one layer face outwards toward the ECF, which is 
the watery fluid outside of the cell, while the heads of the other layer face 
inwards towards the ICF, the internal watery fluid.  That allows the membrane 
to exist in the water environments that surround and fill the cell, despite having 
an internal section that is hydrophobic. 

The proteins that are part of the membrane may be found within the bilayer, or 
on the surface of the membrane.  In addition to having proteins that help 
transport substances across the membrane, there are other proteins that 
function as enzymes.  Additional proteins are receptors that bind to chemical 
signals such as hormones while others provide structural support to the cell.  
Still other proteins bind to carbohydrates to form glycoproteins that are 
identification labels on the outside surface of the cell membrane. 

Concepts, Terms, and Facts Check 
1. What is the function of the cell membrane? 
2. Which are the three types of biomolecules that form the cell membrane? 

4.1.2 The Nucleus 
The nucleus is the largest of the cell’s organelles, and is the only structure clearly visible 
within the cell when using a light microscope.   It is the “control center” of the cell where the 
genetic information is stored in DNA. The nucleus is surrounded by a double layer of 
membrane, known as the nuclear envelope, that separates the content of the nucleus 
from the content of the cytoplasm. Nuclear pores in the envelope are small 
passageways across the membrane that control what can enter or leave the nucleus.  
For example, large structures, such as RNA molecules, can leave the nucleus through 
the nuclear pores.   

In addition to DNA, the nucleus also contains many proteins.   Histone proteins 
combine with DNA to form chromatin. A region inside the nucleus, called the 
nucleolus, is the site where RNA molecules needed to produce ribosomes are formed. 
See structures below in Figure 4.6. 
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Figure 4.6 Nucleus of a Human Cell. (a) Nucleus with DNA, nuclear envelope, nucleolus, and 
nuclear pores. Also visible is the way the outer layer of the nuclear envelope continues as rough 
endoplasmic reticulum. Art by OpenStax College – CC-BY   (b) nucleus shown within a cell By 
LadyofHats (Mariana Ruiz) [Public domain], via Wikimedia Commons 
 

 

  

 

Concepts, Terms, and Facts Check 
1. What is the nuclear envelope? The nuclear pore? 
2. What is the function of the nucleus? 

4.1.3 The Cytoplasm: Cytosol & Organelles  
The cytoplasm consists of cytosol, organelles and inclusions. The cytosol is a jelly-
like fluid with dissolved ions, enzymes, nutrients and waste, and is the site where many 
chemical reactions happen within a cell. Organelles (“little organs”) are organ-like 
structures that carry out specialized cellular jobs. Many, but not all, organelles are 
separated from the cytosol by membranes.  Inclusions are undissolved molecules such 
as fat droplets and glycogen granules. 

Many organelles, such as mitochondria and lysosomes, are separated from the cytosol 
by one or more membranes very similar in structure to the cell membrane, while others, 
such as centrioles and ribosomes, are not surrounded by membrane. Some 
organelles, the rough and smooth endoplasmic reticulum (rER, sER), are 
membranous tubes that form a network of interconnected channels inside of cells which 
are continuous with the nuclear envelope.   

The cytoplasm contains many different organelles, each with a specialized function. (The 
nucleus is the largest organelle but is not considered part of the cytoplasm). Depending 
on a cell’s function, the number and types of organelles will vary. For example, muscle 
cells require a lot of energy to contract and contain many more ATP-producing 
mitochondria than most other cells.  See Figure 4.7 and Table 4.1 below to learn the 
structure and functions of different organelles such as lysosomes, which digest 
substances, and ribosomes, which synthesize proteins.   
Some organelles work together to complete a job.  For example, to produce a protein that 
needs to be secreted (sent out) from the cell, ribosomes must attach to the rER.  Proteins 
produced in this way end up in the membranous tubes of the rER.  These proteins are 
sent in transport vesicles to the Golgi apparatus where the proteins are sorted to go to 
different destinations.  Some of these proteins then enter secretory vesicles which carry 
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the proteins to the cell membrane. These large protein molecules are then secreted from 
the cell, crossing the cell membrane to enter the outside extracellular fluid. 
 

 
 

 

 
 

  

Some organelles are protein filaments that form the cell’s cytoskeleton.  These fibrous 
proteins give shape to the cell, provide cell motility (allow the cell to move) and help to 
transport substances from place to place within the cell. 

Figure 4.7 Typical example of a cell containing the primary organelles and internal 
structures. Table 4.1 below describes the functions of many of these organelles Art by 
OpenStax College – CC-BY 
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Table 4.1:  Cellular Structures and their functions.   Credit:art by OpenStax College 
– CC-BY  rER, Golgi apparatus, mitochondria, peroxisomes, ribosomes 
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More Cellular Structures:   
Art derivatives of openstax, cytoskeleton,  centrioles 

 
 

 
 

Disease of an Organelle: Lysosomes in Tay-Sachs 
When two parents who are carriers for Tay-Sachs each give their child the Tay-
Sachs gene, that child will appear normal at birth.  Within a few months the child 
will stop developing and start to lose movements they have learned, such as 
sitting up.  By the age of 6, these children are usually dead.   
 

This disease relates to lysosomes, which are organelles that contain many 
digestive enzymes.  In Tay-Sachs disease, one lysosomal enzyme is missing, 
which prevents lysosomes from breaking down membrane.  Membrane then 
accumulates causing the lysosomes to grow and eventually compress the rest 
of the cell, which eventually causes the cell to die.  Since neurons break down 
a lot of membranes, they are among the first cells that are affected.  As neurons 
die, the child loses their ability to move their muscles, which eventually leads to 
death.
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4.2  Cell Functions 

In the previous sections of this chapter we covered the basic structure of the cell and its 
components.  The rest of this chapter will cover cell physiology, which are activities of the 
cell that are necessary for functioning.  These activities include membrane transport, 
enzyme activity, cellular respiration, protein synthesis, replication and mitosis.  

4.2.1 Membrane Transport  
There are substances inside the cell that need to leave the cell, and substances outside of 

the cell that need to enter the cell.  We learned the cell membrane is a semi-permeable 
barrier, with the barrier formed by the hydrophobic tails of the lipid bilayer.  This barrier 
blocks water soluble (hydrophilic) substances, since they are “repelled” by the 
hydrophobic region of the membrane, preventing these substances from crossing.  On 
the other hand, non-polar hydrophobic substances can cross the lipid bilayer, such as 
other lipids, oxygen and carbon dioxide.  

Ions (ex. Na+, Cl-) have a charge, and are, therefore, water-soluble.   These ions and 
hydrophilic molecules, such as glucose and most amino acids, need help crossing the 
membrane.  Also, large molecules, like proteins, cannot cross the membrane without 
help.  There are different methods available to help substances cross through the 
hydrophobic region of the phospholipid bilayer.  One method involves proteins that are 
embedded within the membrane that help substances cross.  Another method for crossing 
the membrane is to enclose molecules within vesicles that fuse with the membrane. 
These transport methods are described below.  Methods that do not require the cell to 
use energy (ATP) are known as “passive transport” mechanisms.  Those that do require 
ATP are known as “active transport” mechanisms. 

A. Passive Transport
Passive transport is the movement of substances across the membrane without adding 
cellular energy (ATP).  Forms of passive transport include diffusion, osmosis and filtration. 

- Passive Transport: Diffusion
Diffusion is the movement of a substance from an area where it is concentrated, to an 
area where it is less concentrated (like when you open a perfume bottle and the smell 
spreads from the concentrated bottle, across the room to where it is not concentrated). 
Substances that are small and non-polar, like O2 or CO2, can cross the cell membrane 
by diffusion, without any assistance.  These molecules are not repelled by the lipid bilayer 
(Figure 4.8a).  Substances that are charged like ions, or like polar molecules, need 
proteins to help them cross the membrane.  There are proteins that form channels which 
are passageways across the membrane (Figure 4.8b).  Other proteins form carriers that 
help “carry” the substance across (Figure 4.8c).  As an example, Na+ cannot cross the 
cell membrane because it is hydrophilic.  There is a lot of Na+ outside the cell and much 
less inside the cell. When a Na+ protein channel is opened, Na+ will rapidly flow through 
the channel into the cell.  The protein channel allows the diffusion of Na+ to occur.  
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Figure 4.8  Diffusion. The direction substances will cross is based on the concentration on 
either side of the membrane.  In all these cases, molecules move from where they are more 
concentrated to where they are less concentrated.  No energy is required.  (a) simple 
diffusion non-polar, small molecules like oxygen and carbon dioxide can freely cross the lipid 
bilayer of the membrane without need of any assistance. (b and c) Facilitated Diffusion is 
seen in b and c, where proteins help substances cross the membrane.  (b) Channel protein 
these proteins form pores that allow specific ions or small molecules to cross through.  (c) 
carrier protein these proteins help a substance cross by changing shape   credit:  
modification of LadyofHats Mariana Ruiz Villarreal - Own work. Image 
renamed:Facilitated_diffusion_in_cell_membrane.svg,PublicDomain, 
https://commons.wikimedia.org/w/index.php?curid=3981034 

 

 

 

  - Passive Transport: Osmosis 

Water moves freely across the cell membrane because it is small and can fit between the 
lipid tails.  There are also water channels that allow it to pass through.  Water will move 
across the cell membrane by diffusion, travelling from where it is more concentrated to 
where it is less concentrated.  This movement of water will continue until it reaches 
equilibrium, meaning the concentration of water is the same inside and outside of the cell.  
Since the cell membrane prevents many substances from crossing, there are times that 
water moves to balance the concentration of water on both sides of the membrane.  For 
example, imagine placing a body cell into a beaker of water.  Inside the cell are many 
solutes that cannot cross the cell membrane.  These solutes are dissolved in the water 
inside of the cell.  Outside the cell there are no solutes, only water.  There is an imbalance 
since outside is pure water, while inside the cell, it is not pure water.  The concentration 
of water is lower inside the cell since it is mixed with solutes.  Water will undergo diffusion, 
traveling from the outside of the cell where it is more concentrated to the inside of the cell 
where the water is less concentrated.  This diffusion of water across a membrane is 
known as osmosis and it occurs because of solutes that cannot cross the membrane.  

In our bodies, it is dangerous to have an imbalance of water since water flowing into a 
cell can cause it to swell and possibly even burst open.  This happens when cells are in 
a hypotonic environment, where there is more water outside the cells that inside.  In a 
reverse situation where there is more water inside the cell, water will flow out and the 
cells will shrink and not be able to function normally.  This is known as a hypertonic 
environment.  Obviously, either situation is dangerous for your cells.  Therefore, it is vital 
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that our cells are always in an isotonic environment, where the concentration of solute 
and water inside the cells equals the concentration of solute and water outside the cells.  
That is why saline drips are used when a person is on intravenous fluids (an IV).  Saline 
is isotonic to our cells.  The change in the shape of red blood cells can be seen in Figure 
4.9 when exposed to different tonicity (concentration of solutes).  A critical aspect of 
homeostasis in living things is to create an internal environment in which all of the body’s 
cells are in an isotonic solution. Various organ systems, particularly the kidneys, work to 
maintain this homeostasis. 

 

 

 

 

 

Figure 4.9 Concentration of Solutes Inside and Outside of the Cell   A hypertonic solution 
has a solute concentration higher than inside of the cell, causing water to leave and the cell 
to shrink (crenate). An isotonic solution has a solute concentration equal to inside of the cell. A 
hypotonic solution has a solute concentration lower than inside of the cell, causing water to 
enter the cell, resulting in cell swelling and the cell bursting open (hemolysis, hemo=blood, 
lysis=breaking open). By LadyofHats [Public domain], via Wikimedia Commons 

  - Passive Transport: Filtration 

Filtration is another mechanism for passively transporting substances across 
membranes. Filtration occurs where there are pores in the membrane, and there is a 
pressure that forces fluid and substances to pass through these pores.  This is similar to 
what happens when water is flowing through a leaky garden hose.  The higher the water 
pressure in the hose, the more water will spray out of the holes.  In our body there are 
pressures that allow filtration to occur.  For example, in our blood vessels, there is a 
pressure that comes from the heart pumping the blood.  The “pores” in the blood vessels 
are sites where that pressure pushes fluid from the blood vessels.  Filtration through pores 
is not selective. Everything that can fit through these “pores” will filter out.   

B. Active Transport 
In contrast to passive transport where no energy is required, active transport is the 
movement of substances across the membrane using energy from adenosine 
triphosphate (ATP).  That generally occurs when substances are moving from where it is 
less concentrated to where it is more concentrated (opposite of diffusion!).  For example, 
we mentioned above that Na+ levels are low inside of cells.  When protein channels in the 
membrane open, Na+ will diffuse into the cell.  In order to keep internal levels of Na+ low, 
the cell will then need to pump that Na+  back out of the cell.  The protein “pump” that 
carries Na+ out of the cell requires ATP in order to function.  The pump is carrying Na+ 
from an area where it is less concentrated (inside the cell) to an area where it is more 
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concentrated (outside of the cell).  You may wonder why the cell allows the Na+ to enter 
in the first place if it is just going to pump it back out, which is an energy cost to the cell.  
In later chapters, you will learn that allowing Na+ to flow into the cell and then pumping it 
back out is essential for nerve messaging, skeletal muscle contraction, and cardiac 
muscle contraction.  None of these could happen without it!   
 

 

 

Another form of active transport is known as vesicular transport, where vesicles form 
to carry a substance, often something large, across the membrane (Fig 4.10). 
Endocytosis is when vesicles carry a substance into a cell, as occurs when an immune 
cell engulfs (eats) a bacterium to digest it.  Exocytosis is when vesicles ship a 
substance out of a cell, as occurs when a cell produces hormone proteins which need to 
exit the cell to get to the blood stream.    

 
Figure 4.10   Endocytosis and Exocytosis   Large substances can cross the membrane by 
forming vesicles.  (a) endocytosis involves the membrane folding inward.  Substances from 
outside of the cell are trapped within.  The infolding buds off as a vesicle with the substance 
enclosed within the vesicle. This image can be seen in (b) a three-dimensional image of a vesicle 
engulfing substances from the exterior of the cell. Credit: public domain (c) exocytosis is a reverse 
process where a substance within a vesicle within a cell can merge with the cell membrane.  The 
vesicle then opens to the exterior of the cell.  Note that (a) endocytosis and (c) exocytosis just 
have arrows running in opposite directions. Credit: LadyofHats(public domain) 

4.2.2  Enzyme Activity 
Recall that most enzymes are proteins.  There are thousands of enzymes throughout 
the body, each involved in catalyzing a reaction, meaning, they help reactions happen.  
Without enzymes, most reactions would not occur or would need a lot more time to 
occur. 

Substances in our body that react with enzymes are called substrates. The one or more 
substances produced by a chemical reaction are called products. Enzymes have an 
active site, which is a space that matches the shape of the substrate.  The substrate 
binds to the active site and changes into a new structure known as the product. The 
product is then released from the enzyme. In Figure 4.11 notice that the enzyme is not 
changed by the reaction and once the products are released, it is ready to bind more 
substrate. 
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Figure 4.11 Mechanism of enzyme action. In this example, the green substrate is catalyzed by 
the gray pacman-like enzyme into blue and red products. This is a decomposition reaction, which 
would also require water (not shown). Art by  TimVickers -  Public Domain  

Enzymes are commonly named using the suffix –ase. The prefix (or the root of the word) 
provides information about the type of reaction that enzyme can catalyze. For example, 
lactase is an enzyme that breaks down lactose; protease is an enzyme that breaks down 
proteins; DNA polymerase is an enzyme that polymerizes nucleotides to form DNA.  

4.2.3 Cellular Respiration  

Recall from Chapter 3, that ATP is a small, relatively simple molecule, with high energy 
bonds.  It is an active nucleotide, with three phosphate groups instead of only one (as is 
found in DNA and RNA).  When the high energy bond holding the last phosphate group 
is broken, a lot of energy is released which can be harnessed to perform cellular work, 
such as muscular contraction, or to actively pump Na+ out of the cell. 

Since ATP is always being broken down by the cell to power its activities, it is necessary 
to always produce new ATP molecules.  This process is known as cellular respiration.  
Many of the foods that we eat are rich in energy. Cells break down these nutrients and 
transfer the energy from the food into producing new ATP molecules. 

Glucose is one of the main energy molecules that cells break down to produce ATP.  
There are two essential steps that lead to producing the maximum number of ATP 
(Figure 4.12).  The first step in glucose breakdown is known as anaerobic respiration 
which only produces 2 ATP molecules, and it occurs in the cytoplasm without any 
oxygen being present.  The second step completes the breakdown of glucose within the 
mitochondria and requires oxygen.  This is known as aerobic respiration and it ends 
up producing more than 30 ATP molecules.  That is why oxygen is so important for life! 

The complete breakdown of glucose results in the original 6 carbon glucose being 
broken down, forming 6 carbon dioxide molecules and water.  The energy in the original 
glucose is transferred into forming ATP, which are high-energy molecules. The overall 
formula for the breakdown of glucose is written below.  It actually takes many steps to 
make this happen.  Notice that oxygen is needed for the complete breakdown of 
glucose.  Also notice that one of the end products is carbon dioxide.  Now the name 
cellular respiration should make sense.  The reason we breathe (respiration), is that 
inhalation provides our cells with the oxygen needed to break down glucose and 
produce energy.  In the process, carbon dioxide is produced, which we exhale. 
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 C6H12O6  +  O2    CO2 + H2O   + ATP (energy)

 Glucose   + oxygen  carbon   +   water  + ATP 
            dioxide 

There are times when muscles are overused and temporarily run out of oxygen.  Under 
those circumstances when no oxygen is present, there will only be anaerobic 
respiration, with only 2 ATP molecules produced per glucose molecule.  The breakdown 
products of glucose that normally enter the mitochondria, will now end up being 
converted to lactic acid. If too much lactic acid is produced, it can cause muscle fatigue. 

Figure 4.12  Cellular Respiration  Glucose is used as an energy source to produce ATP 
molecules.  The first step involves the partial breakdown of glucose with the production of 2 ATP 
molecules.  This occurs in the cytoplasm and does not require oxygen.  When oxygen is present, 
the breakdown products of glucose enter the mitochondria and the energy released as they are 
broken down are transferred to form ATP molecules (credit: Ellerton, own work) 

4.3  The Nucleus and DNA 

The nucleus is the largest and most prominent of the cell’s organelles (Figure 4.13). The 
nucleus is generally considered the control center of the cell because it stores within its 
DNA all the genetic instructions for manufacturing proteins.  

Figure 4.13  The Nucleus The nucleus is the control center of the cell. The nucleus of living 
cells contains the genetic material that determines the entire structure and function of that cell.  
Art by OpenStax College – CC-BY  
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Every cell in your body (with the exception of sperm in males, and egg cell in females) 
contains your complete set of DNA. When a cell divides, the DNA must be copied 
(replicated) so that each of the new cells receive a full complement of DNA. The 
following section will explore the structure of the nucleus and its contents, as well as the 
process of DNA replication. 

 4.3.1  Organization of the Nucleus and its DNA 
Like most other cellular organelles, the nucleus is surrounded by a membrane called the 
nuclear envelope.  This membranous covering consists of two layers of membrane (2 
lipid bilayers) with a thin fluid space in between them. Nuclear pores form tiny 
passageways across these membranes, allowing substances to cross into, or out of, the 
nucleus.   Proteins lining the nuclear pores regulate what can cross. 

Inside the nucleus is a region known as the nucleolus (plural = nucleoli) (Figure 4.13) 
which is involved in producing ribosomes.  Since ribosomes function in the cytoplasm, the 
ribosomal structures must leave the nucleus through the nuclear pores. 

The genetic instructions that are used to build and maintain an organism are arranged in 
an orderly manner in strands of DNA.  The need to organize the DNA is easily 
understandable if you imagine the 46 strands of DNA in each nucleus to be like 46 long, 
thin threads.  If the threads are not organized on spools, they will tangle and become non-
functional.  Wrapping threads around spools organizes the threads.  In a similar way, 
DNA wraps around histone proteins to help organize the DNA threads.  There are levels 
of DNA organization that makes the threads even more compacted.  DNA with these 
organizing proteins is known as chromatin.  When it is most highly compacted, it is known 
as chromosomes (Figure 4.14). Chromosomes are visible under the microscope. 

Figure 4.14  Organization of DNA Strands of DNA are wrapped around supporting histones. 
These proteins are increasingly bundled and condensed into chromatin, which is packed tightly 
into chromosomes when the cell is ready to divide.  by OpenStax College – CC-BY  

Chapter 4 | Cell Structure and Activities              Textbook:  Introduction to Human Biology

4.16

https://openstaxcollege.org/
http://creativecommons.org/licenses/by/3.0/deed.en
https://cnx.org/resources/647d3546c5b7f5cb57b87eda7bfb1b3599e6f231


 
 

 

 

 

 4.3.2  DNA Replication 
Billions of new cells are produced in an adult human every day. Some cells divide 
frequently since they must replace cells that are lost, like the skin where the surface 
cells are constantly rubbing off.   Other cells only divide when needed, such as the cells 
of the liver.  Some cells never divide, as in nerve and cardiac muscle. 

In order to grow, or to replace cells that are lost or damaged, cells must reproduce 
themselves by dividing into two new daughter cells.  This process is known as mitosis.  
Each daughter cell must have the full complement of DNA as found in the original cell. 
How does one cell with 46 DNA molecules, divide into two daughter cells, each having 
46 DNA molecules?  Obviously, the DNA must be copied, and the method of copying 
DNA is known as replication.  Recall that each DNA molecule is a double helix.  During 
replication, the two strands of the double helix separate, much like opening a zipper into 
two halves.  Each strand of the double helix then acts as a template for binding of new 
nucleotides, to rebuild the “missing” half of the helix.  This results in the formation of two 
new DNA double helix molecules, where originally there had only been one (Figure 
4.15).  In this way the “mother” cell ends up with double the amount of DNA, and can 
give each daughter cell all 46 DNA molecules. 

Figure 4.15  DNA Replication  The DNA double helix separates.  Each half of the helix acts 
as a template to rebuild the double stranded DNA.  As a result, two identical double helices 
are produced from the original double helix.  The two new daughter DNA molecules each 
contain one pre- existing strand and one newly synthesized strand. By Elmir Ayvazov 1999 
[CC BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0)], from Wikimedia Commons 

It is very important that DNA replication take place precisely so that new cells in the body 
contain the exact same genetic material as their parent cells. Recall that the sequence of 
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nucleotides in the DNA codes for the sequence of amino acids in a protein. Mistakes 
made during DNA replication, such as the adding of an incorrect nucleotide, or accidental 
addition or deletion of a nucleotide, can make a gene non-functional, producing incorrectly 
built proteins. To prevent genetic errors, the cell has a DNA “proofreading” process that 
scans the newly synthesized molecule for mistakes and corrects them. Once the process 
of DNA replication is complete, the mother cell, with its doubled amount of DNA, 
undergoes mitosis, dividing into two new daughter cells.  

Watch this video to learn about DNA replication. DNA replication proceeds simultaneously at several 
sites on the same molecule. 

4.3.3  Mitosis 
Cells divide into two identical daughter cells during the process of mitosis.  Mitosis occurs 
for a variety of reasons including growth, repair and replacement. 

Your body grows because of mitosis.  You start out as a microscopic spec, only one cell 
big, but after an enormous number of mitotic divisions, your body has trillions of cells. 
Through mitosis, you can also repair damaged tissues, or replace cells that are lost.  For 
example, you may need mitosis to repair a cut, or to replace skin cells that are constantly 
“worn off”. 

Mitosis is just one small phase of a cell’s lifetime, known as the cell cycle.  During 
interphase, when the cell is not in mitosis, the cell will perform its functions for the body. 
Some cells remain in interphase for a long time, and there are others permanently in 
interphase (for example, cardiac muscle cells and nerve cells).  When a cell must divide, 
it will replicate its DNA, completely copying all the chromosomes so that one full set can 
be given to one daughter cell, and another full set can be given to the second daughter 
cell.  

Replication (the copying of the DNA) occurs during interphase, before mitosis begins. 
Once all the chromosomes are doubled, the steps of mitosis begin.  Mitosis refers to the 
dividing up of the DNA, creating two nuclei.  There is an additional step, known as 
cytokinesis that also separates the cell cytoplasm, resulting in two individual cells (as 
opposed to one cell with two nuclei, though this occasionally occurs in some cells). 

There are four stages of mitosis as seen in Figure 4.16: 
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Stage 1: Prophase 
Before prophase begins, the DNA is replicated (during 
interphase).  Initially the DNA is loosely spread out, but 
during prophase the DNA condenses into chromosomes. 
When DNA is in chromosome form, it becomes visible.  
Chromosomes have an “X” shape, which comes from 
the DNA copies (known as sister chromatids) attaching 
together.  The nuclear envelope disappears and 
centrioles appear at opposite ends of the cell. 

Stage 2: Metaphase 
During metaphase the spindle has formed and the 
chromosomes line up along the central axis of the cell 
along the spindle fibers.  

Stage 3: Anaphase 
During anaphase, the DNA copies (sister chromatids) 
separate.  Spindle fibers, made of microtubules, pull the 
sister chromatids apart to the opposite ends of the cells.  

Stage 4: Telophase 
During telophase, the spindle fibers disappear and the 
nuclear envelope reforms, creating two new, identical 
nuclei.  The chromosomes begin to uncoil taking on the 
more loosely packed chromatin shape.

Cytokinesis – final step after mitosis is completed  
During cytokinesis, the cytoplasm divides, and one new 
nucleus enters each new cell. 

Figure 4.16 Cell Division: Mitosis and Cytokinesis 
Stages of cell division involves separation of identical DNA into two new nuclei, followed by the 
division of the cytoplasm. By OpenStax [CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0)], via Wikimedia Commons 

Visit this link (http://openstaxcollege.org/l/mitosis)  to learn about mitosis. Mitosis results in two 
identical diploid cells.
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Clinical Correlation: The Cell Cycle Out of Control and Cancer 
Most people understand that tumors are caused by abnormal cells that multiply 
continuously. If the abnormal cells continue to divide unstopped, they can damage 
the tissues around them, and sometimes spread to other parts of the body where 
they will continue to grow and cause damage. The cell cycle normally controls 
when cell division will happen.  Without this control, the cell will divide without 
stopping, creating tumors.   The cell cycle may not function normally because of 
genetic mutations. Environmental exposure can also damage DNA (ex. UV 
radiation) causing uncontrolled growth. Often, a combination of both genetic 
predisposition and environmental factors lead to tumor formation and cancer. 

If the tumor does not pose a threat to surrounding tissues, and does not spread 
to other body locations, it is said to be benign and can usually be easily 
removed.  If the tumor can keep growing, damaging nearby tissues and 
spreading throughout the body, it is cancerous and can be deadly.  Cells in a 
tumor that can spread to other parts of the body are known as malignant cells, 
and the patient is diagnosed with cancer. 

  4.3.4  Cellular Differentiation and Stem Cells 
How does a complex organism such as a human develop from a single cell—a fertilized 
egg?  That original cell is a “totipotent” stem cell, that has the capability of becoming every 
cell type of the adult body.  It will undergo many rounds of mitosis producing genetically 
identical daughter cells.  Even though the cells are genetically identical, clearly the cells in 
our bodies are very different from each other in their sizes, shapes and function.  How did 
that one original cell produce these varied cell types?  All these changes result from cells 
specializing during the process of differentiation.  

It is important to understand that all of these very different cells, such as nerve, muscle, 
liver, and skin cells, have the same DNA.  It is not changes in the DNA that cause cells 
to become different.  Instead, it is like having many restaurants that all use the same recipe 
book.  The book has recipes for thousands of different foods, but each restaurant will use 
the recipes it chooses, so none of the restaurants will be the same.   In the same way, the 
DNA of every cell has all the recipes in it to make every protein in the body.  However, 
each cell uses different “recipes” or different genes within the DNA.   In this way, each cell 
develops the exact shape and function it needs to do its job for the body. 

  4.3.5  Protein Synthesis 
The genes in DNA contain the information about how to build a protein.  The DNA is in 
the nucleus, but the process of synthesizing (building) proteins occurs in the cytoplasm.  
The instructions for building a specific protein must be copied from the DNA gene 
(transcription), and those instructions must be brought to the cytoplasm, where it can be 
translated into a sequence of amino acids which becomes a protein (translation) (Figure 
4.17). 
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Figure 4.17  Pathway from DNA to Protein  In the nucleus, a gene within the DNA is 
transcribed into mRNA.  The mRNA leaves the nucleus through nuclear pores, and enters the 
cytoplasm.  In the cytoplasm, the mRNA associates with ribosomes (rRNA) and tRNA to 
accomplish translation, resulting in the production of a protein. Own work 

A.   Protein Synthesis, part 1, Transcription 

The process of protein synthesis begins with separating the two sides of the DNA double 
helix.  For transcription, only the part of the DNA that needs to be copied will unzip (Figure 
4.18).   This is different from replication where the entire double helix completely unzips 
and both sides are fully copied (Figure 4.15).  During transcription, only one region of one 
of the double helix strands is copied.  The copied segment is the gene that codes for a 
sequence of amino acids that will build a protein. The copy of the gene is not another DNA 
molecule.  Instead, the copy is an RNA molecule that will carry the message of the DNA 
to the cytoplasm. This RNA is known as messenger RNA (mRNA).  Once the mRNA 
forms, it will leave the nucleus through the nuclear pore, and enter the cytoplasm. 

Figure 4.18  Transcription  A small section of the DNA unwinds to expose the region of a 
gene.  That gene is then copied into an RNA transcript, which will separate from the DNA, and 
leave the nucleus through a nuclear pore.  reworked and vectorized [Public domain], via 
Wikimedia Commons
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Table 4.2 Comparing Replication & Transcription 

Questions Replication Transcription 
Which part of the 
DNA is copied? 

All the DNA is copied, 
including both strands of the 
double helix. 

Only copies the region of a 
gene on only one strand 
within the double helix 

When does this 
process occur? 

Occurs during interphase, 
before mitosis begins. 

Occurs when a protein is 
needed to be synthesized. 

What molecule forms 
when copying occurs? 

One DNA molecule is copied 
to form two DNA molecules 

A messenger RNA (mRNA) 
molecule forms 

 B.  Protein Synthesis, part 2, Translation 
The mRNA leaves the nucleus, where it is formed, and enters the cytoplasm where it 
attaches to a ribosome.  The ribosome anchors the strand of mRNA and then the 
ribosome moves along this messenger strand “reading” three nucleotide bases at a time 
(triplet bases are known as a codon), translating each three nucleotides into a single 
amino acid.   The amino acids are brought to the ribosome on tRNA molecules.  tRNA is 
“transfer RNA”, another form of RNA important for protein synthesis.  Different amino 
acids are carried by different tRNAs, that have different nucleotide sequences that bind 
to the mRNA codons. This means that the order that amino acids are added to the 
growing polypeptide chain is directly dependent on the sequence of nucleotides on 
messenger RNA, which, is directly “copied” from the gene in the DNA. This results in a 
chain of amino acids known as a polypeptide chain, built according to the instructions in 
our DNA.  The process can be seen in Figure 4.19.  An overview of the entire process 
of protein synthesis, both transcription and translation, can be seen in Figure 4.20. 

Figure 4.19  mRNA and Translation  (a) strand of mRNA shown with its codons. Credit: 
TransControl  [GFDL (http://www.gnu.org/copyleft/fdl.html) or CC-BY-SA-3.0 
(http://creativecommons.org/licenses/by-sa/3.0/)], via Wikimedia Commons  (b) mRNA is 
stabilized on the ribosome.  Translation begins when a tRNA with nucleotides complimentary to 
the codons bind to it and deliver an amino acid which will be attached to the growing 
polypeptide chain.  As the mRNA moves relative to the ribosome, the polypeptide chain is 
formed. End codons terminate translation and the components dissociate. Credit: Boumphreyfr 
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Figure 4.20  Overview of Protein Synthesis A small section of DNA opens, and the gene is 
copied into mRNA. The mRNA leaves the nucleus through the nuclear pore and enters the 
cytoplasm where it attaches to a ribosome.  tRNA delivers amino acids based on the codons.  
The amino acid chain elongates and becomes a polypeptide (protein). Credit: Sverdrup at 
English Wikipedia [Public domain, GFDL (http://www.gnu.org/copyleft/fdl.html) or CC-BY-SA-3.0 
(http://creativecommons.org/licenses/by-sa/3.0/)], via Wikimedia Commons.The Protein 
Synthesis Machinery. 
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KEY TERMS 
active transport form of transport across the cell membrane that requires input of cellular 
energy 
anaphase third stage of mitosis (and meiosis), during which  sister chromatids  separate into 
two new nuclear regions of a dividing cell 
anticodon consecutive sequence of three nucleotides on a tRNA molecule that is 
complementary to a specific codon on an mRNA molecule 
cell cycle life cycle of a single cell, from its birth until its division into two new daughter 
cells 
cell membrane membrane surrounding  all animal cells, composed  of a  lipid  bilayer 
interspersed  with various molecules;  also known  as plasma membrane 
centriole small, self-replicating organelle that provides the origin for microtubule growth 
and moves DNA during cell division 
centromere region of attachment for two sister chromatids 

centrosome cellular structure that organizes microtubules during cell division 
channel protein membrane-spanning  protein that has  an inner pore which allows 
the passage  of one or more substances 
checkpoint progress point in the cell cycle during which certain conditions must be met in 
order for the cell to proceed to a subsequence phase 
chromatin substance consisting of DNA and associated proteins 

chromosome condensed version of chromatin 
cilia small appendage on certain cells formed by microtubules and modified for 
movement of materials  across the cellular surface 
codon consecutive sequence of three nucleotides on an mRNA molecule that corresponds to 
a specific amino acid 
concentration gradient difference in the concentration of a substance between two 
regions 
cytokinesis final stage in cell division, where the cytoplasm divides to form two separate 
daughter cells 
cytoplasm internal material between the cell membrane and nucleus of a cell, mainly 
consisting of a water-based  fluid called cytosol, within which are all the other organelles and 
cellular  solute and suspended materials 
cytoskeleton “skeleton” of a cell; formed by rod-like proteins that support the cell’s 
shape and provide, among other functions, locomotive abilities 
cytosol clear, semi-fluid medium of the cytoplasm, made up mostly of water 
diffusion movement of a substance from an area of higher concentration to one of lower 
concentration 
diploid condition marked by the presence of a double complement  of genetic material 
(two sets of chromosomes, one set inherited from each of two parents) 
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DNA polymerase enzyme that functions in adding new nucleotides to a  growing 
strand  of DNA during DNA 
replication 

DNA replication process of duplicating a molecule of DNA 

endocytosis import of material into the cell by formation of a membrane-bound  vesicle 
 

endoplasmic reticulum (ER) cellular organelle that consists of interconnected 
membrane-bound tubules, which may or may not be associated with ribosomes (rough type 
or smooth type, respectively) 
exocytosis export of a substance out of a cell by formation of a membrane-bound  vesicle 
extracellular fluid (ECF) fluid exterior to cells; includes the interstitial fluid, blood 
plasma, and fluid found in other reservoirs in the body 
facilitated diffusion diffusion of a substance with the aid of a membrane  protein 

flagellum appendage on certain cells formed by microtubules and modified for movement 
G0 phase phase of the cell cycle, usually entered from the G1 phase; characterized by 
long or permanent periods where the cell does not move forward into the DNA synthesis 
phase 
G1 phase first phase of the cell cycle, after a new cell is born 

G2 phase third phase of the cell cycle, after the DNA synthesis phase 

gene functional length of DNA that provides the genetic information necessary to build a 
protein 
gene expression active interpretation of the information  coded in a gene to produce a 
functional  gene product 
genome entire complement of an organism’s DNA; found within virtually every cell 

glycocalyx coating of sugar molecules that surrounds the cell membrane 

glycoprotein protein that has one or more carbohydrates attached 
Golgi apparatus cellular organelle formed by a series of flattened,  membrane-bound  
sacs that functions in protein modification,  tagging, packaging, and transport 
helicase enzyme that functions to separate the two DNA strands of a double helix during 
DNA replication 
histone family of proteins that associate with DNA in the nucleus to form chromatin 

homologous describes two copies of the same chromosome (not identical),  one inherited 
from each parent 
hydrophilic describes a substance or structure attracted to water 

hydrophobic describes a substance or structure repelled by water 

hypertonic describes a solution concentration that is higher than a reference concentration 

hypotonic describes a solution concentration that is lower than a reference concentration 
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integral protein membrane-associated protein that spans the entire width of the lipid 
bilayer 
intermediate filament type of cytoskeletal filament made of keratin, characterized by an 
intermediate thickness, and playing a role in resisting cellular tension 
interphase entire life cycle of a cell, excluding mitosis 
interstitial fluid (IF) fluid in the small spaces between cells not contained within blood 
vessels 

intracellular fluid (ICF) fluid in the cytosol of cells 

intron non-coding regions of a pre-mRNA  transcript that may be removed during splicing 
isotonic describes a solution concentration that is the same as a reference concentration 

kinetochore region of a centromere where microtubules  attach to a pair of sister 
chromatids 
ligand molecule that binds with specificity to a specific receptor molecule 

 
lysosome membrane-bound cellular organelle originating from the Golgi apparatus and 
containing digestive enzymes 
messenger RNA (mRNA) nucleotide  molecule  that serves as an intermediate  in the 
genetic code between DNA and protein 
metaphase second stage of mitosis (and meiosis), characterized by the linear alignment 
of sister chromatids in the center of the cell 
metaphase plate linear alignment of sister chromatids in the center of the cell, which takes 
place during metaphase 
microfilament the thinnest of  the cytoskeletal  filaments; composed  of  actin 
subunits  that function in  muscle contraction and cellular structural support 
microtubule the thickest of the cytoskeletal filaments, composed of tubulin subunits that 
function in cellular movement and structural support 
mitochondrion one of the cellular organelles bound by a double lipid bilayer that function 
primarily in the production of cellular energy (ATP) 
mitosis division of genetic material, during which the cell nucleus breaks down and two 
new, fully functional, nuclei are formed 
mitotic phase phase of the cell cycle in which a cell undergoes mitosis 
mitotic spindle network of microtubules, originating from centrioles, that arranges 
and pulls apart chromosomes during mitosis 
multipotent describes the condition  of being able to differentiate into different types of 
cells within a given cell lineage or small number of lineages, such as a red blood cell or 
white blood cell 
mutation change in the nucleotide  sequence in a gene within a cell’s DNA 

nuclear envelope membrane that surrounds the nucleus; consisting of a double lipid-
bilayer 
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nuclear pore one of the small, protein-lined  openings found scattered throughout the 
nuclear envelope 
nucleolus small region of the nucleus that functions in ribosome synthesis 

nucleosome unit of chromatin consisting of a DNA strand wrapped around histone 
proteins 
nucleus cell’s central organelle; contains the cell’s DNA 
organelle any of several different types of membrane-enclosed specialized structures in 
the cell that perform specific functions for the cell 
osmosis diffusion of water molecules down their concentration  gradient across a selectively  
permeable membrane 
passive transport form of transport across the cell membrane that does not require input of 
cellular energy 
peripheral protein membrane-associated protein  that does not span the width of the 
lipid bilayer, but is attached peripherally to integral proteins, membrane lipids, or other 
components of the membrane 
peroxisome membrane-bound  organelle that contains enzymes  primarily  
responsible  for  detoxifying harmful substances 
phagocytosis endocytosis of large particles 

pinocytosis endocytosis of fluid 
 

pluripotent describes the condition  of being able to differentiate into a large variety of cell 
types 
polypeptide chain of amino acids linked by peptide bonds 
prophase first stage of mitosis (and meiosis), characterized by breakdown of the nuclear 
envelope and condensing of the chromatin to form chromosomes 
proteome full complement of proteins produced by a cell (determined by the cell’s specific 
gene expression) 
receptor protein molecule that contains a binding site for another specific molecule (called a 
ligand) 

receptor-mediated endocytosis endocytosis of ligands attached to membrane-bound 
receptors 
ribosomal RNA (rRNA) RNA that makes up the subunits of a ribosome 

ribosome cellular organelle that functions in protein synthesis 
RNA polymerase enzyme that unwinds DNA and then adds new nucleotides to a 
growing strand of RNA for the transcription phase of protein synthesis 
S phase stage of the cell cycle during which DNA replication occurs 

selective permeability feature of any barrier that allows certain substances to cross but 
excludes others 
sister chromatid one of a pair of identical chromosomes, formed during DNA replication 
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sodium-potassium pump (also, Na+/K+ ATP-ase) membrane-embedded protein pump 
that uses ATP to move Na+out of a cell and K+ into the cell 

somatic cell all cells of the body excluding gamete cells 
stem cell cell that is oligo-, multi-, or pleuripotent that has the ability to produce 
additional  stem cells rather than becoming further specialized 
telophase final stage of mitosis (and meiosis), preceding cytokinesis,  characterized by 
the formation of two new daughter nuclei 
totipotent embryonic cells that have the ability to differentiate into any type of cell and 
organ in the body 
transcription process of producing an mRNA molecule that is complementary to a particular  
gene of DNA 
transfer RNA (tRNA) molecules of RNA that serve to bring amino acids to a growing  
polypeptide  strand and properly place them into the sequence 
translation process of producing a protein from the nucleotide  sequence code of an mRNA 
transcript 
triplet consecutive sequence of three nucleotides on a DNA molecule that, when 
transcribed into an mRNA codon, corresponds to a particular amino acid 
vesicle membrane-bound structure that contains materials within or 
outside of the cell
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Chapter 5:  Tissues, Organ-Systems, & the Anatomical 
Organization of the Body 
5.1 Tissues 
The Four Types of Tissues 

There are four primary types of tissues in our bodies: epithelium, connective tissue, 
muscle, and nerve. Recall that tissues are groups of similar cells that work together to 
perform related functions. These four basic tissue types combine in varying ways to form 
organs, such as the kidney or the liver. In the chapters to come, the way these tissues 
organize to create each organ will often be discussed, since understanding this histology 
will help you to understand organ functioning. 

Epithelial tissue (epithelium), refers to the sheets of cells that cover exterior surfaces 
of the body, lines internal cavities and passageways, and forms certain glands. 
Connective tissue, as its name implies, binds the cells and organs of the body together 
and functions in the protection, support, and integration of all parts of the body. Muscle 
tissue is formed of excitable cells that respond to stimulation and that contract to provide 
movement.  There are three major types of muscle tissue: skeletal (voluntary) muscle, 
smooth muscle, and cardiac muscle. Nervous tissue (nerve) is also composed of 
excitable cells that send signals to different regions of the body to allow communication 
and coordination of the body (Figure 5.1). 
The next level of organization is the organ, where several types of tissues come together 
to form a working unit. Just as knowing the structure and function of cells helps you in 
your study of tissues, knowledge of tissues will help you understand how organs 
function.  The epithelial and connective tissues are discussed in detail in this chapter. 
Muscle and nervous tissues will be covered briefly in this chapter, but will be discussed 
in detail in later chapters. 

Figure 5.1 Four Types of Tissue: Body 
Examples of each of the 4 tissue types are 
given. Clockwise from nervous tissue, 
(Micrographs provided by the Regents of 
University of Michigan Medical School © 
2012)  credit: Openstax 
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 5.1.1 Epithelium (epithelial tissue) (tissue type #1) 
 

 

 

 

 

Epithelium (plural: epithelia) covers the external surface of our body, lines the surface 
of many internal body structures, lines the lumens (hollow centers) of organs, and forms 
many different glands.   In some areas of the body, the epithelium is a single layer of 
cells.   In other areas, it has multiple cell layers.   

Epithelial cells line up one right next to another.  This tight closeness between cells 
allows epithelium to form protective coverings, such as the epidermis of the skin.  
Epithelium is avascular, meaning that blood vessels do not run through this tissue.  To 
receive nourishment, the oxygen and nutrients must diffuse into the epithelium from the 
blood vessels in the nearby connective tissues.  A basement membrane (basal lamina) 
separates the epithelium from the connective tissues.   

There are several different types of epithelia that form protective sheets.  These are 
classified by (1) the cells’ shape and (2) the number of layers of cells.  Epithelia that form 
glands will be studied separately at the end of this section. 

Cell Shape: There are three basic shapes of epithelial cells which can be seen in Figure 
5.2. These shapes are: 

• Squamous cells which are flat, large cells.  They resemble a sunny-side up egg 
which is large when you look down at it, but very flat when looked at from the side.  
The nucleus of squamous cells is often thicker than the rest of the cell, bulging 
outward.  

• Cuboidal cells are boxed shaped, and approximately as high as they are wide.  
• Columnar cells are taller than they are wide. 

Cell Layers: Epithelia are either composed of one layer of cells, or several cell layers 
which can be seen in Figure 5.2. These are: 

• Simple epithelia which has a single layer of cells, where all the epithelial cells 
rest on the basement membrane (the dividing structure that separates the 
epithelium from the connective tissue).  This type of epithelium is found in areas 
of the body that will not have any abrasion, meaning nothing will rub it off.   It is 
found lining internal structures, such as body cavities, the lining of the stomach 
and intestines, the alveoli of the lungs, the internal lining of blood vessels, and the 
lining of the heart chambers. 

• Stratified Epithelium has several layers of epithelial cells, with only the basal layer 
resting on the basement membrane. The multiple layers are protective since 
abrasion can remove outer layers of cells, but the deeper layers will remain in place 
to protect against invading microorganisms.  So, for example, the outermost region 
of skin is a stratified epithelium.  If you scrape the surface layers off, the inner cell 
layers of stratified epithelium will continue to protect you. 

Naming Epithelia: The shape of the cell and the number of cell layers are combined to 
name the different types of epithelium.  This is summarized in Figure 5.2.  For example, 
an epithelium that has flattened cells and has only one layer of cells resting on the 
basement membrane, will be known as simple squamous epithelium.  Note that in 
stratified epithelia, where there are multiple cells layers, and some cells may be 
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squamous and others are cuboidal, the convention is to name that epithelium based on 
the cell layer closest to the free apical surface (away from the basal location of the 
basement membrane).  Skin, therefore, is a stratified, squamous epithelium, even though 
many of its cells are not squamous. 
 

 

 

 

There are two atypical epithelia.  One is a simple epithelium, known as 
pseudostratified epithelium.  All the cells of this epithelium rest on the basement 
membrane, but since the cells are differently shaped, the nuclei are at different levels 
giving the appearance of stratification. This epithelium is found lining much of the 
respiratory tract. 

The second atypical epithelium is transitional epithelium and it is a stratified epithelium.  
This is found lining the urinary bladder.  It has unusual rounded epithelial cells found on 
its apical surface (away from the basement membrane) that can stretch to accommodate 
the stretching of the bladder as it fills with urine. 

Figure 5.2 Types of Simple and Stratified Epithelia Simple epithelial tissue is organized as a 
single layer of cells and stratified epithelial tissue is formed by several layers of cells. credit: 
modification of OpenStax and Wikimedia remix. 

Glandular Epithelium: Epithelium also forms many of the glands in our body.  Glands 
have secretions which either travel through ducts, or enter blood vessels (Figure 5.3). 

• Exocrine Glands secrete into ducts or onto epithelial surfaces.  One example 
are the digestive enzymes made in the pancreas that travel through ducts to 
reach the intestines. Another example is sweat, which travels through ducts to 
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the surface of the skin.  Serous secretions are watery, while mucous secretions 
are thick.   

• Endocrine Gland secretions are hormones, which will be covered in Chapter 
10.  Hormones are secreted out of the gland and generally enter the bloodstream 
to reach their destination. 

 

 

 

 
 

  

Figure 5.3 Exocrine versus Endocrine Glands   Endocrine gland secretions enter blood 
vessels, while exocrine secretions travel through ducts to an epithelial surface.  Modification of 
Mntrue15 (Own work) [CC BY-SA 4.0 (http://creativecommons.org/licenses/by-sa/4.0)], via 
Wikimedia Commons 

Watch this video (http://openstaxcollege.org/l/etissues)  to learn more about the anatomy of epithelial tissues 

Click through the interactive review (http://openstaxcollege.org/l/tissues) to learn more about epithelial tissues. 

Chapter 5 | Tissues, Organ-Systems, & the Anatomical Organization of the Body Textbook:  Introduction to Human Biology

5.4

http://openstaxcollege.org/l/etissues
http://openstaxcollege.org/l/tissues
https://commons.wikimedia.org/wiki/File:Endocrine_vs._Exocrine.svg


A Deeper Look- 
Some functions of the different type of epithelia can be found in Table 5.1 

  
Table 5.1 Some Epithelial Tissue Functions  modification of By OpenStax College [CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0)], and via Wikimedia Commons 
 

 5.1.2 Connective Tissues (tissue type #2) 
 
As may be obvious from its name, one of the major functions of connective tissue is to 
connect tissues and organs. Unlike epithelial tissue, which is composed of cells closely 
packed with little or no extracellular space in between, connective tissue cells are spread 
out within a matrix. The major component of the matrix is a ground substance and 
protein fibers. This ground substance is usually a fluid, but it can also be solid, as in 
bones.  Collagen is a major protein fiber found in many connective tissues.  There are 
many different types of connective tissues but they typically share three characteristics: 
scattered cells, ground substance, and protein fibers.   Connective tissues are usually 
very vascular (have many blood vessels). 
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Connective tissues perform many functions in the body, but most importantly, they 
support and connect other tissues. Protection is another major function of connective 
tissue, since bone protects many delicate organs. Specialized cells in connective tissue 
defend the body from microorganisms that enter the body. Fluid connective tissues, 
such as blood and lymph, carry fluid, nutrients and waste to their destinations.  Adipose 
cells store energy in the form of fat and insulate the body. 
 
There are three main ways to classify connective tissue, which includes connective 
tissue proper, supporting connective tissue and fluid connective tissues (Table 
5.2). 
 
 

Connective tissue Proper Supportive 
connective tissue 

Fluid Connective 
tissue 

Loose connective tissue 
- ex. areolar connective tissue, adipose tissue 

Cartilage Blood 

Dense connective tissue 
ex. tendon, ligaments 

 

Bones Lymph 

Table 5.2 Three Classes of Connective Tissues credit: cc Openstax 
 

 

 

 

A. Connective Tissue Proper  
Loose connective tissue includes areolar connective tissue that has collagen fibers 
loosely packed within it, and which acts to fill spaces between organs.  Another type of 
loose connective tissue is adipose tissue which stores large amounts of energy as fats, 
and also wraps around some organs to provide protection and insulation.  For example, 
both the kidney and the heart have adipose tissue surrounding them, to protect these 
vital organs. 

Dense connective tissue has tightly packed collagen fibers forming strong bands of 
tissue such as tendons which attach muscles to bone, and ligaments that attach bone 
to bone. 

The main cell type of both loose and dense connective tissues are fibroblasts.  Some 
differences between these connective tissues can be seen in Figure 5.4. 

Figure 5.4 Connective Tissue Proper (a) areolar connective tissue is loose connective tissue 
that fills in spaces between organs By CNX OpenStax [CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0)], via Wikimedia Commons (b) dense connective 
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tissues form tendons and ligaments, By J Jana [CC BY-SA 4.0 
(https://creativecommons.org/licenses/by-sa/4.0)], from Wikimedia Commons (c) adipose tissue 
is a form of loose connective tissue that stores fat. By OpenStax College [CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0)], via Wikimedia Commo 

B. Supporting Connective Tissues 
 

 

                        

                                        

 

 

Cartilage is a flexible but supportive connective tissue.  It often acts as a shock absorber, 
protecting structures in our body.  It forms the outer tips of our nose and our ears.  It is 
found at the ends of long bones where the cartilage’s smooth surfaces prevent friction 
as joints bend and one bone glides past another.  It is also found in our respiratory 
passageways and between the bones of the vertebrae.  Chondrocytes are the main cell 
type of cartilage and they are found in hollow spaces called lacuna which can be seen 
in Figure 5.5a. This tissue is poorly vascularized (does not have many blood vessels); 
so it does not heal well when damaged.  

Bone forms the skeleton, and is mineralized with calcium.  The calcium provides 
hardness to bone, and the collagen fibers provide the bone some flexibility.  The main 
cell type, osteocytes, are arranged in circular patterns around blood vessels in order to 
obtain nutrition.  The osteocytes, also reside in lacuna spaces.  Bone is vascular, and 
has the ability to repair when damaged.  In fact, bone is constantly being remodeled; 
with parts of the bone being broken down and then being rebuilt.      

Figure 5.5 Supportive Connective Tissue   (a) cartilage consists of a matrix with cells called 
chondrocytes embedded in it. The chondrocytes exist in cavities in the matrix called lacunae. 
Credit: Openstax, (b) The osteocytes are found in lacunae within the matrix of bone.  Credit: 
CNX OpenStax [CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)], via Wikimedia 
Commons 

C. Fluid Connective Tissues 

Blood is a liquid form of connective tissue that transports substances throughout the 
body.  Blood is found within blood vessels and the pumping of the heart causes it to 
circulate.  The cells of blood (seen in Figure 5.6) include red blood cells that carry 
oxygen to our body cells, white blood cells that are involved in fighting microorganisms 
and providing immunity, and platelets that are involved with blood clotting.  Plasma is 
the fluid matrix of blood. 
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Lymph is a liquid that travels through lymphatic vessels.  Some fluid found outside of 
the lymph vessels needs to drain into the bloodstream, but can’t directly enter the blood 
vessels.  It is easy for this fluid to enter lymph vessels instead (and the fluid would then 
be called lymph).  This fluid is then carried through the lymphatic vessels, finally draining 
into blood vessels.  The cells of the lymphatic system are white blood cells that help 
fight invading microorganisms. 

Figure 5.6  Fluid Connective Tissue   (a) Blood includes red blood cells (erythrocytes) and 
various types of white blood cells (lymphocyte seen in this image) that circulate in a liquid 
extracellular matrix known as plasma credit: Openstax (Micrograph provided by the Regents 
of University of Michigan Medical School © 2012)  (b) Lymph fluid forms as extracellular fluid 
enters lymph vessels. Credit:  Cancer Research UK (Original email from CRUK) [CC BY-SA 
4.0, via Wikimedia Commons 

Watch this animation (http://openstaxcollege.org/l/tendonitis) to learn more about tendonitis, a 
painful condition called tendonitis. 

Connective Tissue: Tendinitis 
That dull ache in the wrist from playing tennis is now an unbearable pain.  After your 
swollen wrist is examined, you are diagnosed with wrist tendinitis.  This is a 
common injury, and well-known tennis players such as Venus and Serena Williams and 
Rafael Nadal have also suffered from tendinitis related injuries. 

Tendinitis is the inflammation of a tendon, the thick, fibrous connective tissue that 
attaches a muscle to a bone.  The condition causes pain and tenderness in the area 
around a joint. Most often, the condition results from repetitive motions over time that 
strain the tendons needed to perform the tasks. 

Persons whose jobs and hobbies involve performing the same movements over and over 
again are often at the greatest risk of tendinitis. Overuse of the joint causes a 
microtrauma that initiates the inflammatory response.  This can heal with rest.  Severe 
cases of tendinitis can even tear loose a tendon. Surgical repair of a tendon is painful. 
Connective tissue in the tendon does not have abundant blood supply and heals slowly. 
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While older adults are at risk for tendinitis because the elasticity of tendon tissue 
decreases with age, active people of all ages can develop tendinitis.  Young athletes, 
dancers, and computer operators; anyone who performs the same movements 
constantly is at risk for tendinitis. Although repetitive motions are unavoidable in 
many activities and may lead to tendinitis, precautions can be taken that can lessen 
the probability of developing tendinitis. For active individuals, stretches before 
exercising and cross training or changing exercises are recommended. For the 
passionate athlete, it may be time to take some lessons to improve technique. All of 
the preventive measures aim to increase the strength of the tendon and decrease the 
stress put on it. 

 

 5.1.3 Muscle Tissue 
All types of muscle tissue are excitable; they respond to a stimulus. Muscle cells are 
contractile, meaning they can shorten and generate a pulling force. All muscle 
contraction results from the interaction of the proteins, actin and myosin. 
 

There are three types of muscle tissue: skeletal, cardiac and smooth.  Skeletal 
muscle pulls on our bones, allowing us to voluntarily move.  Cardiac muscle is found in 
the heart, causing it to contract.  Smooth muscle surround hollow organs and 
passageways of the body, and compresses these spaces when contracting. Table 5.3 
summarizes differences in the different types of muscle. 

 
Table 5.3 Comparison of Structure and Properties of Muscle Tissue Types credit: 
Ellerton, own work 

A.  Skeletal Muscle 
Skeletal muscles attach to bones and its voluntary contraction causes locomotion, 
facial expressions, posture, and other voluntary movements of the body. Skeletal 
muscle contraction generates heat which helps control normal body temperature. 
Skeletal muscle has striations across its cells caused by the arrangement of the 
contractile proteins actin and myosin. These muscle cells are long and have many 
nuclei along the edge of the cell (peripherally located). Figure 5.7a illustrates the 
histology of skeletal muscle. 

Muscle Striations Nuclei and 
location 

Function Muscle location 

Skeletal 
muscle 

yes many 
nuclei, 
peripherally 
located 

voluntary movements, 
produces heat, protects 
organs 

attached to 
skeleton 

Cardiac 
Muscle 

yes single 
nucleus, in 
center of 
cell 

involuntary contractions, 
pumps blood 

heart 

Smooth 
Muscle 

No single 
nucleus, in 
center of 
cell 

involuntary contractions: 
moves food, respiratory 
movements, regulates 
flow of blood  

walls of many 
organs, 
passageways and 
blood vessel 
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B. Cardiac Muscle 

Cardiac muscle forms the contractile walls of the heart. Cardiac muscle is striated and 
each cell has a single, centrally located nucleus, as seen in Figure 5.7b. Cardiac muscle 
contracts spontaneously, and has a rhythmic contraction that can be influenced by the 
autonomic nervous system to speed up or slow down.  Many cardiac muscle cells attach 
together in a long row to form branching fibers.  At the site where one cardiac cell 
attaches to the next cell, there is a junction that is visible as a dark line in the microscope.  
This line is called an intercalated disc which “glues” cardiac cells together and also 
allows electrical messages to pass from one cell to the next so that the cells synchronize 
their contractions.   

C. Smooth Muscle 
Each smooth muscle cell has a single, centrally located nucleus, and is not striated, as 
shown in Figure 5.7c. Smooth muscle tissue contraction is responsible for involuntary 
movements in the internal organs. It surrounds internal organs such as the digestive, 
urinary, and reproductive systems as well as the airways and many blood vessels.  

Figure 5.7 Muscle Histology (a) skeletal muscle has long cylindrical fibers that are striated.  
Nuclei are peripherally located.  (b) cardiac muscle has branching fibers.  Individual cells each 
have a single central nucleus and attach to one another at intercalated discs (c) smooth muscle 
cells do not have striations and have only one central nucleus.  Credit: modification of 
Mdunning13 [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia 
Commons 

 

  

 

 

Watch this video (http://openstaxcollege.org/l/musctissue) to learn more about muscle tissue.  

 5.1.4 Nerve 
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Nervous tissue is excitable.  It can send and receive electrochemical signals known 
as action potentials, that provide the body with information. The main cell type is the 
neuron, and the supporting cell types are known as the neuroglia (Figure 5.8).  
 
Neurons have a cell body that includes the nucleus and most of the cell’s cytoplasm 
and organelles. Dendrites branch off the cell body and appear as thin extensions. A 
long “tail,” the axon, extends from the neuron cell body and is often found wrapped in 
an insulating myelin layer, which is formed by certain types of neuroglial cells.  When 
a neuron is sufficiently stimulated, it generates an action potential that travels down 
the axon.  The end of the axon stores neurotransmitters which are released when an 
action potential arrives.  The released neurotransmitters contact a nearby cell, either 
another neuron or a muscle cell, and often affect the recipient cell’s activity. 
The neuroglia or glial cells, provide physical and nutritional support to the neuron, 
and are involved in the formation of the myelin sheath. In addition, neuroglial cells form 
the blood-brain barrier which is the membrane that separates the circulatory system 
from the brain. Other neuroglial cells protect the nervous system against infection. 
Some neuroglial cells can be seen in Figure 5.8. These will be discussed further in 
Chapter 9.  

 

 

 
 

 

 

Figure 5.8 The Neuron with Supporting Neuroglia The neuron has projections called 
dendrites that receive signals and a projection called an axon that send signals. Also shown 
are two types of glial cells: astrocytes regulate the chemical environment of the nerve cell, and 
oligodendrocytes insulate the axon so the electrical nerve impulse is transferred more 
efficiently. By Connexions (http://cnx.org) [CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 

Follow this link to learn more about nervous tissue. 

     
      Pathologist 
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A pathologist is a medical doctor or veterinarian who has specialized in the 
laboratory detection of disease. A pathologist may oversee clinical 
laboratories, evaluating body tissue and blood samples for the detection of 
disease or infection. They examine tissue specimens through a microscope 
to identify cancers and other diseases. Some pathologists perform autopsies 
to determine the cause of death.
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5.2 Organs and Organ Systems 
An organ is a group of tissues that work together, and an organ system is a group of organs 
that work together to perform a specific function. Humans have eleven organ systems. They are 
the Integumentary System, Skeletal System, Muscular System, Nervous System, Endocrine 
System, Cardiovascular System, Lymphatic System, Respiratory System, Digestive System, 
Urinary System, and Reproductive System (female and male). 
 

 

 
 
 
 

Refer to Figure 5.9 below for a brief overview of the organs and functions of the eleven organ 
systems. Note that some organs perform activities that directly participate in the functioning of 
more than one system. For example, the testes and ovaries have an endocrine function 
(producing sex hormones) and a reproductive function (producing, cells called gametes that 
will fuse to make a new organism). Another example is the pancreas, which has an endocrine 
function (producing hormones) and a digestive function (producing enzymes that help digestion).  
All organ systems must work correctly to maintain homeostasis and health.  When one organ 
system fails, it affects the functioning of the entire body. 
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Figure 5.9  The 11 Organ Systems of the Human Body   By Connexions (http://cnx.org) [CC 
BY 3.0], via Wikimedia Commons . Art by OpenStax College –CC-BY 
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5.3 Anatomical Terminology  

Anatomical terminology are Greek and Latin terms that provide precise information 
which reduces medical errors. For example, is the bone broken at the end closer to the 
body, or further away? By using precise anatomical terminology, we eliminate ambiguity.  
Anatomical terms are made up of roots, prefixes, and suffixes.  The root of a term often 
refers to an organ, tissue, or condition, while the prefix or suffix often describes the root. 
For example, in the disorder hypertension, the prefix “hyper-” means “high” or “over,” and 
the root word “tension” refers to pressure, so the word “hypertension” refers to abnormally 
high blood pressure. 
 

  

 

 5.3.1 Anatomical Position 
To further increase precision, anatomists standardize the way in which they view the 
body. Just as maps are normally oriented with north at the top, the standard body “map,” 
or anatomical position, is that of the body standing upright, with the feet at shoulder 
width and parallel, toes forward. The upper limbs are held out to each side, and the palms 
of the hands face forward as illustrated in Figure 5.10a. It does not matter how the body 
being described is oriented, the terms are used as if it is in anatomical position.  A body 
that is lying down is described as either prone or supine. Prone is a face-down 
orientation, and supine describes a face up orientation.  

 5.3.2 Regional Terms 

The human body’s numerous regions have specific terms to help increase precision (see 
Figure 5.10). It is important to learn these terms.  

Figure 5.10 Regions of the Human Body The human body is shown in anatomical position 
in an (a) anterior view and a (b) posterior view. The regions of the body are labeled in boldface. 
Art by OpenStax College –CC-BY 
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 5.3.3 Directional Terms 
Directional anatomical terms are essential for describing the relative locations of 
different body structures (Figure 5.11). For instance, a physician might describe a 
tumor as “superficial to” a deeper body structure. Commit these terms to memory to 
avoid confusion when you are studying or describing the locations of particular body 
parts. 

• Anterior (or ventral) Describes the front or direction toward the front of the 
body. The toes are anterior to the heel.  

 

 

 

 

• Posterior (or dorsal) Describes the back or direction toward the back of the 
body. The popliteus is posterior to the patella. 

• Superior (or cranial) describes a position above or higher than another part of 
the body proper. The orbits are superior to the oris. 

• Inferior (or caudal) describes a position below or lower than another part of the 
body proper. The pelvis is inferior to the abdomen. 

• Lateral describes the side or direction toward the side of the body. The thumb 
(pollex) is lateral to the digits. 

• Medial describes the middle, or direction toward the middle of the body. The 
hallux is the medial toe. 

• Proximal describes a position in a limb that is nearer to the point of attachment 
or the trunk of the body. The elbow is proximal to the wrist. 

• Distal describes a position in a limb that is farther from the point of attachment 
or the trunk of the body. The knee is distal to the femur. 

• Superficial is a position closer to the body’s surface. The skin is superficial to 
the bones. 

• Deep describes a position farther from the body’s surface. The brain is deep to 
the skull. 

 

 

Figure 5.11 Directional Terms Applied to the Human Body Paired directional terms are 
shown as applied to the human body. Art by OpenStax College –CC-BY 
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 5.3.4 Body Planes 
 

 

 
 

 

 

As we stand erect, our body can be divided by several planes. A sagittal plane divides 
the body into right and left portions. A midsagittal plane divides the body exactly in the 
middle, making two equal right and left halves. A frontal plane (also called a coronal 
plane) separates the front from the back. A transverse plane (or, horizontal plane) 
divides the body into upper and lower portions. This is sometimes called a cross-
section, and, if the transverse cut is at an angle, it is called an oblique plane. Figure 
5.12 illustrates these planes: 

Figure 5.12 Planes of the body: The midsagittal plane divides the body exactly in half, into 
right and left portions. The frontal plane divides the front and back, and the transverse plane 
divides the body into upper and lower portions.   Art by OpenStax College –CC-BY 

 5.3.5 Body Cavities 

The internal area of the body is organized into different compartments which are 
separated from one another by membranes, sheaths, and other structures. The dorsal 
(posterior) cavity and the ventral (anterior) cavity are the largest body compartments 
(Figure 5.13). These cavities contain and protect delicate internal organs, and the 
ventral cavity allows the organs to change their size and shape as they perform their 
functions.  The lungs, heart, stomach, and intestines, for example, can expand and 
contract without disturbing other nearby organs. 
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The dorsal cavity contains two smaller cavities. The cranial cavity surrounds the brain, 
providing it with protection. In a similar way, the vertebral (or spinal) cavity surrounds 
and protects the spinal cord.  

The ventral cavity contains the thoracic cavity, which is further subdivided into the 
pleural cavity around the lungs and the pericardial cavity, which surrounds the heart. 
The ventral cavity also contains the abdominopelvic cavity, which can be separated 
into the abdominal cavity and the pelvic cavity.  The thoracic cavity is separated from 
the abdominopelvic cavity by the diaphragm which is a skeletal muscle. 

Figure 5.13 Dorsal and Ventral Body Cavities The ventral cavity includes the thoracic and 
abdominopelvic cavities and their subdivisions. The dorsal cavity includes the cranial and spinal 
cavities. credit: modification of work by NCI. Art by OpenStax College –CC-BY 

 5.3.6 Abdominal Regions and Quadrants 

To clearly communicate the location of a patient’s abdominal pain, for example, health 
care providers typically divide up the cavity into either nine regions or four quadrants 
(Figure 5.14). 
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Figure 5.14 Regions and Quadrants of the Abdominopelvic Cavity There are (a) nine 
abdominal regions and (b) four abdominal quadrants in the peritoneal cavity. By 
Jmarchnderivated work from File:Abdominal Quadrant Regions.jpg: [1] [CC BY-SA 3.0 
(https://creativecommons.org/licenses/by-sa/3.0)], from Wikimedia Commons 

 5.3.7 Serous Membranes of the Anterior (Ventral) Body Cavity 

A serous membrane (also referred to a serosa) is one of the thin membranes that 
cover the walls and organs in the thoracic and abdominopelvic cavities. The parietal 
layers of the membranes line the walls of the body cavity.  The visceral layer of the 
membrane covers the organs (the viscera). Between the parietal and visceral layers is 
a very thin, fluid-filled serous space, or cavity (Figure 5.15). 

Figure 5.15 Serous Membranes Serous membrane line cavities and reflect back to cover the 
surface of an organ such as the heart or lungs.  This image demonstrates the pericardial 
membrane which covers the surface of the heart and continues around to line the body wall—
much the same way that an underinflated balloon would form two layers surrounding a fist. 
Credit: Art by OpenStax College –CC-BY 

There are four serous membranes and cavities. There are two pleura, which are the 
serous membranes that surrounds the right and left lungs in the pleural cavities; the 
pericardium is the serous membrane that surrounds the heart in the pericardial cavity; 
and the peritoneum is the serous membrane that surrounds or partially covers many of 
the organs in the abdominopelvic cavity.  A small amount of fluid secreted by the 
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serous membranes is found in the cavity between the visceral and parietal layers which 
cushions and reduces friction on internal organs when they move, such as when the 
lungs inflate or the heart beats. The pleural cavity reduces friction between the lungs and 
the body wall. Likewise, the pericardial cavity reduces friction between the heart and the 
wall of the pericardium.  The peritoneal cavity reduces friction between the abdominal 
and pelvic organs and the body wall. Therefore, serous membranes provide additional 
protection to the internal organs they enclose by reducing friction that could lead to 
inflammation of the organs. 
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Key Terms 
Terms related to Body Tissues: 

adipocytes - lipid storage cells 
adipose tissue - specialized areolar tissue rich in stored fat 
apical - that part of a cell or tissue which, in general, faces an open space 
apocrine secretion - release of a substance along with the apical portion of the cell 
areolar tissue - (also, loose connective tissue) a type of connective tissue proper 

that shows little specialization with cells dispersed in the matrix 
astrocyte - star-shaped cell in the central nervous system that regulates ions and 

uptake and/or breakdown of some neurotransmitters and contributes to the formation 

of the blood-brain barrier 
atrophy - loss of mass and function 
basal lamina - thin extracellular layer that lies underneath epithelial cells and 

separates them from other tissues 
basement membrane - in epithelial tissue, a thin layer of fibrous material that 

anchors the epithelial tissue to the underlying connective tissue; made up of the basal 

lamina and reticular lamina 
cardiac muscle - heart muscle, under involuntary control, composed of striated cells 

that attach to form fibers, each cell contains a single nucleus, contracts autonomously 
cell junction - point of cell-to-cell contact that connects one cell to another in a tissue 
chondrocytes - cells of the cartilage 
clotting - also called coagulation; complex process by which blood components form 

a plug to stop bleeding 
collagen fiber - flexible fibrous proteins that give connective tissue tensile strength 
connective tissue - type of tissue that serves to hold in place, connect, and integrate 

the body’s organs 
connective tissue membrane - connective tissue that encapsulates organs and 

lines movable joints 
connective tissue proper - connective tissue containing a viscous matrix, fibers, 

and cells. 
cutaneous membrane - skin; epithelial tissue made up of a stratified, squamous 

epithelial cells that cover the outside of the body 
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dense connective tissue - connective tissue proper that contains many fibers that 

provide both elasticity and protection 
desmosomes - also known as anchoring junctions.  Connect cells together, or 

connects cell to basement membrane 
ectoderm - outermost embryonic germ layer from which the epidermis and the 

nervous tissue derive 
elastic cartilage - type of cartilage, with elastin as major protein, characterized by 

rigid support and elasticity 
elastic fiber - fibrous protein within connective tissue that contains a high percentage 

of the protein elastin that allows the fibers to stretch and return to original size 
endocrine gland - groups of cells that release chemical signals into the intercellular 

fluid to be picked up and transported to their target organs by blood 
endoderm - innermost embryonic germ layer from which most of the digestive 

system and lower respiratory system derive 
endothelium - tissue that lines vessels of the lymphatic and cardiovascular system, 

made up of a simple squamous epithelium 
epithelial membrane - epithelium attached to a layer of connective tissue 
epithelial tissue - type of tissue that serves primarily as a covering or lining of body 

parts, protecting the body; it also functions in absorption, transport, and secretion 
exocrine gland - group of epithelial cells that secrete substances through ducts that 

open to the skin or to internal body surfaces that lead to the exterior of the body 
fibroblast - most abundant cell type in connective tissue, secretes protein fibers and 

matrix into the extracellular space 
fibrocartilage - tough form of cartilage, made of thick bundles of collagen fibers 

embedded in chondroitin sulfate ground substance 
fibrocyte - less active form of fibroblast 
fluid connective tissue - specialized cells that circulate in a watery fluid containing 

salts, nutrients, and dissolved proteins 
gap junction - allows cytoplasmic communications to occur between cells 
goblet cell - unicellular gland found in columnar epithelium that secretes mucous 
ground substance - fluid or semi-fluid portion of the matrix 
histamine - chemical compound released by mast cells in response to injury that 

causes vasodilation and endothelium permeability 
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histology - microscopic study of tissue architecture, organization, and function 
holocrine secretion - release of a substance caused by the rupture of a gland cell, 

which becomes part of the secretion 
hyaline cartilage - most common type of cartilage, smooth and made of short 

collagen fibers embedded in a chondroitin sulfate ground substance 
inflammation - response of tissue to injury 
lacunae - (singular = lacuna) small spaces in bone or cartilage tissue that cells 

occupy 
lamina propria - areolar connective tissue underlying a mucous membrane 
loose connective tissue - (also, areolar tissue) type of connective tissue proper that 

shows little specialization with cells dispersed in the matrix 
matrix - extracellular material which is produced by the cells embedded in it, 

containing ground substance and fibers 
merocrine secretion - release of a substance from a gland via exocytosis 
mesenchymal cell - adult stem cell from which most connective tissue cells are 

derived 
mesenchyme - embryonic tissue from which connective tissue cells derive 
mesoderm - middle embryonic germ layer from which connective tissue, muscle 

tissue, and some epithelial tissue derive 
mesothelium - simple squamous epithelial tissue which covers the major body 

cavities and is the epithelial portion of serous membranes 
mucous connective tissue - specialized loose connective tissue present in the 

umbilical cord 
mucous gland - group of cells that secrete mucous, a thick, slippery substance that 

keeps tissues moist and acts as a lubricant 
mucous membrane - tissue membrane that is covered by protective mucous and 

lines tissue exposed to the outside environment 
muscle tissue - type of tissue that is capable of contracting and generating tension 

in response to stimulation; produces movement. 
Myelin - layer of lipid inside some neuroglial cells that wraps around the axons of 

some neurons 
Myocyte - muscle cells 
Necrosis - accidental death of cells and tissues 
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nervous tissue - type of tissue that is capable of sending and receiving impulses 

through electrochemical signals. 
Neuroglia - supportive neural cells 
Neuron - excitable neural cell that transfer nerve impulses 
Oligodendrocyte - neuroglial cell that produces myelin in the brain 
Parenchyma - functional cells of a gland or organ, in contrast with the supportive or 

connective tissue of a gland or organ 
primary union - condition of a wound where the wound edges are close enough to 

be brought together and fastened if necessary, allowing quicker and more thorough 

healing 
pseudostratified columnar epithelium - tissue that consists of a single layer of 

irregularly shaped and sized cells that give the appearance of multiple layers; found 

in ducts of certain glands and the upper respiratory tract 

reticular fiber - fine fibrous protein, made of collagen subunits, which cross-link to 

form supporting “nets” within connective tissue 
reticular lamina - matrix containing collagen and elastin secreted by connective 

tissue; a component of the basement membrane 
reticular tissue - type of loose connective tissue that provides a supportive 

framework to soft organs, such as lymphatic tissue, spleen, and the liver 
Schwann cell - neuroglial cell that produces myelin in the peripheral nervous system 
secondary union - wound healing facilitated by wound contraction 
serous gland - group of cells within the serous membrane that secrete a lubricating 

substance onto the surface 
serous membrane - type of tissue membrane that lines body cavities and lubricates 

them with serous fluid 
simple columnar epithelium - tissue that consists of a single layer of column-like 

cells; promotes secretion and absorption in tissues and organs 
simple cuboidal epithelium - tissue that consists of a single layer of cube-shaped 

cells; promotes secretion and absorption in ducts and tubules 
simple squamous epithelium - tissue that consists of a single layer of flat scale-like 

cells; promotes diffusion and filtration across surface 
skeletal muscle - usually attached to bone, under voluntary control, each cell is a 

fiber that is multinucleated and striated 
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smooth muscle - under involuntary control, moves internal organs, cells contain a 

single nucleus, are spindle-shaped, and do not appear striated; each cell is a fiber 
stratified columnar epithelium - tissue that consists of two or more layers of 

column-like cells, contains glands and is found in some ducts 
stratified cuboidal epithelium - tissue that consists of two or more layers of cube-

shaped cells, found in some ducts 
stratified squamous epithelium - tissue that consists of multiple layers of cells with 

the most apical being flat scale-like cells; protects surfaces from abrasion 
striation - alignment of parallel actin and myosin filaments which form a banded 

pattern 
supportive connective tissue - type of connective tissue that provides strength to 

the body and protects soft tissue 
synovial membrane - connective tissue membrane that lines the cavities of freely 

movable joints, producing synovial fluid for lubrication 
tight junction - forms an impermeable barrier between cells 
tissue - group of cells that are similar in form and perform related functions 
tissue membrane - thin layer or sheet of cells that covers the outside of the body, 

organs, and internal cavities 
totipotent - embryonic cells that have the ability to differentiate into any type of cell 

and organ in the body 
transitional epithelium - form of stratified epithelium found in the urinary tract, 

characterized by an apical layer of cells that change shape in response to the 

presence of urine 
vasodilation - widening of blood vessels 
wound contraction - process whereby the borders of a wound are physically drawn 

together 

Key Terms 
Terms related to Anatomical Terms and Directions: 
 

abdominopelvic cavity -  division of the anterior (ventral)  cavity that houses the abdominal 
and pelvic viscera 
anatomical position -  standard reference position used for describing locations and 
directions on the human body 
anatomy -  science that studies the form and composition of the body’s structures 
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anterior -  describes the front or direction toward the front of the body; also referred to as 
ventral 
anterior cavity -  larger body cavity located anterior to the posterior (dorsal) body cavity; 
includes the serous membrane- lined pleural cavities for the lungs, pericardial cavity for the 
heart, and peritoneal cavity for the abdominal and pelvic organs; also referred to as ventral 
cavity 
caudal -  describes a position below or lower than another part of the body proper; near or 
toward the tail (in humans, the coccyx, or lowest part of the spinal column); also referred to 
as inferior 
cranial -  describes a position  above or higher than another part of the body proper; also 
referred to as superior 
cranial cavity -  division of the posterior (dorsal) cavity that houses the brain 
deep - describes a position farther from the surface of the body 
distal -  describes a position farther from the point of attachment or the trunk of the body 
dorsal -  describes the back or direction toward the back of the body; also referred to as 
posterior 
dorsal cavity -  posterior body cavity that houses the brain and spinal cord; also referred to 
the posterior body cavity 
frontal plane -  two-dimensional, vertical plane that divides the body or organ into anterior 
and posterior portions 
inferior -  describes a position below or lower than another part of the body proper; near or 
toward the tail (in humans, the coccyx, or lowest part of the spinal column); also referred to 
as caudal 
lateral -  describes the side or direction toward the side of the body 
medial -  describes the middle or direction toward the middle of the body 
pericardium -  sac that encloses the heart 
peritoneum -  serous membrane that lines the abdominopelvic cavity and covers the organs 
found there 
plane -   imaginary two-dimensional surface that passes through  the body 
pleura -  serous membrane that lines the pleural cavity and covers the lungs 
posterior -  describes the back or direction toward the back of the body; also referred to as 
dorsal 
posterior cavity -  posterior body cavity that houses the brain and spinal cord; also referred 
to as dorsal cavity 
pressure -  force exerted by a substance in contact with another substance 
prone -  face down 
proximal - describes a position  nearer to the point of attachment or the trunk of the body 
sagittal plane -  two-dimensional, vertical plane that divides the body or organ into right 
and left sides 
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section -  in anatomy, a single flat surface of a three-dimensional  structure that has been cut 
through 
serosa -  membrane that covers organs and reduces friction; also referred to as serous 
membrane 
serous membrane -  membrane that covers organs and reduces friction; also referred to as 
serosa 
spinal cavity - division of the dorsal cavity that houses the spinal cord; also referred to as 
vertebral  cavity 
superficial -  describes a position  nearer to the surface of the body 
superior -  describes a position  above or higher than another part of the body proper; also 
referred to as cranial 
supine -  face up 
thoracic cavity -  division of the anterior (ventral)  cavity that houses the heart, lungs, 
esophagus, and trachea 
transverse plane -  two-dimensional, horizontal plane that divides the body or organ into 
superior and inferior portions 
ventral -  describes the front or direction toward the front of the body; also referred to as 
anterior 
ventral cavity -  larger body cavity located anterior to the posterior (dorsal) body cavity; 
includes the serous membrane- lined pleural cavities for the lungs, pericardial cavity for the 
heart, and peritoneal cavity for the abdominal and pelvic organs; also referred to as anterior 
body cavity
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Chapter 6:  The Integumentary System 
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Chapter 6 The Integumentary System 

Figure 6.1 The Integumentary System includes skin, hair, nails and glands. credit: Lisa 
Schaffer,OpenStax CC 

 The skin and its accessory structures (hair, nails and glands) make up the integumentary 
system, which is the largest organ system in the body. 

The skin forms an exterior barrier wall, guarding our interior vital structures.  It is protective 
and waterproof, preventing organisms, and water, from entering or leaving our bodies.  The 
skin produces melanin which prevents the sun’s UV rays from damaging our cells.  Sweat 
glands help to control our internal body temperature, cooling the body as the sweat 
evaporates.  Other glands help rid the body of certain waste products. The skin is also a 
sensory organ, gathering information about the environment through its sensory receptors, 
detecting heat, cold, pressure and pain.   

6.1 Skin Structure 
The skin is composed of two layers: an outer, protective epithelial covering known as the 
epidermis and a deeper, supportive connective tissue known as the dermis (Figure 6.2). 
The epidermis and dermis are separated from each other by a basement membrane.  The 
skin is anchored to the deeper structures of the body by another layer of connective tissue 
known as the hypodermis (or subcutaneous layer), which is not considered a layer of 
the skin. 

Figure 6.2 Layers of Skin The skin is composed of two main layers: the epidermis, made of 
closely packed epithelial cells, and the dermis, made of dense, irregular connective tissue that 
houses blood vessels, hair follicles, sweat glands, and other structures. Beneath the dermis lies 
the hypodermis, which is composed mainly of loose connective and fatty tissues. Credit: Openstax 
CC 
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The skin consists of two main layers, epidermis and dermis.  Below the dermis is the hypodermis, which is not 
technically part of the skin (animation says it is part of the skin but that is not how anatomists define skin). View 
this animation (http://openstaxcollege.org/l/layers) to see these layers.  

 6.1.1 The Epidermis 
 

 

 

 

  

The epidermis is the outermost layer of the skin that forms the waterproof, protective 
wrapping around the body’s surface. It is a stratified epithelium, having several layers of 
cells, and is covered by keratin, which is a hard, outermost protective layer.  For this 
reason, the skin’s epithelium is known as a keratinized, stratified squamous 
epithelium.  

The epidermis, like other epithelia, is avascular (does not have any blood vessels).   
Nutrition is obtained by diffusion from the blood vessels in the underlying dermis (Figure 
6.3).  This means that the oxygen and nutrients must travel from the blood vessels in the 
dermis, through the extracellular fluid to reach the cells of the epidermis. 

The basal cell layer of the epidermis rests on the basement membrane (Figure 6.3).  
This layer is also known as the stratum basale or stratum germinativum.  This is the 
only layer of the epidermis that is mitotic.  These cells are stem cells, always producing 
new daughter cells that will replace outer layers of skin cells that are constantly being lost.  

Dividing cells can be harmed by ultraviolet (UV) radiation from the sun.  Specialized cells 
known as melanocytes produce melanin granules that block UV radiation (Figure 6.3). 
The melanocytes deposit these brown melanin granules above the basal cells, preventing 
UV damage to their DNA. 

Figure 6.3 Layers of the Skin The epidermis has multiple layers of cells.  The most superficial 
layer is the stratum corneum, or keratin layer. Keratinocytes, the cells of the epidermis, form by 
basal cell layer mitosis.  The dividing cells are protected by melanin granules produced by 
melanocytes. The epidermis and dermis are separated by a basement membrane.  The dermis 
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curves upward to form papilla, indenting the epidermis and bringing blood vessels closer to the 
outer layer of epidermal cells. credit: public domain via cc Wikipedia 
 

 

 

As the basal cells divide, the daughter cells, known as keratinocytes, get pushed outward 
toward the skin’s surface.  Keratinocytes produce the water-resistant, tough keratin 
protein.  Eventually the keratinocytes on the outer surface of the skin dies, but the keratin 
within these dead cells forms the tough, waterproof keratin layer, also known as the 
stratum corneum (Figure 6.3). 

“Thin skin” covers most of the body.  “Thick skin” is found on the palms of the hand and 
soles of the feet.  These epithelia are compared in Figure 6.4. Note that the keratin layer 
is much thicker in “thick skin”.  Also, thin skin has four layers of cells, while thick skin has 
five layers of cells. 

                                              
Figure 6.4 Thick Skin versus Thin Skin These slides show cross-sections of the epidermis and 
dermis of (a) thick and (b) thin skin. Note the significant difference in the thickness of the keratin 
layer (stratum corneum) of the epidermis of the thick skin.  Thick sin also has an additional cell 
layer not seen in thin skin. Credit for (a) Iceclanl [CC BY-SA 3.0 via Wikimedia Commons . credit 
(b) Openstax. Micrograph provided by the Regents of University of Michigan Medical School © 
2012 
                                                                                                                                 

 

 

 

View the University of Michigan WebScope to explore the tissue sample in greater detail. 
 6.1.2 The Dermis 

The dermis is connective tissue that lies deep to the epidermis.  It has many blood vessels 
which provide nutrients to the cells of the epidermis (Figure 6.3).  Within the dermis are 
sensory receptors that provide the sensations of touch, pressure, pain and temperature.  
Hair follicles and sweat glands are also primarily found in the dermis.  Small bands of 
smooth muscle attach to hair follicles.  These contract when you are cold, or afraid, 
causing the hair to stand up, creating “goosebumps”. 

Dermal papillae are ridges of dermis that press upward into the epidermis (Figure 6.3).  
This notching of epidermis to dermis helps bind the layers together.  Dermal papilla cause 
the ridging of fingers, creating fingerprints that are unique to each individual.  Fingerprints 
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are used for forensic analyses because the patterns do not change with the growth and 
aging processes. 
 6.1.3 The Hypodermis (not technically part of the skin) 
 

 
 

 

 

. 

 

 

 

The hypodermis (also called the subcutaneous layer or superficial fascia) is a layer 
directly below the dermis that connects the skin to the underlying fascia (connective 
tissue) of the bones and muscles. It is not considered a part of the skin, although the 
border between the hypodermis and dermis can be difficult to distinguish. There is a lot 
of adipose tissue in the hypodermis, which plays important roles in storing fats, forming a 
“cushion” over internal structures, and providing insulation from cold temperatures. 

Lipid Storage 
The hypodermis is home to most of the fat that concerns people when they are 
trying to keep their weight under control. Adipose tissue present in the hypodermis 
consists of fat-storing cells called adipocytes. This stored fat can serve as an energy 
reserve, insulate the body to prevent heat loss, and act as a cushion to protect 
underlying structures from trauma. 
 
Where the fat accumulates within the hypodermis depends on hormones 
(testosterone, estrogen, insulin, glucagon, leptin, and others), as well as genetic 
factors. Fat distribution changes as our bodies mature and age. Men tend to 
accumulate fat in different areas (neck, arms, lower back, abdomen) than do women 
(breasts, hips, thighs, buttocks).  

 6.1.4 Skin Pigmentation 

Skin color is influenced by several factors, with melanin pigment being the most important 
of these factors.  There are two general forms of melanin in human skin.  The most common 
form produces dark brown/black coloration, while another form of melanin produces more 
of a reddish color.  Another contributor to skin color is hemoglobin in the blood vessels of 
the dermis.  When these blood vessels vasodilate (“widen”), the skin takes on a pinker color, 
as occurs when you exercise or when you blush, or when you are sick.  Skin can develop 
a blue tone when there are insufficient levels of oxygen.  This is known as cyanosis, and 
is often seen most clearly on the lips or under the nails.  This can happen when you are 
cold, or when you are not getting enough oxygen because of asthma or because of heart 
failure.  Other changes in the appearance of skin color can indicate disease associated with 
other body systems. Liver disease or liver cancer can cause the accumulation of bile and 
the yellow pigment bilirubin, leading to the skin appearing yellow or jaundiced. Addison’s 
disease can stimulate the release of excess amounts of adrenocorticotropic hormone 
(ACTH), which can give the skin a deep bronze color.  

Recall that melanin is produced by cells called melanocytes, which are found scattered 
throughout the basal layer of the epidermis. When melanocytes accumulate in irregular 
groupings within the skin, it creates freckles.  Moles are larger masses of melanocytes. 
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Dark-skinned individuals have more melanin within their cells than those with pale skin.  
Exposure to the UV rays of the sun or a tanning salon causes melanocytes to manufacture 
melanin (Figure 6.5).  The melanin granules are transferred to keratinocytes and 
accumulate in those cells, causing a darkening of the skin, which is known as a tan. This 
increased melanin accumulation protects the DNA of the basal cell layer from UV radiation 
damage.  The importance of blocking the damaging rays from the sun, either through 
tanning, or using sunscreen, must be balanced with our body’s need for sunlight to produce 
vitamin D.  Exposing skin to sunlight stimulates vitamin D production which is necessary 
for calcium absorption.   
 

 

 

 

 

 

It takes a few days of exposure to sunlight to accumulate melanin.  Individuals who are 
pale-skinned often become sunburned if they are exposed to too much sunlight too quickly.  
Dark-skinned individuals have more melanin available to protect against sunburn, but they 
too can burn with excessive exposure over a short period of time. 

Figure 6.5 Melanin Production  Melanocytes exposed to UV radiation produce increased levels 
of melanin which results in a “tan”. (a) tan produced by sunlight or tanning salon, Evil Erin (Flickr: 
tan) [CC BY 2.0 (http://creativecommons.org/licenses/by/2.0)] (b) right side of image shows 
increased production of melanin in area of skin exposed to sunlight. credit via Wikimedia 
Commons, [CC BY-SA 4.0 (http://creativecommons.org/licenses/by-sa/4.0)] 

Too much exposure to the sun’s radiation can lead to wrinkling of the skin.  More problematic 
is that UV radiation can damage the mitotic cells of the skin, which can cause skin cancer.  

Cancer is caused by abnormal cells in the body dividing uncontrollably. There can be many 
reasons why a cell becomes cancerous, but one cause is that UV radiation damages DNA. 
The Skin Cancer Foundation reports that one in five Americans will experience some type 
of skin cancer in their lifetime. As pollution causes the protective ozone layer in the earth’s 
atmosphere to thin out and develop “holes”, humans become exposed to higher levels of 
UV radiation, which causes an increase in the number of cases of skin cancer. Although 
melanin offers some protection against DNA damage from the sun, it is not always enough.  

Cancerous cells divide uncontrollably, leading to the formation of metastatic tumors.  
Metastasis refers to cancer cells that travel from the tumor to other areas of the body and 
establish new tumors in other organs.  Not all tumors are metastatic.  There are many non-
cancerous tumors that are benign, where the tumor cells do not spread to other sites in 
the body.  
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There are several different types of skin cancer but we will limit this discussion to two types, 
which are very different from each another.  Basal cell carcinoma is a form of cancer that 
affects the mitotically active stem cells in the basal cell layer of the epidermis. It is the most 
common of all cancers that occur in the United States. Basal cell carcinomas start to grow 
in the basal layer, and then usually begin to grow toward the surface, becoming uneven 
bumps or patches (Figure 6.6a).  Typically, medical treatment only involves the removal of 
the growth, and there is no need for further treatment, such as chemotherapy or radiation 
therapy. 
 

 

 

 

 

Another form of skin cancer known as melanoma is caused by the uncontrolled growth of 
melanocytes, the pigment-producing cells in the epidermis. Typically, a melanoma 
develops from a mole.  It is the most fatal of all skin cancers, since it is highly metastatic 
and by the time it is detected, it has often spread to other organs. Melanomas usually 
appear as asymmetrical brown and black patches with uneven borders and a raised 
surface (Figure 6.6b). Treatment typically involves surgical removal and chemotherapy. 

Figure 6.6 Basal Cell Carcinoma and Melanoma  (a) Basal cell carcinoma is readily cured if 
caught early and treated. (credit: John Hendrix, MD) (b) Melanomas typically present as large 
brown or black patches with uneven borders and a raised surface and are often deadly. (credit: 
National Cancer Institute) 

Since melanomas metastasize so quickly, early detection is vital for survival.  The 
following mnemonic device uses the alphabet “ABCDEFG” to help individuals notice 
early-stage melanoma. If you observe a mole on your body displaying these signs, 
consult a doctor. 

• Asymmetry – the two sides are not symmetrical 
• Borders – the edges are irregular in shape 
• Color – the color is varied shades of brown or black 
• Diameter – it is larger than 6 mm (0.24 in) 
• Evolving – its shape has changed 

 
Some add the following additional signs for the most serious form of melanoma:    

• Elevated – it is raised on the skin surface 
• Firm – it feels hard to the touch 
• Growing – it is getting larger 
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You may wonder why one form of skin cancer, basal cell carcinoma, is so easily cured 
and does not usually metastasize, while another form of skin cancer, melanoma, 
spreads quickly through the body and is often deadly.  The answer has to do with 
cancer cells’ access to blood vessels.  Basal cell carcinoma tends to grow towards 
the surface of the skin, away from the blood vessels in the dermis.  On the other hand, 
melanomas usually grow downward, across the basement membrane into the dermis, 
where they gain access to blood vessels. The cancer cells can then hitch a ride to 
other areas of the body and develop new tumors in other organs. 

 

 

 

 

 

6.2 The Accessory Structures of the Skin 
Accessory structures of the skin include hair, nails, sweat glands, and sebaceous glands. 
These structures originate in the epidermis and can extend down through the dermis into 
the hypodermis. 

 6.2.1 Hair  
The hair shaft is mostly made of tough keratin protein. Hair follicles are regions of 
epidermis that push down into the dermis, and hair is produced within the follicle. The hair 
root anchors the hair shaft to the follicle. Its deepest region, the hair bulb, is the location 
of mitotic cells that divide, causing hair to grow longer.  These cells produce keratin, and 
as they migrate upward, the cells die and essentially become the hard, keratinized 
structures of the hair shaft. (Figure 6.7). 

Figure 6.7   Hair  Hair follicles originate in the epidermis and have many different parts. Credit: 
openstax cc 

The external hair is dead and composed entirely of keratin. For this reason, our hair does 
not have sensation. Furthermore, you can cut your hair or shave without damaging the hair 
structure. Most chemical hair removers also act superficially; however, electrolysis and 
yanking both attempt to destroy the hair bulb so hair cannot regrow. 

In addition to head hair, humans have soft, short vellus hairs that cover almost all of the 
body.  Exceptions include lips, palms of the hands, soles of the feet, and a few more limited 
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locations. Also, after puberty in response to hormones, body hair develops in sex specific 
patterns, such as the male beard. 
 

 

 

 

Hair serves a variety of functions, including protection, sensory input, thermoregulation, 
and communication. For example, hair on the head protects the skull from the sun. The 
hair in the nose and ears, and around the eyes (eyelashes) defends the body by trapping 
and excluding dust particles that may contain allergens and microbes. Hair of the eyebrows 
prevents sweat and other particles from dripping into and bothering the eyes. Hair also has 
a sensory function since it is extremely sensitive to air movement or other disturbances in 
the environment, much more so than the skin surface. This feature is useful for the 
detection of insects or other potentially damaging substances on the skin surface. Each 
hair root is connected to a smooth muscle called the arrector pili that contracts, making 
the external hair shaft “stand up.” The primary purpose for this is to trap a layer of air to 
add insulation. This is visible in humans as “goosebumps” and is even more obvious in 
animals, such as when a frightened cat raises its fur.  

Hair, like skin, gets its color from the pigment melanin, produced by melanocytes. Different 
hair color results from differences in the type of melanin, which is genetically determined. 
As a person ages, the melanin production decreases, and hair tends to lose its color, 
becoming gray or white. 

 6.2.2  Nails 

Nails are keratinized structures of the epidermis that protect the tips of our fingers and toes 
and provide a support structure that allows us to pick up small objects (Figure 6.8). The 
nail body forms from the nail root, where the mitotic cells are located.  Division of these 
basal cells allows the nail to keep growing.   As the cells divide and push cells along the 
nail body, the cells fill with hard keratin protein, and die.  Beneath the nail body is the nail 
bed which is rich in blood vessels, making it appear pink, except at the base, where a thick 
layer of epithelium over the nail matrix forms a crescent-shaped region called the lunula 
(the “little moon”).   
 

 
 

 

 

Figure 6.8 Nails The nail is an accessory structure of the integumentary system.  Credit: 
openstax cc 

Nails are accessory structures of the integumentary system. Visit this link to learn more about the 
origin and growth of fingernails 
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 6.2.3  Sweat Glands 

There are two types of sweat glands that form from epidermal cells that have been pushed 
downward into the dermis.  Sweat gland secretions travel through ducts to reach their 
destination. 
Eccrine sweat glands assist in maintaining homeostasis, since the sweat produced helps 
the body to thermoregulate.  These glands are found all over the skin’s surface, but are 
especially abundant on the palms of the hand, the soles of the feet, and the forehead 
(Figure 6.9). They are coiled glands lying deep in the dermis, with the duct leading to a 
pore on the skin surface, where the sweat is released. This type of sweat is composed 
mostly of water, with some salt, antibodies, traces of metabolic waste, and antimicrobial 
molecules.   

Figure 6.9  Eccrine Gland Eccrine glands are coiled glands in the dermis that release sweat that 
is mostly water. credit: Madhero88 - Own work, CC BY-SA 3.0 

Apocrine sweat glands are found deep within the dermis and their ducts usually drain sweat into 
hair follicles.  This type of sweat gland is found in hairy regions of the body such as the armpits and 
genital regions.   The release of this sweat is under both nervous and hormonal control. Apocrine 
sweat glands have thick secretions that contain organic compounds.  Bacteria break down these 
compounds which causes “body odor”.  Since apocrine glands do not become active until puberty, 
young children do not smell when they sweat. 
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Most commercial antiperspirants use an aluminum-based compound as their 
primary active ingredient to stop sweat. When the antiperspirant enters the sweat 
gland duct, the aluminum-based compounds precipitate due to a change in pH and 
form a physical block in the duct, which prevents sweat from coming out of the pore. 
 

 

 

 

 

 
 

 

 

Sweating regulates body temperature. The composition of the sweat determines whether 
body odor is a byproduct of sweating. Visit this link(http://openstaxcollege.org/l/sweating) 
to learn more. 

 6.2.4  Sebaceous Glands 

Sebaceous glands are found all over the body, and their oily secretions help to lubricate 
and waterproof the skin and hair. Most sebaceous glands are associated with hair follicles 
(Figure 6.9).  They produce sebum, a mixture of lipids, which is released onto the skin’s 
surface. The sebum moisturizes the dead, dry outermost layers of the epidermis and helps 
prevent water loss from the skin.  The fatty acids of sebum also have protective, 
antibacterial properties. The secretion of sebum is stimulated by hormones, many of which 
do not become active until puberty. Therefore, sebaceous glands are relatively inactive 
during childhood. 

Acne typically occurs on areas of the skin that are rich in sebaceous glands (face 
and back). It is most common at the time of puberty due to associated hormonal 
changes, but can also occur in infants and continue into adulthood. Hormones, 
such as androgens, stimulate the release of sebum. Acne is caused by the 
clogging of pores, which can lead to infection and inflammation. An overproduction 
and accumulation of sebum along with keratin can block hair follicles.  This plug is 
initially white. The sebum, when oxidized by exposure to air, turns black. Acne 
results from infection by acne-causing bacteria (Propionibacterium and 
Staphylococcus), which can lead to redness and potential scarring (Figure 6.10). 

Figure 6.10 Acne Acne is a result of over-productive sebaceous glands, which lead to formation 
of blackheads and inflammation of the skin. credit; Openstax CC 

6.3 Functions of the Integumentary System 

Chapter 6 | The Integumentary System Textbook:  Introduction to Human Biology

6.10

https://cnx.org/resources/cb3c5eec1e4ddb8abb7b47ec6c59f00c7d45228b


The skin and accessory structures perform many essential functions, such as protecting the 
body from invasion by microorganisms, chemicals, and other environmental factors; 
preventing dehydration; acting as a sensory organ; helping to regulate body temperature 
and electrolyte balance; and synthesizing vitamin D. 
 

 

 

 

 

 
 

 

 

 6.3.1 Function: Protection 
The skin protects the internal body from substances in the environment, water, and UV 
sunlight and it is the first line of defense against microbes and harmful chemicals.  Sweat 
released onto the surface of the skin contains antimicrobials which help prevent microbes 
from colonizing the skin’s surface.  The skin is also a protective barrier against water loss.   

The skin functions like a form of body armor since it forms a barrier between your vital, life-
sustaining organs and the outside world.  Any break in this protective barrier could 
potentially pose a danger. Every time you skin a knee or have blood drawn—there is a 
break in the protective barrier. The immune system helps fight off infections that could occur 
due to these breaks in the skin. 

Getting a tattoo or body piercing involves needles that penetrate the skin.  A break 
in the skin carries dangers, such as skin infections; blood-borne diseases, such 
as tetanus, hepatitis C, and hepatitis D; and the growth of scar tissue.  In addition, 
some individuals have allergic reactions to the tattoo dyes.  

Tattooing has a long history, dating back thousands of years. The dyes used in 
tattooing are typically derived from metals. A person with tattoos should be 
cautious when having a magnetic resonance imaging (MRI) scan because an MRI 
machine uses powerful magnets to create images of the soft tissues of the body, 
which could react with the metals contained in these dyes.  

 6.3.2 Function: Sensation 

The skin contains specialized sensory receptors that detect touch, pressure, temperature, 
and pain. These receptors are more concentrated on the tips of the fingers, which are most 
sensitive to light touch.  In addition, there are sensory nerves connected to each hair follicle 
where there are highly sensitive touch receptors. When stimulated, the sensory receptors 
send information along sensory neurons to your brain and spinal cord, causing your body 
to respond to this disturbance.  As an example, imagine an insect is crawling on your arm.  
The touch receptors send a message to your brain which generates a response, usually 
moving your eyes to look at what is on your skin, and perhaps to hit the insect and get it 
off you.  The abundance of sensory receptors and nerves helps us sense our environment 
and react accordingly. 

 6.3.3 Function: Thermoregulation 
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The integumentary system helps regulate body temperature.  Recall that sweat glands 
secrete water, salt, and other substances to cool the body when it becomes warm. Even 
when the body does not appear to be noticeably sweating, approximately 500 mL of sweat 
(insensible perspiration) are secreted each day. If the body becomes too warm due to high 
temperatures, vigorous activity, or a combination of the two, sweat glands will be stimulated 
by the sympathetic nervous system to produce large amounts of sweat, as much as 1.5 L 
in an hour for an active person. When the sweat evaporates from the skin surface, the body 
is cooled as body heat is dissipated. 

Arterioles in the dermis help thermoregulation by either dilating or constricting (Figure 
6.11).  Arteriole dilation allows excess heat carried by the blood to dissipate through the 
skin, into the surrounding environment. This accounts for the skin redness that many 
people experience when exercising.   Conversely, when body temperatures drop, the 
arterioles constrict to minimize heat loss, particularly in the ends of the digits and tip of the 
nose. This reduced circulation can result in the skin appearing whiter. Although the 
temperature of the skin drops, internal organs remain warm. If the temperature of the skin 
drops too much, such as when skin is exposed to freezing temperatures, the body’s core 
heat will be maintained but the skin can freeze, causing “frostbite”. 

Figure 6.11 Thermoregulation  During strenuous physical activities, the dermal blood vessels 
dilate and sweat secretion increases (b). These mechanisms prevent the body from overheating. 
In contrast, the dermal blood vessels constrict to minimize heat loss in response to low 
temperatures. (credit a: “Trysil”/flickr; credit b: openstax cc, c: credit: MuitaHappy [CC BY-SA 4.0 
(https://creativecommons.org/licenses/by-sa/4.0)] 

 6.3.4 Function: Synthesis of Vitamin D 

Skin synthesizes vitamin D when exposed to UV radiation. In the presence of sunlight, 
skin produces vitamin D3 (cholecalciferol) which is an inactive form of vitamin D.   This 
inactive form travels to the liver where it is modified, and then it continues on to the kidneys 
where it is converted to the active vitamin (calcitriol). Vitamin D is essential for normal 
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absorption of calcium and phosphorous, which are required for healthy bones. If a child 
does not have vitamin D he or she can develop rickets (Figure 6.12), a painful condition 
where the bones are soft and become deformed and “bowlegged”.  Elderly individuals who 
suffer from vitamin D deficiency can develop a condition called osteomalacia, a softening 
of the bones. In modern day, most countries include vitamin D as a supplement to many 
foods, including milk and orange juice, which reduces the need for sun exposure. 
 

 

 
 

 

 
             

In addition to its essential role in bone health, vitamin D is essential for general immunity 
against bacterial, viral, and fungal infections.   

                                                                         

Figure 6.12 Rickets  children develop severe bone deformity when they have insufficient vitamin D 
and/or calcium Credit: [CC BY 4.0 (http://creativecommons.org/licenses/by/4.0)], via Wikimedia 
Commons 

As you age, skin undergoes changes. There is decreased mitosis, leading to a 
thinner epidermis. The dermis, which is responsible for the elasticity and resilience 
of the skin, exhibits a reduced ability to regenerate, which leads to slower wound 
healing. The hypodermis, with its fat stores, loses structure which causes thinning 
and sagging of skin. 

The accessory structures are less active, causing hair and nails to thin.  Reduced 
gland activity causes less sweating, so some elderly cannot tolerate extreme heat.  
Less melanin is produced, leading to a paler skin tone.  Skin wrinkles because 
there is less collagen and elastin produced, weakened muscles under the skin and 
fewer secretions to moisturize the skin’s surface. 
Many anti-aging products can be found in stores. In general, these products try to 
rehydrate the skin which could fill out the wrinkles.  Some of these products 
stimulate skin growth using hormones and growth factors. There are also invasive 
techniques that reduce wrinkling, such as collagen injections to plump the tissue 
and injections of BOTOX® (the name brand of the botulinum neurotoxin) that 
paralyze the muscles that crease the skin and cause wrinkling. 
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Figure 6.13  Aging Generally, skin, especially on the face and hands, starts 
to display the first noticeable signs of aging, as it loses its elasticity over time. 
(credit: Janet Ramsden via Openstax)  

Have you ever had a skin rash, or a mole that you were concerned about? Dermatologists 
are medical doctors who specialize in diagnosing and treating skin disorders. After 
earning a medical degree, dermatologists then complete several years of residency training.  
Most dermatologists work in a medical office or private-practice setting. They diagnose 
skin conditions and rashes, prescribe oral and topical medications to treat skin conditions, 
and may perform simple procedures, such as mole or wart removal. In addition, they 
may refer patients to an oncologist for certain types of skin cancer. Patients also come to 
dermatologists for cosmetic procedures, primarily to reduce the appearance of skin aging.  
These treatments include Botox injections, laser treatments, and collagen and dermal filler 
injections. 
Visit this DiplomaGuide.com for more Dermatologist career information. 

6.4 Conditions of the Skin 
 6.4.1 Burns 

A burn can result from intense heat, radiation, electricity, or chemicals. The damage 
results in the death and loss of skin cells.  Skin waterproofs our body, and keeps our 
internal water from evaporating into the environment.  When large areas of skin burn off, 
it can lead to a massive loss of body fluid.  Dehydration, electrolyte imbalance, and renal 
and circulatory failure follow, which can be fatal. Burn patients are treated with intravenous 
fluids to prevent dehydration, as well as intravenous nutrients that enable the body to 
repair tissues and replace lost proteins. Another serious threat caused by burns is 
infection. Without the skin’s protection, the body is extremely susceptible to bacteria and 
other pathogens. 

Burns can be classified by how deeply the burn has damaged the skin.  A first-degree 
burn is a superficial burn that affects only the epidermis. Although the skin may be painful 
and swollen, these burns typically heal on their own within a few days. This typically 
happens with a mild sunburn. A second-degree burn goes deeper and affects both the 
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epidermis and a portion of the dermis. These burns result in swelling and a painful 
blistering of the skin. If the burn site is kept clean and sterile it prevents infection, and will 
heal in a few weeks. A third-degree burn fully extends into the epidermis and dermis, 
destroying the tissue and affecting the nerve endings and sensory function.  These are 
serious burns that may appear white, red, or black and require medical attention. A fourth-
degree burn is even more severe, affecting the underlying muscle and bone. Surprisingly, 
third and fourth-degree burns are usually not painful because the nerve endings 
themselves are burned, so they cannot send pain messages to the brain. 
 

 

  
 

        

               

   

Full-thickness burns (third and fourth-degree) cannot be repaired by the body, because 
the local tissues used for repair are dead or severely damaged and must be removed 
(debridement).  The skin is then medically replaced by taking skin grafts from an 
unaffected part of the body or from skin grown in laboratories for grafting. 

Medical treatment is different depending on how much of the body is burned.  There is a 
way to estimate the size of burns, known as the “rule of 9’s”, that can quickly help guide 
decisions about treatment.  This can be seen in Figure 6.14.  

Figure 6.14  Calculating the Size of a Burn   The size of a burn will guide decisions made 
about the need for specialized treatment. Specific parts of the body are associated with a 
percentage of body area. Credit: Openstax cc 

Skin grafts are required when the damage from trauma or infection cannot be closed with sutures or staples. Watch 
this video (http://openstaxcollege.org/l/skingraft) to learn more about skin grafting procedures. 
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 6.4.2 Scars and Keloids 
 

 

 

 

 

 

 

 

When skin is damaged, it does not always reform normally.   Instead, connective tissue 
cells (fibroblasts) form a lot of collagen fibers that patch and repair the wound.   Unlike 
normal skin, this tissue is fibrous and it cannot form normal accessory structures, such as 
hair follicles, sweat glands, or sebaceous glands.  This abnormal patch of fibrous collagen 
is known as a scar. 
When a scar forms and the wound is healed, collagen production should stop.  In some 
individuals, collagen continues to form, resulting in a raised scar called a keloid.  

 6.4.3  Bedsores 

Bedsores, also called decubitus ulcers, are caused by constant, long-term, unrelieved 
pressure on certain body parts that are bony, reducing blood flow to the area and leading 
to necrosis (tissue death). Bedsores are most common in elderly patients that are 
bedridden. Most hospitals and long-term care facilities have the practice of turning the 
patients every few hours to prevent bedsores from forming. If left untreated, bedsores can 
be fatal if they become infected. 

 6.4.4 Calluses 

When you wear shoes that do not fit well and your skin is constantly rubbed, you tend to 
form a callus at the point of contact. This occurs because the skin thickens to protect 
against damage that might occur at the irritated site.  Calluses can also form on your fingers 
if they are constantly rubbed, as occurs when writing for long periods of time or from playing 
a guitar.  

 6.4.5 Melanin Related Conditions 

Albinism is a genetic disorder that affects (completely or partially) the coloring of skin, hair, 
and eyes. This condition is primarily due to the inability of melanocytes to produce melanin. 
Individuals with albinism tend to appear white or very pale due to the lack of melanin in 
their skin and hair. Recall that melanin helps protect the skin from the harmful effects of UV 
radiation. Individuals with albinism tend to need more protection from UV radiation, as they 
are more prone to sunburns and skin cancer. They also tend to be more sensitive to light 
and have vision problems due to the lack of pigmentation on the retinal wall.  

In vitiligo, the melanocytes in certain areas lose their ability to produce melanin, possibly 
due to an autoimmune reaction. This leads to a loss of color in patches (Figure 6.15). 
Neither albinism nor vitiligo directly affects the lifespan of an individual. 
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Figure 6.15  Vitiligo   Individuals with vitiligo experience depigmentation that results in lighter 
colored patches of skin.  The condition is especially noticeable on darker skin.  Credit: By James 
Heilman, MD [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0) or GFDL 
(http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons 

This ABC video follows the story of a pair of fraternal African-American twins, one of whom 
is albino. Watch this video (http://openstaxcollege.org/l/albino)  to learn about the challenges 
these children and their family face. 

Chapter 6 | The Integumentary System Textbook:  Introduction to Human Biology

6.17

http://openstaxcollege.org/l/albino
https://commons.wikimedia.org/wiki/File:Vitiligo2.JPG


 Key Terms 
acne skin condition due to infected sebaceous glands 

albinism genetic disorder that affects the skin, in which there is no melanin production 

apocrine sweat gland type of sweat gland that is associated with hair follicles in the armpits 
and genital regions 

arrector pili smooth muscle that responds to external stimuli that pull on hair follicles and 
make the hair “stand up” 

basal cell stem cell found in the stratum basale and in the hair matrix that continually divides, 
producing keratinocytes 

basal cell carcinoma cancer that originates from basal cells in the epidermis of the skin 

bedsore sore that develops from constant pressure and lack of blood supply; also called 
decubitis ulcers 

callus thickened area of skin that arises due to constant abrasion 

dermal papilla extension of dermis upward  that increases surface contact between the 
epidermis and dermis 

dermis skin layer deep to the epidermis; connective tissue containing blood vessels, hair 
follicles, and sweat glands 

eccrine sweat gland common throughout the skin surface; it produces a watery sweat for 
thermoregulation 

eczema skin condition due to an allergic reaction, which resembles a rash 

elastin fibers fibers made of the protein elastin that increase the elasticity of the dermis 

epidermis outermost tissue layer of the skin 

first-degree burn superficial burn that injures only the epidermis 

fourth-degree burn burn in which full thickness of the skin and underlying muscle and bone is 
damaged 

hair keratinous filament growing out of the epidermis 

integumentary system skin and its accessory structures 

keloid type of scar that has layers raised above the skin surface 

keratin type of structural protein that gives skin, hair, and nails its hard, water-resistant 
properties 

keratinocyte cell that produces keratin and is the most predominant type of cell found in the 
epidermis 

melanin pigment that determines the color of hair and skin 

melanocyte cell found in the stratum basale of the epidermis that produces the pigment 
melanin 

melanoma type of skin cancer that originates from the melanocytes of the skin 
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metastasis spread of cancer cells from a source to other parts of the body 

nail bed layer of epidermis upon which the nail body forms 

nail body main keratinous plate that forms the nail 

nail root part of the nail that is lodged deep in the epidermis from which the nail grows 

rickets disease in children caused by vitamin D deficiency, which leads to the weakening of 
bones 

scar collagen-rich skin formed after the process of wound healing that is different from normal 
skin 

sebaceous gland oil gland in the dermis that  helps to lubricate and waterproof the skin and 
hair by secreting sebum 

sebum oily substance that is composed of a mixture of lipids that lubricates the skin and hair 

second-degree burn partial-thickness burn that injures the epidermis and a portion of the 
dermis 

stratum basale deepest layer of the epidermis, made of epidermal stem cells 

stratum corneum most superficial layer of the epidermis 

third-degree burn burn that penetrates and destroys the full thickness of the skin (epidermis 
and dermis) 

vitamin D compound that aids absorption of calcium and phosphates in the intestine to improve 
bone health 

vitiligo some melanocytes lose ability to produce melanin; may be autoimmune reaction 
leading to patchy loss of color
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Chapter 7 SKELETAL SYSTEM 

Figure 7.1.The “Hasanlu Lovers”, also known as “The 2800 Year Old Kiss” are human 
remains found in Iran in 1972 by a team from the University of Pennsylvania.   Bones are living 
tissue, but are mineralized so they decay slower than soft tissue. After death further mineralization 
causes bones to become fossils, which allows these bones to remain intact after many centuries.  
(credit: By Source [WP:NFCC#4], Fair use), 
https://en.wikipedia.org/w/index.php?curid=44139610) 

 Introduction 
The skeletal system supports our bodies, protects internal organs, and allows movement 
through contraction of muscles attached to the skeleton.  The skeletal system also stores 
calcium within bones, and forms blood cells within the bone marrow. 

7.1 | Classification of Bones & Gross Anatomy of Long Bone 

The bones of the human skeleton are classified by their shape: long bones, short bones, 
flat bones, sutural bones, sesamoid bones, and irregular bones (Figure 7.2).  These 
different classifications of bones, descriptions and examples are given in Table 7.1. 

 Figure 7.2 Shown are different types of bones: flat, irregular, long, short, and 
sesamoid. Credit: Openstax CC 
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Bone Classification Features Examples 
Long longer than it is wide femur, humerus 
Short cube-like shape, 

approximately equal in 
length, width, and thickness 

carpals, tarsals 

Flat thin and curved scapulae, cranial bones 
Irregular complex shape vertebrae, facial bones 
Sesamoid small and round; embedded 

in tendons 
patellae 

Table 7.1 reviews bone classifications with their associated features, functions and examples.  
Credit: modification of Openstax CC 

Long bones are longer than they are wide and have a shaft and two ends. The 
diaphysis (shaft of the bone) contains bone marrow in a marrow (medullary) cavity.  
The rounded ends, the epiphyses, are covered with smooth, articular cartilage and 
are filled with red bone marrow, which produces blood cells (Figure 7.3). Many of the 
arm and leg bones are long bones. 

Figure 7.3  Anatomy of Long Bone The long bone is covered by articular cartilage at either end 
and contains bone marrow (shown in yellow in this illustration) in the marrow cavity. Credit: 
Openstax CC 

 
 

Compact bone forms the outer rim of the bone shaft, and provides strength to bones, 
but the hollow medullary cavity allows the bone to remain lightweight (a solid bone would 
be much heavier!).  Osteons in compact bone align along lines of stress and help the 
bone resist bending or fracturing.  The inner rim of the long bone shaft, and the two ends 
(epiphyses) are formed of spongy bone.  In the epiphyses, the red bone marrow is found 
between the thin projections of the spongy bone.  Spongy bone also helps to reduce the 
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weight of our bones and allows the ends of long bones to compress when the bone is 
stress, such as occurs when we stand, and bear weight, on the bones of our legs.  

 

 

 

 

 

View micrographs (http://openstaxcollege.org/l/muscle_tissue) of musculoskeletal tissues as you 
review the anatomy. 

A Deeper Look- 
 - Cells within Bones 

Bone consists of four types of cells: osteoblasts, osteoclasts, osteocytes, and 
osteoprogenitor cells. Osteoblasts are bone cells that are responsible for bone 
formation.  Osteoblasts synthesize and secrete the collagen fibers and the rest 
of the extracellular matrix of bone tissue. Osteoblasts become trapped in these 
secretions and differentiate into less active osteocytes. Osteoclasts are large, 
multinucleated cells that “eat” bone. They remove bone by releasing enzymes 
and acids that dissolve the bony matrix. The calcium released from bone, enters 
the blood, which helps regulate calcium concentrations in body fluids. 
Osteoclasts are important for remodeling bone, as occurs during bone growth. 
Osteocytes are mature bone cells and they cannot divide.  Osteoprogenitor 
cells are squamous stem cells that divide to produce daughter cells that 
differentiate into osteoblasts. Osteoprogenitor cells are important in the repair 
of fractures. 

7.2 | Bone Tissue and Skeletal Organ-System 

Bone, or osseous tissue, is a connective tissue that is strong and supportive.  Like 
most other connective tissues, bone has cells surrounded by a matrix that includes 
collagen fibers.  Unlike other connective tissues, the matrix surrounding bone is also 
mineralized with calcium phosphate salts that give bone its unique hardness.  
Osteocytes, the living cells of bone tissue, form the bone and become encased within 
this calcified matrix. The shape of the osteocyte is like a spider body with many thin legs 
coming out in all directions (Figure 7.4a).  The matrix that forms around the osteocyte 
hardens, encasing the body in a little bubble-like space known as the lacuna, and the 
skinny arms become encased in circular passageways known as canaliculi (Figure 7.4b 
and 7.5). 
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Figure 7.4 (a) osteocyte with numerous arm-like projections (b) osteocytes organized into 
osteons.  Note that osteocytes are in contact with one another through their arms.  Also, notice 
osteocytes organize into rings around the Haversian canal where blood vessels are found. credit: 
BDB [CC BY-SA 2.5 (http://creativecommons.org/licenses/by-sa/2.5)], via Wikimedia Commons 

Bone tissue, together with nerve, blood vessels, and other tissues, form an organ-
system, known as the skeletal system.  These tissues organize in two different ways 
to form compact and spongy bone (Figure 7.5).    

The way osteocytes organize in the two different bone types has to do with the needs 
of these cells for nutrients and oxygen.  The calcified matrix around osteocytes creates 
a barrier to receiving nutrition, since diffusion does not happen through this hard matrix. 
In spongy bone, where every osteocyte is near the outside border of the bone, the 
osteocyte arms reach to the bone’s exterior and can receive nutrients there.  In compact 
bone, where the bone is thick, many osteocytes are buried within the calcified matrix 
and are too far away from the blood vessels to receive nutrients through diffusion.  
Therefore, in compact bone, osteocytes must arrange into specific patterns, known as 
osteons, or Haversian systems, that allow nutrients and oxygen to reach each living 
cell.  Blood vessels are found within Haversian canals (central canals) in the center 
of each osteon.  Osteocytes arrange in circular rows around these blood vessels, and 
all osteocytes are connected to one another through their arms. The cell membrane 
surrounding the osteocyte arms has gap junctions between osteocytes, allowing one 
osteocyte to pass nutrients to its neighbor.  Since there are blood vessels at the center 
of the osteon, the arms of the closest osteocytes reach out to receive nutrients.  These 
osteocytes then pass the nutrients along to other osteocytes that are further away. 
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Figure 7.5 Spongy and Compact Bone.  In this image of a long bone, spongy bone can be 
found lining the inner marrow cavity.  It is also found in the ends of long bone (not seen here).  
Its thin web-like structure is very different from compact bone which forms the thick, outer rim of 
long bone.  In this image, one osteon is telescoped outward to better see the organization of 
osteocytes around the Haversian canal containing blood vessels at the center of the 
osteon.credit: SEER Training Modules, Module Name. U. S. National Institutes of Health, 
National Cancer Institute. Day Month Year (of access) <https://training.seer.cancer.gov/> 

 

7.3 | Bone Development and the Importance of Hyaline Cartilage 
 

The early embryonic skeleton has no bone.  Instead, the long “bones” are formed 
entirely of hyaline cartilage, which must undergo a process of ossification to change into 
bone (Figure 7.6.  Also, see below for a deeper look at this process, known as 
endochondral ossification). In an adult, hyaline cartilage only remains at articular 
surfaces where bone meets another bone.  In a growing child, though, there are two 
locations where hyaline cartilage is found: at articular surfaces and at the growth 
plate (epiphyseal plate).  The growth plate cartilage is responsible for allowing the 
bone to lengthen.  The locations of hyaline cartilage can be seen in Figure 7.6. 
(1)  The growth plate contains cartilage cells which are mitotic, and their cell divisions 

lengthen bone.  Osteocytes are not mitotic; so cartilage is necessary for this 
purpose.  As long as cartilage is present, bones can get longer.  Long bones stop 
growing when the growth plate “closes” at around the age of 18 in females and the 
age of 21 in males.  Bones can continue to grow in thickness, though, throughout an 
individual’s lifetime. 

 
(2) Articular surfaces, at the ends of bones, are composed of hyaline cartilage which is 

very smooth and slippery, unlike bone which has a rough texture.  When you make 
a movement such as bending your elbow, cartilage allows the bones to smoothly 
glide past one another, rather than having painful movements as occurs in arthritis 
when the cartilage wears out and bone rubs against bone. 
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Figure 7.6 Bone Development from Hyaline Cartilage model in the embryo.  The first image in 
this sequence is from an early embryo.  The last image is from an older child.  Note that the 
older child only has hyaline cartilage at the articular surface and at the epiphyseal plate (growth 
plate).  Cartilage in the growth plate will also disappear, and then the bones will no longer be 
able to lengthen. By derivative work: Chaldor (talk)Illu_bone_growth.jpg: Fuelbottle 
(Illu_bone_growth.jpg) [Public domain], via Wikimedia Commons 
 

 

 

A Deeper Look- 
 - Endochondral Ossification and the Lengthening of bones 

Endochondral ossification is the way long bone develops from hyaline cartilage.  

In long bones, cartilage forms the initial structure, which then begins to calcify. This 
calcification starts in the diaphysis, and it prevents diffusion of nutrients into the 
matrix, causing chondrocytes to die.  Blood vessels grow into the area carrying bone 
cells that form bone on top of the dead cartilage of the diaphysis.  Osteoclasts break 
down some of the bone to create a marrow, or medullary, cavity in the center of the 
diaphysis. Secondarily, the epiphyses (ends of the bone) begin to calcify, converting 
cartilage into spongy bone. The region between the epiphysis and the diaphysis, 
known as the epiphyseal plate (growth plate), remains cartilage.   

Until adolescence, hyaline cartilage remains in the growth plate. As the chondrocytes 
divide in this area, cells get pushed along the long axis of the bone, adding new cells 
along the bone’s length, causing the bones to become longer.  Eventually, all of the 
growth plate cartilage is replaced by bone. The region where this plate existed 
remains into adulthood as a faded line. 

 - Thickening of Long Bones 
Appositional growth is the increase in the diameter of bones by the addition of bony 
tissue at the surface of bones. Osteoblasts at the bone surface secrete bone matrix, 
and osteoclasts on the inner surface break down bone. The osteoblasts differentiate 
into osteocytes. A balance between these two processes allows the bone to thicken 
without becoming too heavy. 
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7.4 | Bone Homeostasis and Health 
In order to keep bones strong and healthy, it is important to have calcium in the diet, 
as well as vitamins C and D.  Calcium’s role is to produce the hard matrix found in 
bone.  It seems obvious that we need calcium in our diet, but that, alone, is not 
enough.  In order to absorb calcium from our foods, we also need vitamin D which 
allows the calcium from the digestive tract to be absorbed into our bloodstream.  A 
deficiency of either calcium, or vitamin D, leads to a condition in children known as 
rickets, where the bones are weak and become deformed. 
 

 

 

 

 

Vitamin C is also necessary for bones since it is needed to produce the collagen 
found in the bony matrix.  An extreme deficiency of vitamin C can lead to a condition 
known as scurvy, where bones do not heal since collagen cannot be produced to 
repair bones. 

Hormones play a role in calcium being added to, or removed from, bone.  Calcitonin 
takes calcium found in the blood and deposits it into the bones.  Parathyroid 
hormone (PTH) plays the opposite role.  When blood calcium levels are too low, 
PTH causes calcium to leach out of bone so that calcium levels increase in the blood. 

Several hormones are involved in normal growth and lengthening of bones.  These 
hormones include growth hormone from the anterior pituitary gland, thyroid 
hormone from the thyroid gland, and estrogen, progesterone and testosterone 
from the sex glands. 

Also important to maintaining healthy bones is stressing bones and bearing weight 
on bones.  These actions strengthen bone and cause the bone to thicken.  Exercise 
is an important mechanism to strengthen bony structure. 

As a person ages, the bones begin to lose their density and calcium levels decrease.   
This rate of bone density loss becomes a greater problem in women after they reach 
menopause, since estrogen levels decline.  This sometimes leads to the condition 
known as osteoporosis.  A loss of bone density causes the bones to weaken and 
break more easily. 

 
Figure 7.7 Osteoporosis causes the breakdown of bony structure. Credit: NIH, NIAMS 
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7.5 | Bone Remodeling and Repair 
Bone remodeling occurs throughout a person’s lifetime and involves replacement of old 
bone with new bone tissue.  Osteoblasts lay down new bone, while osteoclasts resorb old 
bone.  
 
Bone remodeling allows bones to adapt to stresses by becoming thicker and stronger. 
Bones that are not subject to normal stress, for example when a limb is in a cast, will 
begin to lose bone mass.  This remodeling process also allows bones to heal after they 
have broken. 

 

 

Figure 7.8 After the bone is set, a callus knits the two ends together. (By Bill Rhodes from 
Asheville (mid-shaft humeral compound comminuted) [CC BY 
2.0(https://creativecommons.org/licenses/by/2.0)],via Wikimedia Commons 

    A Deeper Look- 
 - Bone Repair after a Fracture 

 A fractured or broken bone undergoes repair through four stages: 
1. Blood vessels in the broken bone tear and hemorrhage, resulting in the formation 

of clotted blood, or a hematoma, at the site of the break. The severed blood vessels 
at the broken ends of the bone are sealed by the clotting process, and bone cells 
that are deprived of nutrients begin to die.  

2. Within days of the fracture, capillaries grow into the hematoma, and phagocytic cells 
begin to clear away the dead cells. Though fragments of the blood clot may remain, 
fibroblasts and osteoblasts enter the area and begin to reform bone. Fibroblasts 
produce collagen fibers that connect the broken bone ends, and osteoblasts start 
to form spongy bone. The repair tissue between the broken bone ends is called the 
fibrocartilaginous callus, as it is composed of both hyaline and fibrocartilage (Figure 
7.9). Some bone spicules may also appear. 

3. The fibrocartilaginous callus is converted into a bony callus of spongy bone. It takes 
about two months for the broken bone ends to be firmly joined together after the 
fracture. This is similar to the endochondral formation of bone, as cartilage 
becomes ossified; osteoblasts, osteoclasts, and bone matrix are present. 

4. The bony callus is then remodeled by osteoclasts and osteoblasts, with excess 
material on the exterior of the bone and within the medullary cavity being removed. 
Compact bone is added to create bone tissue that is similar to the original, unbroken 
bone. This remodeling can take many months, and the bone may remain uneven 
for years.     
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Figure 7.9 Process of Healing of a Bony Fracture By OpenStax College (cc by 3.0 
http://creativecommons.org/licenses/by/3.0, via Wikimedia Commons) 

Figure 7.10  Common Fractures  - illustrates common fractures that occur in long bones 
By OpenStax College [CC BY 4.0 (http://creativecommons.org/licenses/by/4.0)], via Wikimedia 
Commons
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7b: SKELETAL SYSTEM, con’t 

7.6 | Bones of the Skeletal System 

Visit the interactive body site to build a virtual skeleton: select "skeleton" and click through the activity to place 
each bone. 

The adult human skeleton consists of 206 bones. The skeletal system is divided into the axial 
skeleton (skull, vertebral column, and rib cage), and the appendicular skeleton (bones of the 
arm and the leg, the pectoral girdle, and the pelvic girdle). 

It is useful to know terminology that describes parts of bone.  Some of these terms can be found 
in Table 7.2 

Table 7.2: Bone Markings 
TERM DESCRIPTION EXAMPLE 

Condyle Rounded bump at the end of a bone 
where there is an articulation 

Occipital condyle at the base of the 
skull rests on the first vertebrae. 

Fossa A depression in a bone, usually 
shallow. 

Olecranon fossa in the humerus, 
where the ulna’s process articulates. 

Foramen A passageway through the bone for 
blood vessels or nerves. 

Foramen magnum in the occipital 
bone is the hole through which the 
spinal cord passes. 

Head When the epiphysis is separated 
from the bone shaft by a neck 
region.   

Head of the femur articulates with the 
deep hip socket (acetabulum). 

Sinus A hollow chamber in bone that is 
usually filled with air 

Maxillary sinus in the maxilla of the 
skull 

Sulcus An indented groove Radial sulcus is a groove in the 
radius where the radial nerve can be 
found 

7.6.1  Human Axial Skeleton 
The axial skeleton forms the central axis of the body and includes the bones of the skull, ossicles 
of the middle ear, hyoid bone of the throat, vertebral column, and the thoracic cage (ribcage) 
(Figure 7.11). The function of the axial skeleton is to provide support and protection for the brain, 
the spinal cord, and the organs in the ventral body cavity. It provides a surface for the attachment 
of muscles that move the head, neck, and trunk, and stabilizes parts of the appendicular skeleton. 
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Figure 7.11 The axial skeleton consists of the bones of the skull, ossicles of the middle ear, hyoid bone, 
vertebral column, and rib cage. (credit: modification of work by Mariana Ruiz Villareal, LadyofHats, public domain) 
 
The Skull 
 

The bones of the skull support the structures of the face and protect the brain. The skull consists 
of 22 bones, which are divided into two categories: cranial bones and facial bones. The 
cranial bones are eight bones that form the cranial cavity, which encloses the brain. The eight 
cranial bones are the frontal bone, two parietal bones, two temporal bones, occipital bone, 
sphenoid bone, and the ethmoid bone. In the adult, the cranial bones do not move. (Figure 
7.12 and 7.13). 
 

   
Figure 7.12 The bones of the skull support the structures of the face and protect the brain.  (a) lateral view  
(b) anterior view.  (credit: modification of work by Mariana Ruiz Villareal) 
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The auditory ossicles of the middle ear transmit sounds from the air. The auditory ossicles 
consist of three bones each: the malleus, incus, and stapes. These are the smallest bones in 
the body. 
 
Fourteen facial bones form the face, and serve as attachment points for facial muscles. Note 
the location of the maxilla, zygomatic bones, and the mandible. (Figure 7.12 and 7.13). 

 
Figure 7.13 The skull has been opened and the interior cavity of the cranium and facial bones are visible.  
Note the hyoid bone below the jawline of the mandible. Credit: (a) OpenStax College [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons (b) Paranasal_sinuses.svg: PJ. Lynch, 
medical illustrator derivative work: Illustration by Michał Komorniczak,   CC 3.0. Attribution-ShareAlike (CC BY-SA 
3.0) Michal Komorniczak (Poland). [CC BY 2.5], via Wikimedia Commons 

 

 

 

There are air spaces, known as paranasal sinuses, found in the frontal and maxillary bones, 
as well as in the sphenoid and ethmoid bones.  These help to lighten the weight of the skull, 
and help create a richer sound to our voices.  These sites produce mucus. 

In the adult skull, the bones are tightly joined together at sutures, and the bones don’t move.  
However, in the skull of a newborn, the bones of the skull have not yet fused together, are 
separated by a thick connective tissue, and are called fontanels. When you hear about a baby’s 
“soft spot”, or “mole”, that is referring to the fontanels, where the brain is not protected by the 
hard bone of the skull.  The fontanels can be seen in Figure 7.14. 

 
Figure 7.14 The skull of a newborn showing that at fontanels, the bones are not fused together. credit: 
OpenStax College [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
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Although it is not found in the skull, the hyoid bone is considered part of the axial skeleton. 
The hyoid bone lies below the mandible in the front of the neck as seen in Figure 7.13. It acts 
as a movable base for the tongue and is connected to muscles of the jaw, larynx, and tongue.  

 

 The Vertebral Column 
The vertebral column, or spinal column, surrounds and protects the spinal cord, supports the 
head, and acts as an attachment point for the ribs and muscles of the back and neck. We begin 
life with approximately more vertebrae, but as we grow, several vertebrae fuse together. The 
adult vertebral column comprises 33 bones: the 7 cervical vertebrae, 12 thoracic vertebrae, 
5 lumbar vertebrae, 5 fused bones of the sacrum, and 4 fused bones of the coccyx (Figure 
7.15). 

  

 

 
 

Figure 7.15 (a) The vertebral column consists of seven cervical vertebrae (C1–7) twelve thoracic 
vertebrae (Th1–12), five lumbar vertebrae (L1–5), the sacrum, and the coccyx. (b) Spinal curvatures. 
(credit (a: modification of work by Uwe Gille based on original work by Gray's Anatomy; credit b: modification of work 
by NCI, NIH) 

Figure 7.16 (a) lateral and (b) superior views of the vertebrae.  The intervertebral disc, seen here in blue, 
rests between two vertebrae in (a) (credit: openstax, Connexions Web  site. http://cnx.org/content/col11496/1.6) 
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The spinal cord passes through a large hole in the vertebrae. There is also a notch on the side 
of each vertebrae through which the spinal nerves exit, or enter, the spinal cord. The vertebral 
column is curved, which can be seen from a side view. The names of the spinal curves 
correspond to the region of the spine in which they occur. The curvature of the vertebral column 
increases its strength and flexibility, allowing it to absorb shocks like a spring (Figure 7.15). 

Intervertebral discs composed of fibrous cartilage separate the vertebrae as seen in Figure 7.16. 
The discs allow for some movement of the spine and acts as a cushion to absorb shocks from 
movements such as walking and running. The inner part of discs, the nucleus pulposus, can 
sometime bulge outward and is known as a “slipped disc”. 

The Thoracic Cage 
 

The thoracic cage, also known as the ribcage, is the skeleton of the chest, and consists of the 
ribs, sternum, thoracic vertebrae, and costal cartilages (Figure 7.17). The thoracic cage encloses 
and protects the organs of the thoracic cavity, including the heart and lungs. It also provides 
support for the shoulder girdles and upper limbs, and serves as the attachment point for the 
diaphragm, muscles of the back, chest, neck, and shoulders. Changes in the volume of the thorax 
allow us to breathe. 

The sternum, or breastbone, is a long, flat bone located at the anterior of the chest. The ribs are 
12 pairs of long, curved bones that attach to the thoracic vertebrae and curve toward the front of 
the body, forming the ribcage. Costal cartilages connect the anterior ends of the ribs to the 
sternum, with the exception of rib pairs 11 and 12, which are free-floating ribs. 

 

 
 

 

Figure 7.17 The thoracic (rib) cage, protects the heart and lungs. (credit: modification of work by NCI, NIH) 

7.6.2   Human Appendicular Skeleton 
The appendicular skeleton is composed of the bones of the upper and lower limbs. It also 
includes the pectoral girdle, or shoulder girdle, that attaches the upper limbs to the body, and 
the pelvic girdle that attaches the lower limbs to the body (Figure 7.18). 
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Figure 7.18 The appendicular skeleton is composed of the bones of the pectoral limbs (arm, forearm, 
hand), the pelvic limbs (thigh, leg, foot), the pectoral girdle, and the pelvic girdle. (credit: modification of 
work by Mariana Ruiz Villareal) 

The Pectoral Girdle 
The pectoral girdle bones attach the arms to the axial skeleton. The human pectoral girdle 
consists of the clavicle (or collarbone) in the anterior, and the scapula (or shoulder blades) in 
the posterior (Figure 7.19). 

Figure 7.19 (a) anterior view of the pectoral girdle (b) posterior view.  The pectoral girdle consists of the 
clavicles and scapulae. The clavicles are S-shaped bones that position the arms on the body. The 
clavicles lie across the front of the thorax (chest) just above the first rib. These bones  break easily. The 
clavicle joins to the sternum and the scapula.  The scapulae are flat, triangular bones in the back.  Credit: 
OpenStax cc 
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The Upper Limb 
 

The upper limb contains the arm (shoulder to elbow), the forearm (ulna and radius), and the 
wrist and hand (Figure 7.20).  Where two bones meet is known as an articulation. 

 

 

 

 

 

Figure 7.20 The upper limb consists of the humerus of the upper arm, the radius and ulna of the forearm, 
eight bones of the carpus, five bones of the metacarpus, and 14 bones of the phalanges. Credit: Openstax 
cc 

The humerus is the largest and longest bone of the upper limb and the only bone of the upper 
arm. It articulates with the scapula at the shoulder and with the forearm at the elbow. The forearm 
extends from the elbow to the wrist and consists of two bones: the ulna and the radius. The radius 
is located along the lateral (thumb) side of the forearm and articulates with the humerus at the 
elbow. The ulna is located on the medial aspect (pinky-finger side) of the forearm. The ulna 
articulates with the humerus at the elbow. The radius and ulna also articulate with the carpal bones 
and with each other.  The hand includes the eight bones of the carpus (wrist), the five bones of 
the metacarpus (palm), and the 14 bones of the phalanges (digits).  Each digit consists of three 
phalanges, except for the thumb, when present, which has only two. 

The Pelvic Girdle 
The pelvic girdle attaches to the lower limbs of the axial skeleton. Because it is responsible for 
bearing the weight of the body and for locomotion, the pelvic girdle is securely attached to the 
axial skeleton by strong ligaments.  It also has deep sockets that securely attaches the femur to 
the body. The pelvic girdle is further strengthened by two large hip bones. In adults, the hip bones, 
or coxal bones, are formed by the fusion of three pairs of bones: the ilium, ischium, and pubis. 
The pelvis joins together in the anterior of the body at a joint called the pubic symphysis and with 
the bones of the sacrum at the posterior of the body. 

The female pelvis is slightly different from the male pelvis. Females have a wider pubic angle and 
larger diameter pelvic canal which is important for childbirth. (Figure 7.21). 
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Figure 7.21 (a) The female pelvis is lighter, wider, shallower, and has a broader angle between the pubic bones than 
(b) the male pelvis. By CNX OpenStax [CC BY 4.0], via Wikimedia Commons 

The Lower Limb 
The lower limb consists of the thigh, the leg, and the foot. The bones of the lower limb are the 
femur (thigh bone), patella (kneecap), tibia and fibula (bones of the leg), tarsals (bones of the 
ankle), and metatarsals and phalanges (bones of the foot) (Figure 7.22). The bones of the lower 
limbs are thicker and stronger than the bones of the upper limbs because of the need to support 
the entire weight of the body and the resulting forces from locomotion.  

 

 
 

Figure 7.22 The lower limb consists of the thigh (femur), kneecap (patella), leg (tibia and fibula), ankle 
(tarsals), and foot (metatarsals and phalanges) bones. credit: OpenStax College 

The femur, or thighbone, is the longest, heaviest, and strongest bone in the body. The femur 
and pelvis form the hip joint at the proximal end. At the distal end, the femur, tibia, and patella 
form the knee joint. The patella, or kneecap lies anterior to the knee joint and is embedded in 
the tendon of the quadriceps muscles. It improves knee extension by reducing friction. The tibia, 
or shinbone, is a large bone of the leg that is located directly below the knee. The tibia articulates 
with the femur at its proximal end, with the fibula and the tarsal bones at its distal end. It is the 
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second largest bone in the human body and is responsible for transmitting the weight of the body 
from the femur to the foot. The fibula parallels the tibia. It does not articulate with the femur and 
does not bear weight. The fibula is a site for muscle attachment and forms the lateral part of the 
ankle. 

 

 

 

 
 

There are seven tarsal bones. The ankle transmits the weight of the body from the tibia to the 
foot. The metatarsals are five bones distal to the tarsals. The phalanges are the 14 bones of 
the toes. Each toe consists of three phalanges, except for the big toe that has only two (Figure 
7.23). 

Figure 7.23 This drawing shows the bones of the foot and ankle, including the metatarsals and the phalanges. By 
CNX OpenStax [CC BY 4.0  (https://creativecommons.org/licenses/by/4.0)], via Wikimedia Commons 

7.7 | Joints and Skeletal Movement 
The point at which two or more bones meet is called a joint, or articulation. Joints are 
responsible for movement, such as the movement of limbs, and stability, such as the stability 
found in the bones of the skull.  Some joints, like those in the skull, allow no movement of bones.  
The joints at the skull are known as sutures and can be seen in Figure 7.24.  Other joints, like 
the vertebrae have limited movement.  Finally, there are joints that allow a greater amount of 
movement, known as diarthrosis, or synovial joints, which we will focus on in this section. 

 
Figure 7.24 Sutures are fibrous immovable joints found only in the skull. By CNX 
OpenStax [CC BY 4.0], via Wikimedia Commons 

 
Synovial Joints 
Synovial joints are the only joints that have a space between the adjoining bones (Figure 7.25). 
This space is referred to as the synovial (or joint) cavity and is filled with synovial fluid. Synovial 
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fluid lubricates the joint, reducing friction between the bones a]nd allowing for greater 
movement. The ends of the bones are covered with articular cartilage, a hyaline cartilage, and 
the entire joint is surrounded by an articular capsule composed of connective tissue that allows 
movement of the joint while resisting dislocation.  Articular capsules may have ligaments 
holding bones together. Synovial joints are capable of more movement than other types of joints.  
However, the more mobile a joint, the weaker the joint. Knees, elbows, and shoulders are 
examples of synovial joints. 

 

 

 

 

 

 

Figure 7.25 Synovial joints are the only joints that have a space or “synovial cavity” in the joint. 
CNX OpenStax [CC BY 4.0  (https://creativecommons.org/licenses/by/4.0)], via Wikimedia Commons 

Movement at Synovial Joints 
The wide range of movement allowed by synovial joints produces different types of movements. 
The movement of synovial joints can be classified as one of four different types:  

- gliding – bones glide over each other as happens in flat bones 
- angular movements – the angle between the bones change. 

o flexion – bending causing a decrease in the angle between bones 
o extension – straightening, and increasing the angle between bones 
o abduction – moving a bone away from the midline 
o adduction – moving a bone toward the midline 
o circumduction - movement of a limb in a circular motion 

- rotational movement – bone rotates on its longitudinal axis 
- special movements 

o inversion – move soles of the feet inward, toward the midline 
o eversion – move soles of the foot outward, away from midline 
o protraction – movement of a bone anteriorly 
o retraction – movement of a bone posteriorly 
o elevation – movement of a bone upward 
o depression – movement of a bone downward 
o dorsiflexion - bending the ankle to raise the toes 
o plantar flexion – bending the ankle to raise the heel 
o supination – rotate the forearm so palm faces upward 
o pronation – rotate the forearm so palm faces downward 
o opposition- move the thumb toward the fingers of the same hand 

Some of the movements listed above are illustrated in Figure 7.26 
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Figure 7.26. Movements at Synovial Joints:  Credit:  By Tonye Ogele CNX [CC BY-SA 3.0 ], via 
Wikimedia Commons 
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Types of Synovial Joints 

Synovial joints are further classified into six different categories on the basis of the shape and 
structure of the joint. The shape of the joint affects the type of movement permitted by the joint 
(Figure 7.27). These joints include planar, hinge, pivot, condyloid, saddle, or ball-and-socket 
joint. 

 

 

 

 

 

Figure 7.27   Different types of joints allow different types of movement. Planar, hinge, pivot, condyloid, saddle, 
and ball-and-socket are all types of synovial joints. By OpenStax College [CC BY 3.0  
(https://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 

 

Planar joints allow gliding movements and are found in the carpal bones in the hand and the 
tarsal bones of the foot, as well as between vertebrae. 

Hinge joints have a rounded end of one bone fitting into the hollow end of another bone, so 
that one bone moves while the other is stationary, like the hinge of a door. The elbow is a hinge 
joint.  

Pivot joints have a rounded bone fitting into a ring formed by the other bone. This allows 
rotation, as the rounded bone spins on its own axis. Example: radius pivots turning the hand up 
and down. 

Condyloid joints have oval-shaped ends fitting into an oval-shaped hollow of another bone.  
This allows movement along two axes. Example: wrist joint can move side to side and up and 
down. 
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Saddle joint ends resemble a saddle, with concave and convex portions that fit together. Saddle 
joint movements are similar to condyloid joints but with a greater range of motion. An example 
of a saddle joint is the thumb joint, which can move back and forth and up and down.  

Ball-and-socket joints have a ball-like end of one bone fitting into a cuplike socket of another 
bone allowing the greatest range of motion. Examples are the shoulder and hip joints.                  

 

 

 

Watch this animation showing the six types of synovial joints. Click to open media in browser. 
(http://legacy.cnx.org/content/m44786/1.5/#eip-id1511301) 

Rheumatologist 
Rheumatologists are medical doctors who specialize in the diagnosis and treatment of 
disorders of the joints, muscles, and bones. They diagnose and treat diseases such as 
the autoimmune diseases rheumatoid arthritis. 
Rheumatoid arthritis (RA) is an inflammatory disorder that primarily affects the synovial 
joints of the hands, feet, and cervical spine. Affected joints become swollen, stiff, and 
painful. Although it is known that RA is an autoimmune disease in which the body’s 
immune system mistakenly attacks healthy tissue, the cause of RA remains unknown. 
Immune cells from the blood enter joints and the synovium causing cartilage breakdown, 
swelling, and inflammation of the joint lining. Breakdown of cartilage causes bones to rub 
against each other, causing pain. RA is more common in women than men and the age 
of onset is usually 40–50 years of age. 
Rheumatologists can diagnose RA on the basis of symptoms such as joint inflammation 
and pain, X-ray and MRI imaging, and blood tests. Arthrography is a type of medical 
imaging of joints that uses a contrast agent, such as a dye, that is opaque to X-rays. This 
allows the soft tissue structures of joints—such as cartilage, tendons, and ligaments—to 
be visualized. An arthrogram differs from a regular X-ray by showing the surface of soft 
tissues lining the joint in addition to joint bones. An arthrogram allows early degenerative 
changes in joint cartilage to be detected before bones become affected. 
There is currently no cure for RA; however, rheumatologists have a number of treatment 
options available. Early stages can be treated with rest of the affected joints by using a 
cane or by using joint splints that minimize inflammation. When inflammation has 
decreased, exercise can be used to strengthen the muscles that surround the joint and to 
maintain joint flexibility. If joint damage is more extensive, medications can be used to 
relieve pain and decrease inflammation. Anti-inflammatory drugs such as aspirin and 
corticosteroid injections may be used. Surgery may be required in cases in which joint 
damage is severe. 
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KEY TERMS 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

abduct  when a bone moves away from the midline of the body 

adduction movement of the limbs inward after abduction 

amphiarthrosis joint that allows slight movement; includes syndesmoses and symphyses 

appendicular skeleton upper limbs, that grasp/manipulate objects, and lower limbs, which 
permit locomotion 

appositional growth increase in the diameter of bones by the addition of bone tissue at the 
surface of bones 

articulation any place where two bones are joined 

auditory ossicle (also, middle ear) transduces sounds from the air into vibrations in the fluid-
filled cochlea 

axial skeleton central axis of body; includes skull bones, mid ear ossicles, hyoid bone, 
vertebral column, thoracic cage  

ball-and-socket joint joint with a rounded, ball-like end of one bone fitting into a cuplike 
socket of another bone 

bone (also, osseous tissue) connective tissue that constitutes the endoskeleton 

bone remodeling replacement of old bone tissue by new bone tissue 

calcification process of deposition of mineral salts in the collagen fiber matrix that crystallizes 
and hardens the tissue 

carpus eight bones that comprise the wrist 

cartilaginous joint joint in which the bones are connected by cartilage 

circumduction movement of a limb in a circular motion. 

clavicle S-shaped bone that positions the arms laterally 

compact bone forms the hard external layer of all bones 

condyloid joint oval-shaped end of one bone fitting into a similarly oval-shaped hollow of 
another bone 

coxal bone hip bone 

cranial bone one of eight bones that form the cranial cavity that encloses the brain and is an 
attachment site for neck muscles  

depression movement downward of a bone; opposite of elevation 

diaphysis central shaft of bone, contains bone marrow in a marrow cavity 
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diarthrosis joint that allows for free movement of the joint; found in synovial joints 

dorsiflexion bending at the ankle such that the toes are lifted toward the knee 

elevation movement of a bone upward, such as when the shoulders are shrugged, lifting the 
scapulae 

endochondral ossification process of bone development from hyaline cartilage 

epiphyseal plate region between the diaphysis and epiphysis that is responsible for the 
lengthwise growth of long bones 

epiphysis rounded end of bone, covered with articular cartilage and filled with red bone 
marrow; produces blood cells 

eversion movement of the sole of the foot outward, away from the midline of the body; 
opposite of inversion 

extension movement in which the angle between the bones of a joint increases; opposite of 
flexion 

facial bone one of 14 bones forming the face; houses eyes, mouth, nose, and provides 
attachment for facial muscles 

femur (also, thighbone) longest, heaviest, and strongest bone in the body 

fibrous joint joint held together by fibrous connective tissue 

fibula (also, calf bone) parallels and articulates with the tibia 

flat bone thin, broad bone found where extensive protection of organs is required or where 
broad surfaces of muscle attach 

flexion movement in which the angle between the bones decreases; opposite of extension 

forearm extends from the elbow to the wrist and consists of two bones: the ulna and the radius 

gliding movement when relatively flat bone surfaces move past each other 

Haversian canal contains the bone’s blood vessels and nerve fibers 

hinge joint slightly rounded end of one bone fits into the slightly hollow end of the other 
bone 

humerus only bone of the arm 

hyoid bone lies below the mandible in the front of the neck 

hyperextension extension past the regular anatomical position 

intervertebral disc composed of fibrous cartilage; lies between adjacent vertebrae  
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intramembranous ossification process of bone development from fibrous membranes 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

inversion soles of the feet moving inward, toward the midline of the body 

irregular bone bone with complex shapes; examples include vertebrae and hip bones 

joint point at which two or more bones meet 

lamella layer of compact tissue that surrounds a central canal called the Haversian canal 

lateral rotation rotation away from the midline of the body 

long bone bone that is longer than wide, and has a shaft and two ends 

lower limb consists of the thigh, the leg, and the foot 

medial rotation rotation toward the midline of the body 

metacarpus five bones that comprise the palm 

metatarsal one of the five bones of the foot 

opposition movement of the thumb toward the fingers of the same hand, making it possible to 
grasp and hold objects 

osseous tissue connective tissue that constitutes the endoskeleton 

ossification (also, osteogenesis) process of bone formation by osteoblasts 

osteoblast bone cell responsible for bone formation 

osteoclast large bone cells with up to 50 nuclei, responsible for bone remodeling 

osteocyte mature bone cells and the main cell in bone tissue 

osteon cylindrical structure aligned parallel to the long axis of the bone 

patella (also, kneecap) triangular bone that lies anterior to the knee joint 

pectoral girdle bones that transmit the force generated by the upper limbs to the axial 
skeleton 

pelvic girdle bones that transmit the force generated by the lower limbs to the axial skeleton 

phalange one of the bones of the fingers or toes 

pivot joint joint with the rounded end of one bone fitting into a ring formed by the other bone 

planar joint joint with bones whose articulating surfaces are flat 

plantar flexion bending at the ankle such that the heel is lifted, such as when standing on the 
toes 
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pronation movement in which the palm faces backward 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

protraction anterior movement of a bone in the horizontal plane 

radius bone located along the lateral (thumb) side of the forearm; articulates with the humerus 
at the elbow 

resorption process by which osteoclasts release minerals stored in bones 

retraction movement in which a joint moves back into position after protraction 

rib 
one of 12 pairs of long, curved bones that attach to the thoracic vertebrae and curve forward to 
form the ribcage 

rotational movement movement of a bone as it rotates around its own longitudinal axis 

saddle joint joint with concave and convex portions that fit together; named because the 
bony ends resemble a saddle 

scapula flat, triangular bone located at the posterior pectoral girdle 

sesamoid bone small, flat bone shaped like a sesame seed; develops inside tendons 

short bone bone that has the same width and length, giving it a cube-like shape 

skull bone that supports the structures of the face and protects the brain 

spongy bone tissue forms the inner layer of all bones 

sternum (also, breastbone) long, flat bone located at the front of the chest 

supination movement of the radius and ulna bones of the forearm so that the palm faces 
forward 

suture short fiber of connective tissue that holds the skull bones tightly in place; found only in 
the skull 

symphysis found at the joints between vertebrae; joint between pubic bones 

synarthrosis joint that is immovable 

synchondrosis bones joined by hyaline cartilage; synchondroses are found in the epiphyseal 
plates of growing children 

syndesmosis joint in which the bones are connected by a band of connective tissue, allowing 
for some movement 

synovial joint only joint that has a space between the adjoining bones 

tarsal one of the seven bones of the ankle 

thoracic cage (also, ribcage) skeleton of chest; consists of the ribs, thoracic vertebrae, 
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sternum, and costal cartilages 
 

 

 

 

 

tibia (also, shinbone) large bone of the leg that is located directly below the knee 

trabeculae lamellae that are arranged as rods or plates 

ulna bone located on the medial aspect (pinky-finger side) of the forearm 

vertebral column (spine) surrounds and protects spinal cord, supports head, attachment for 
ribs, back and neck muscle
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Chapter 8 | The Muscular System 

Figure 8.1 Skeletal Muscles Move our Skeleton ( a ,  o n  l e f t , t e n n i s  p l a y e r  m o v e m e n t )  
Athletes rely on toned skeletal muscles to supply the force required for movement. (credit: 
Emmanuel Hambrecht’s/Flickr).  When muscles contract, they form bulges that are often 
readily visible. (b, on right, Flex arm pronate) The large mass at the center of a muscle is 
called the belly. Tendons emerge from both ends of the belly and connect the muscle to the 
bones, allowing the skeleton to move. The arrow is pointing to the belly of the biceps brachii 
muscle. (credit: GNU Free Documentation Lic., via Wikimedia commons) 

8.1:Introduction 

When most people think of muscles, they think of the bulges that are visible just under 
the skin, as can be seen in Figure 8.1. These are skeletal muscles which move the 
skeleton. There are two other types of muscle in the body, with distinctly different jobs. 
Cardiac muscle, found in the heart, is concerned with pumping blood through the blood 
vessels, and will be discussed in greater depth in the cardiovascular system chapter. 
Smooth muscle is concerned with various involuntary movements, such as moving food 
through the digestive system, or uterine contractions during childbirth.  The role of smooth 
muscle in the functioning of body organs will be described as we learn the different body 
systems.  This chapter will only briefly examine the three types of muscles.  The histology 
of each type of muscle was studied in in chapter 5 and is reviewed below in Section 8.2.  
The rest of this chapter will focus on the muscular system, which is an organ system of 
the body formed from skeletal muscle tissue.   

8.2 | Muscle as a Tissue: Skeletal, Cardiac and Smooth Muscle 
All three types of muscle cells are specialized for contraction.  Contraction typically 
means that the muscles start out at one length and then become smaller or “shorten”. 
Also, all three types of muscle are excitable cells.  That means the muscle cells react to 
chemical and electrical messages causing an electrical wave to sweep along the muscle 
that leads to muscular contraction.  Also, all three types of muscle are formed of the 
proteins, actin and myosin. It is the interaction of the actin and myosin which causes 
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contraction. 
 
 

Figure 8.2 Three Types of Muscle Tissue: skeletal muscle, cardiac muscle, and smooth 
muscle, visualized as a sketch based on its image using light microscopy. Skeletal muscle cells 
are striated, long, thin and unbranched.  Each fiber is one, giant, multi-nucleated cell, and the 
nuclei are peripherally located. Cardiac muscle cells are striated, and each has one central 
nucleus.  Cardiac muscle cells attach one to another at intercalated disks which appear like 
darker striations. Cardiac fibers can branch.  Smooth muscle cells are short, cigar shaped cells, 
tapered at each end, and have one central nucleus. Modification of Mdunning13 (Own work) 
[CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons 
 

 
 

 

 

 

Figure 8.3 Skeletal muscle seen with a light microscope.  Note the long cells, striations, and 
peripheral nuclei. 

Skeletal muscle tissue forms skeletal muscles, which attach to bones or skin, and its 
contraction is under voluntary control. Skeletal muscles are long and cylindrical in 
appearance.  When viewed under a microscope, skeletal muscle tissue has a striped or 
striated appearance as shown in the sketch of skeletal muscle in Figure 8.2 (a), and in 
the light microscopic image in Figure 8.3.  The striations are caused by the regular 
arrangement of the proteins, actin and myosin. Actin interacts with myosin, causing 
muscle contraction. Skeletal muscle also has multiple nuclei in each cell. 

Cardiac muscle tissue is only found in the heart, and cardiac contractions pump blood 
throughout the body. Like skeletal muscle, cardiac muscle is striated.  Cardiac muscle 
is not consciously controlled, so it is an involuntary muscle. It has one central nucleus 
per cell, and cardiac cells connect at intercalated disks so that many cardiac cells 
together form long, branching fibers as can be seen in Figure 8.2(b).  
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Smooth muscle tissue is found in the walls of hollow organs such as the intestines, 
stomach, and urinary bladder, and around passages such as the respiratory tract and 
blood vessels. Smooth muscle has no striations and is an involuntary muscle. Smooth 
muscle cells have only one central nucleus per cell and is tapered at both ends as can 
be seen in Figure 8.2(c). 

8.3 | Muscle as an Organ System: The Muscular System 
 

 

 8.3.1 Functions of the Muscular System 
In addition to moving the skeleton, the muscular system allows us to maintain an upright 
posture.  It provides support for some organs and it protects soft tissues deep to the 
muscle.  Through the movements of skeletal muscle, we generate heat that helps 
maintain our body temperature (think about how muscles shiver when we are cold).  The 
contraction and relaxation of the diaphragm and a few other skeletal muscles allow us to 
move air into and out of our lungs so that we can breathe. Other muscles allow us to 
swallow food.  In addition, skeletal muscles form voluntary sphincters that constrict 
certain passageways and relax to open those passageways.  Two examples are the 
sphincters that constrict the ends of our urinary and digestive systems, preventing us 
from urinating and from defecating until we are ready to do so.  When we are ready, we 
voluntarily relax those sphincters, allowing urine and feces to pass through those 
passageways.  

 8.3.2 Muscular System Structure 
The muscular system is composed of several tissue types: skeletal muscle tissue, 
connective tissue and nerve tissue.  All of them are essential in the workings of the 
muscular system.  Connective tissues wrap around our muscles and attach the muscle to 
the bones.  This allows the muscle contraction to pull on bone and cause movement of 
the skeleton.  Connective tissue also brings blood vessels to the muscle, carrying the 
oxygen required to create energy molecules that will power muscular contractions.   
Nerves are also essential since a skeletal muscle cell will only contract when a nerve 
sends a signal to the muscle to contract.  Some of the nearly 700 muscles of the muscular 
system are visible in Figure 8.4. 
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Figure 8.4 The Muscles of the Muscular System: Bouglé, Julien. [Public domain], via 
Wikimedia Commons 

A whole muscle, like the biceps brachii in your arm (see Figure 8.1b), is formed of many 
individual skeletal muscle fibers.  Remember, one skeletal muscle fiber = one cell.  
These cells are bundled together and wrapped in three layers of connective tissues that 
help to give structure to the muscle.  The connective tissue layers also connect the 
contracting muscle cells to the tendons which connect to the bones (see Figure 8.5a).  
When a muscle contracts it pulls on the connective tissue wrapping, and this force is 
transferred to the tendon, which pulls on the bone, causing movement.  In some places, 
the muscle’s connective tissue wrappings attach to a broad, tendon-like sheet called an 
aponeurosis.  An aponeurosis can connect muscle to bone or even connect muscle to 
another muscle.  This can be seen in Figure 8.4 where the stomach muscles attach to 
the “white sheet” aponeurosis in the center of the abdomen. 

Figure 8.5 Levels of organization of a whole muscle. (a) whole muscle is formed of many 
muscle fascicles.  The entire muscle is wrapped in an outer layer of connective tissue 
(epimysium) which blends into the tendon that attaches to the bone.  One fascicle filled with 
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muscle fibers (cells) can be seen here projecting outward.  credit: Public domain 
 

 

 

 

 

On a Deeper note – fig. 8.5b and c 

Fig. 8.5b: A muscle fascicle is surrounded by a connective tissue wrapping 
(perimysium).  The fascicle contains a grouping of individual muscle cells.  The 
individual cells are separated from one another by connective tissue that wraps around 
each cell (endomysium).  One muscle cell can be seen here projecting outward.    Fig. 
8.5c. Each individual muscle cell is known as a muscle fiber.  A muscle fiber is 
surrounded by a cell membrane known as the sarcolemma.  Credit: Openstax CC 

Every skeletal muscle cell has blood vessels coming to it to provide nutrients, to deliver 
oxygen, and to remove waste. In addition, since skeletal muscles only contract when 
receiving a message from a neuron, each muscle fiber must be contacted by a motor 
neuron.  A “motor neuron” simply means a nerve cell that sends messages to a muscle 
cell. 

The axons of motor neurons branch near its ending and each branch will contact a 
different muscle cell.   In Figure 8.6 there is a neuron with a long axon.  In this picture, 
the axon branches and comes into contact with four separate muscle fibers.  When that 
neuron sends a message down its axon, it will stimulate those four cells to contract.  
Each neuron and the muscle fibers it contacts is known as a motor unit.  A motor unit 
shows an “all or none” response, which means that either all the muscle cells 
contacted by that neuron will contract, or none of the fibers will contract. 

A whole muscle can have within it thousands of motor units.  A muscle can generate 
different amounts of force depending on how many motor units it recruits.  For example, 
if you wanted to lift a piece of paper, you wouldn’t need to generate much force.  Only a 
few motor units will be activated.  However, if you wanted to lift a heavy weight, you may 
recruit all the motor units in your muscle to generate enough force for this task.  Therefore, 
the more motor units recruited, the stronger the contraction, and the greater the force that 
is generated.  For a muscle to remain healthy, it must be used.  For that reason, small 
contractions of muscle are always occurring, giving us “muscle tone”.   These 
contractions also help us to maintain posture and stabilize our joints. 
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Figure 8.6.  Modification of Neuron.jpg, US Federal (public domain) redrawn by User: Dhp1080. 
Source: "Anatomy and Physiology", US National Cancer Institute's Surveillance, Epidemiology 
and End Results (SEER) Program. 
 

 

 

Some muscles can maintain a sustained contraction, known as tetanus, over a period of 
time. This is true for our back muscles that give us posture.  Tetanic contractions occur 
when motor neurons send many, rapid messages to the skeletal muscle fibers.  

 8.3.3 Structure Inside the Skeletal Muscle Cell/Fiber 

Each skeletal muscle fiber is one skeletal muscle cell. These are extremely long cells with 
lengths of up to 30 cm (that is a little longer than a piece of loose-leaf paper). The cell 
membrane of a skeletal muscle fiber is called the sarcolemma (Figure 8.7). The axon of 
the motor neuron comes very close to the sarcolemma, which receives the nerve’s 
message to contract.  Within each muscle fiber are myofibrils—long cylindrical structures 
that lie parallel to the muscle fiber.  Myofibrils are bundles of thin (actin) and thick (myosin) 
filaments that are responsible for causing the muscle to shorten.  The myofibrils run the 
entire length of the muscle fiber and they attach to the sarcolemma at their ends, so that 
as myofibrils shorten, the entire muscle cell contracts. Each myofibril is surrounded by 
sarcoplasmic reticulum (SR) and T-tubules. The chemical message from the nerve sets 
off a wave of electrical activity, known as the action potential, which travels down the 
length of the sarcolemma and travels deep into the interior of the cell to reach all the 
myofibrils.  In this way, the entire, long muscle cell is notified that it is time to contract. 
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Figure 8.7. A skeletal muscle cell is surrounded by a cell membrane called the 
sarcolemma with a cytoplasm called the sarcoplasm. A muscle fiber is composed of many 
fibrils, packaged into orderly units. Credit: Blausen.com staff. "Blausen gallery 2014". Wikiversity 
Journal of Medicine. DOI:10.15347/wjm/2014.010. ISSN 20018762. (Own work) [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 

 

 

Striations seen in muscle tissue results from the repeating pattern of actin and myosin 
filaments.  These filaments overlap and align causing the myofibrils, and in fact the entire 
cell, to appear striated or banded.  Darker lines, known as Z lines, mark the border of 
units called sarcomeres, which are the functional units of skeletal muscle. One 
sarcomere is the space between two consecutive Z lines.  There are many sarcomeres 
running along the length of the myofibril, and as the sarcomeres individually contract, the 
myofibrils and muscle cells shorten (Figure 8.8). 

On a Deeper note -  
Where the filaments overlap, the banding appears darker.  Where the filaments do 
not overlap, the banding appears lighter.  There are other proteins present that help 
hold the filaments in the proper alignment, some of which give more banding 
appearance to the muscle cell.  In the picture below, you see a dark area, known as 
the A band, where there is some overlap of myosin and actin filaments.  Within the 
A band, there is an area where there are only myosin filaments creating a lighter H 
zone.  The I band is lighter in color since it is just actin filaments without any overlap. 
Helping to hold the actin filaments in place is a protein found in the dark Z line. (Fig 
8.8). 
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Figure 8.8: Sarcomere Banding Pattern in a Muscle Fiber: A sarcomere is the 
region from one Z line to the next Z line. Many sarcomeres are present in a myofibril, 
resulting in the striation pattern characteristic of skeletal muscle.Modification of 
:Sameerb (en:WP; Author User:Sameerb in English WP) [Copyrighted free use], via 
Wikimedia Commons)    

Watch this video explaining the structure of muscle 

8.4 | Muscular Contraction 

 8.4.1 Sliding Filament Model of Contraction  

For a muscle cell to contract, the sarcomere must shorten. However, actin and myosin filaments 
do not actually shorten. Instead, they slide past one another, causing the sarcomere to shorten 
while the filaments remain the same length, like when you slide your fingers over one another 
bringing your wrists closer together as shown in Figure 8.9.  Your fingers are all the same size, 
but the overlap reduces the distance between the wrists.  In the same way, actin and myosin 
filaments just slide over one another causing the muscle to shorten (Figure 8.10).   

Figure 8.9:  Sliding filaments demonstrated by sliding fingers credit: Ellerton, own work 
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Figure 8.10:  Actin Filaments Slide over Myosin Filaments.  When actin filaments move 
towards the center of the sarcomere, the entire sarcomere becomes shorter.  Note that the actin 
and myosin filaments remain the same size.  There is just more overlap of the filaments. By 
Pkleong at English Wikibooks (Transferred from en.wikibooks to Commons.) [Public domain], 
via Wikimedia Commons 

Watch this animation of cross-bridge muscle contraction 

 8.4.2 ATP and Muscle Contraction  

The process of sliding the actin filaments to cause shortening is shown in Figure 8.11.  
The myosin filaments have head regions which reach across and bind to the actin.  
When myosin binds to actin, the myosin head bends and pulls the actin toward the 
center of the sarcomere.  This requires energy, which is provided by ATP. 

ATP binds to myosin and transfers its energy to the myosin head, causing it to change 
its angle into a high-energy, cocked position.  The myosin head can then swivel and pull 
on the actin.  After the energy of the ATP molecule has been used, the breakdown 
products of ATP (ADP and Pi) fall off the myosin, and a new ATP molecule can then 
bind to the myosin head.  This binding of ATP causes the myosin to release the actin 
and the head returns to the high energy, cocked position.  As long as nothing is blocking 
its way, myosin will then bind to actin at a more lateral site and will again pull the actin 
inward, toward the center of the sarcomere.    Each pull on the actin shortens the 
sarcomere only a very tiny bit.  However, these repeated cycles of the myosin head 
being cocked, attaching to actin, pulling the actin, releasing the actin, being re-energized 
and becoming cocked again, reattaching, etc., causes the sarcomeres to shorten and 
the entire muscle cell to visibly contract.  

If the binding site is blocked, myosin will not be able to bind the actin, and will remain in 
the “cocked” position, waiting for the blockage to be removed.  When the blockage is 
present, the muscle is at rest since myosin and actin cannot interact, and therefore the 
muscle cannot contract. 
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To begin contracting again, the blockage has to be removed.  When a nerve stimulates 
a skeletal muscle cell, calcium is released into the sarcoplasm (the cytoplasm of the 
muscle cell).  This removes the blockage. If, however, the calcium is removed from the 
sarcoplasm, as occurs when the nerve is no longer sending messages to the muscle, 
then the blockage on the actin returns, and myosin will not be able to bind to the actin 
anymore.  As long as ATP is around, the myosin will remain in the high-energy cocked 
position, waiting for the next stimulation that will come from the nerve which will allow 
another contraction to occur (Figure 8.11). 

 
Figure 8.11. The cross-bridge muscle contraction cycle is triggered by Ca2+ binding 
to the actin active site. With each contraction cycle, actin moves relative to myosin.  Credit:  
OpenStax [CC BY 4.0 (http://creativecommons.org/licenses/by/4.0)], via Wikimedia Common 

On a Deeper note 
   - calcium ions and Regulatory Proteins 
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When a muscle is in a resting state, actin and myosin are not touching. To keep myosin 
from binding to actin, regulatory proteins block the binding sites. Tropomyosin blocks the 
binding sites, and troponin binds to tropomyosin and helps to position it on the actin 
molecule. 
For a muscle contraction to occur, tropomyosin must move off the myosin-binding site on 
an actin molecule to allow cross-bridge formation. This can only happen in the presence 
of calcium, which is kept at extremely low concentrations in the sarcoplasm.  When the 
calcium ion concentration in the sarcoplasm increases, the calcium binds to troponin, 
causing tropomyosin to move off myosin binding sites on actin. Once the tropomyosin is 
removed, a cross-bridge can form between actin and myosin, triggering contraction. 
Cross-bridge cycling continues until calcium ions are removed from the sarcoplasm.  
Without calcium present, tropomyosin once again covers the binding sites on actin. 

 

 
 

 

 

Watch this v i d e o  e x p l a i n i n g  h o w  a  m u s c l e  c o n t r a c t i o n  i s  s i g n a l e d  

 8.4.3 Neuromuscular Junction- neurotransmitter and calcium 
release 

The motor neuron and the muscle sarcolemma (cell membrane of the muscle) do not 
touch each other.  Since the nerve sends a message to the muscle cell, the nerve ending 
must come very close to the muscle, and that region is known as the neuromuscular 
junction, as can be seen in Figure 8.12 The message coming from the nerve is 
transmitted to the muscle through neurotransmitters, which are chemicals it releases.  
When an electrical signal (action potential) travels down a neuron, it causes 
neurotransmitter chemicals to be released into the space between the nerve and muscle 
cells.  This space is called the synaptic cleft.  Acetylcholine (ACh) is the name of the 
neurotransmitter released from neurons at the neuromuscular junction. ACh diffuses 
across that space and binds to receptors on the muscle surface, causing a change in the 
muscle membrane.  If the chemical message is strong enough, meaning there is a lot of 
neurotransmitter released, it will cause the muscle to have its own electrical wave (action 
potential) sweep across the entire fiber.  This wave travels across the sarcolemma’s 
surface and then dives deep into the interior of the muscle cells along specialized 
membrane channels known as T-tubules.  The electrical charge traveling down T-tubules 
causes calcium to be released from the sarcoplasmic reticulum into the sarcoplasm 
(cytosol) of the muscle cell.  The increasing level of calcium in the cytoplasm starts the 
cycle of contraction.  If ACh stays around a long time, the muscle will keep contracting.  
To end the message to contract, ACh must be destroyed.  The ACh is broken down by 
the enzyme acetylcholinesterase (AChE).  Without the signal from ACh, the 
sarcoplasmic reticulum will no longer release calcium into the sarcoplasm.  In addition, 
calcium is actively pumped back into the sarcoplasmic reticulum in order to lower levels 
of calcium in the cytoplasm.  Once this occurs, the actin is blocked once again, and 
myosin will be prevented from binding to it (see Figure 8.13). 
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Watch this video explaining the neuromuscular junction  

 8.4.4 The Process of Muscle Contraction 

  
 

 

Figure 8.12. Contraction of a Muscle Fiber   This is excitation-contraction coupling, 
showing how a neurotransmitter excites a skeletal muscle contraction.  The sarcoplasmic 
reticulum is a specialized endoplasmic reticulum found in muscle cells.  A cross-bridge forms 
between actin and the myosin heads triggering contraction. As long as Ca++ ions remain in 
the sarcoplasm to bind to troponin, and as long as ATP is available, the muscle fiber will 
continue to shorten.  Credit: Openstax CC 

 8.4.5 The Process of Muscle Relaxation 
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Figure 8.13. Relaxation of a Muscle Fiber. Ca++ ions are pumped back into the SR, which 
causes the tropomyosin to block the binding sites on the actin strands. A muscle may also stop 
contracting when it runs out of ATP and becomes fatigued. Credit: Openstax CC 

Watch this video explaining the excitation of muscle to contract. 

(1) The deadly nerve gas Sarin irreversibly inhibits acetycholinesterase. 
What effect would Sarin have on muscle contraction? 

(2) A few hours after a person dies, their cells run out of ATP.  Also, the 
calcium levels in their muscle cell cytosol increases since calcium leaks 
out of the sarcoplasmic reticulum.  This relates to the condition known as 
rigor mortis, when all the muscles after death become contracted and the 
body becomes “stiff”. Can you explain rigor mortis based on the 
increased calcium levels and the lack of ATP? 

 8.4.6 Muscles Need Energy in Order to Contract 

Chapter 8aǀ The Muscular System            Textbook: Introduction to Human Biology

8.13

https://www.youtube.com/watch?v=CepeYFvqmk4
https://cnx.org/resources/aa1cd0ddb04d7fe1e9990764a2609235d96ac0c5


Muscles require a constant supply of ATP in order to contract.  The problem is that muscle 
does not store a lot of ATP.  Therefore, when a muscle is contracting for several seconds, 
it will begin to run out of ATP.  To be able to continue contracting the muscle, will produce 
new ATP molecules through two methods.   

One method of producing ATP, cellular respiration, was discussed in the chapter on the 
cell.  Through the breakdown of glucose molecules, ATP is produced.  The first step to 
break down glucose does not require oxygen, and is known as anaerobic respiration.  
The second step which produces the maximal number of ATP molecules is known as 
aerobic respiration.   Muscles that work for long periods of time and have endurance, 
have many mitochondria to produce a lot of ATP.  These muscles tend to be pink in color 
since they also have myoglobin, a pigmented protein similar to hemoglobin, that holds 
onto oxygen.  If you think of muscles that need greater endurance, you think of leg 
muscles which can help you run a marathon.  This is different from chest muscles that are 
strong, but cannot maintain those contractions for long periods of time.  You have, no 
doubt, seen chicken legs with its pinker color, which has the pink myoglobin to help with 
endurance.  The breast muscle is white which is strong, but does not have much capacity 
for aerobic respiration. 

 

Figure 8.14. Glucose is broken down to produce ATP.  The first part of glucose breakdown 
occurs in the cytoplasm and produces a net total of 2 ATP.  This process is anaerobic respiration.  
If oxygen is present, glucose breakdown continues in the mitochondria through the process of 
aerobic respiration. Credit: Ellerton, own work
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The second method of producing ATP is that the muscle stores a high energy molecule 
known as creatine phosphate.  This molecule can regenerate ATP by donating its high 
energy phosphate group to ADP. 

Figure 8.15. Creatine Phosphate Helps Produce ATP: (a) creatine has a high energy 
phosphate.  This phosphate can transfer to ADP to produce ATP. credit: Samuel Tiukuvaara 
[CC BY 3.0 (https://creativecommons.org/licenses/by/3.0)] 

Exercise 

Using muscles keeps them healthy; so it is important to exercise your muscles.  
There are different types of exercise, which help muscles in different ways.  Muscles 
that need to keep going for a long time, for example thigh muscles when you are 
jogging, will need more oxygen to sustain them.  Aerobic exercises help train those 
muscles and develop what they need to get more oxygen.  As an example, aerobic 
exercise will help build up the blood supply to that blood vessel, and increase the 
number of mitochondria inside those cells.  Other muscle cells are strong for short 
bursts of time, such as chest muscles in weight lifting.  These muscles are trained 
for anaerobic exercise where the number of fibers are built up inside of a muscle 
cell so that the muscle hypertrophies (see below) and becomes stronger. 

Stretching 
When exercising, it is important to first warm up the muscles. Stretching pulls on the 
muscle fibers and it also results in an increased blood flow to the muscles being 
worked. Without a proper warm-up, it is possible that you may either damage some 
of the muscle fibers or pull a tendon. A pulled tendon, regardless of location, results 
in pain, swelling, and diminished function.  Exercise and stretching may also have a 
beneficial effect on synovial joints. After a warm-up, the synovial fluid may become 
less viscous, allowing for better joint function. 

Muscle Fatigue 
Oxygen is needed for aerobic respiration where glucose is more completely broken 
down and more ATP is produced. That is why you breathe faster and more deeply 
when exercising, and even after you finish exercising, to provide the needed oxygen 
to make ATP to power your muscles.  Muscles can be over-exercised, and you can 
run out of oxygen.  Then, muscles keep making ATP through the process of 
anaerobic respiration.  This process only makes small amounts of ATP, which help 
the muscle to keep on contracting.  However, a by-product of this process is lactic 
acid, which builds up in the muscle, causing muscle aches and muscle fatigue.  If 
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the muscle continues to be overworked, it can run out of ATP and no longer contract.  
When the muscle has a chance to rest, the lactic acid will leave the muscle and the 
muscle will restore its energy supplies.  
 

 

 

Muscle Hypertrophy - “Growing” your Muscles 
With physical training your muscle can grow in size.  New muscle cells are not being 
formed.  Instead, protein filaments of actin and myosin are being added to your 
muscle fibers.  This kind of growth is known as hypertrophy.  

Muscle Atrophy – “Shrinking” your Muscles  
When you don’t use your muscle, it will lose muscle proteins and become smaller.  
This is known as disuse atrophy.  This can especially be seen when a person 
comes out of a leg cast.  The muscles of the leg that was casted will be visibly 
smaller than the leg that was used.  Physical therapy is often used to help rebuild 
the muscles. 

Muscular Dystrophy – a Disease State 
A group of diseases that cause the loss of muscle tissue resulting in progressive 
weakness.  
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acetylcholine (ACh) neurotransmitter that binds at a motor end-plate to trigger 
depolarization 

actin protein that makes up most of the thin myofilaments in a sarcomere muscle fiber 

action potential change in voltage of a cell membrane in response to a stimulus  that 
results in transmission of an electrical signal; unique to neurons and muscle fibers 

aerobic respiration production of ATP in the presence of oxygen 

aponeurosis broad, tendon-like sheet of connective tissue that attaches a skeletal muscle to 
another skeletal muscle or to a bone 

atrophy loss of structural proteins from muscle fibers 

cardiac muscle striated muscle found in the heart; joined to one another at intercalated discs 
and under the regulation of pacemaker cells, which contract as one unit to pump blood 
through the circulatory system. Cardiac muscle is under involuntary control. 

contractility ability to shorten (contract) forcibly 

creatine phosphate phosphagen used to store energy from ATP and transfer it to muscle 

depolarize to reduce the voltage difference between the inside and outside of a  cell’s  
plasma  membrane  (the sarcolemma for a muscle fiber), making the inside less negative 
than at rest 

endomysium loose, and well-hydrated connective tissue covering each muscle fiber in a 
skeletal muscle 

epimysium outer layer of connective tissue around a skeletal muscle 

excitability ability to undergo neural stimulation 

excitation-contraction coupling sequence of events from motor neuron signaling to a 
skeletal muscle  fiber to contraction of the fiber’s sarcomeres 

fascicle bundle of muscle fibers within a skeletal muscle 

glycolysis anaerobic breakdown of glucose to ATP 

hyperplasia process in which one cell splits to produce new cells 

hypertrophy addition of structural proteins to muscle fibers 

lactic acid product of anaerobic glycolysis 

motor end-plate sarcolemma of muscle fiber at the neuromuscular junction, with 
receptors for the neurotransmitter acetylcholine 

motor unit motor neuron and the group of muscle fibers it innervates 

muscle tension force generated by the contraction of the muscle 

muscle tone low levels of muscle contraction that occur when a muscle is not producing 
movement 

Chapter 8aǀ The Muscular System            Textbook: Introduction to Human Biology

8.17



myofibril long, cylindrical organelle that runs parallel within the muscle fiber and contains the 
sarcomeres 

myosin protein that makes up most of the thick cylindrical myofilament within a sarcomere 
muscle fiber 

neuromuscular junction (NMJ) synapse between the axon terminal of a  motor 
neuron and the section of the membrane of a muscle fiber with receptors for the 
acetylcholine  released by the terminal 

neurotransmitter signaling chemical released by nerve terminals that bind to and activate 
receptors on target cells 

oxygen debt amount of oxygen needed to compensate for ATP produced without oxygen 
during muscle contraction 

perimysium connective tissue that bundles skeletal muscle fibers into fascicles within a 
skeletal muscle 

recruitment increase in the number of motor units involved in contraction 

sarcolemma plasma membrane of a skeletal muscle fiber 

sarcomere longitudinally, repeating functional unit of skeletal  muscle, with all of the 
contractile and associated proteins involved in contraction 

sarcoplasm cytoplasm of a muscle cell 

sarcoplasmic reticulum (SR) specialized smooth endoplasmic reticulum, which stores, 
releases, and retrieves Ca++

skeletal muscle striated, multinucleated muscle that requires signaling from the nervous 
system to trigger contraction; 

most skeletal muscles are referred to as voluntary muscles that move bones and produce 
movement 

smooth muscle nonstriated, mononucleated muscle in the skin that is associated with hair 
follicles; assists in moving materials in the walls of internal organs, blood vessels, and 
internal passageways 

synaptic cleft space between a nerve (axon) terminal and a motor end-plate 

T-tubule projection of the sarcolemma into the interior of the cell

tetanus a continuous fused contraction

tropomyosin regulatory protein that covers myosin-binding sites to prevent actin from 
binding to myosin 

troponin regulatory protein that binds to actin, tropomyosin, and calcium
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8.6 | Selected Major Muscles of the Muscular System 
There are more than 600 different skeletal muscles in the muscular system. In this 
section, we will look at only some of the major muscles. These voluntary muscles are 
layered over the skeleton; so some muscles are more superficial (near to the surface of 
the body) and some muscles are deep (found closer to the skeleton).  Figure 8.16 a 
and b show major human muscles on the anterior surface (a) and posterior surface (b) 
of the body.  In each image, superficial muscles are shown on the right side of the body, 
and deep muscles are shown on the left side of the body.

Figure 8.16: Major muscles of the body.  (a) anterior (front) and (b) posterior (back) view of muscles. 
The right side shows superficial muscles.  The left side shows deep muscles. Credit: Openstax CC 

8.6.1  Muscle Origins, Insertions and Naming Muscles 

Tendons attach skeletal muscles to at least two different bones.  Muscle contraction 
causes one of the bones to move, while the second bone remains stable.  The 
attachment to the moveable bone is the muscle’s insertion, and the fixed attachment 
is the muscle’s origin (Figure 8.17).    

Chapter 8aǀ The Muscular System           Textbook: Introduction to Human Biology

8.19

https://cnx.org/resources/8a3b1231f319214a74cffda6b70ff2c166e55a81


 

Figure 8.17: Muscle’s Origin and Insertion  In this image the biceps brachii contracts and pulls on the 
radius at its point of insertion, causing flexion at the elbow.  The bones of the shoulder remain stable so 
that all the force of the contraction is transferred into moving the radius.  Modification of OpenStax [CC 
BY 4.0 (https://creativecommons.org/licenses/by/4.0)], via Wikimedia Commons 
 

The names of skeletal muscles often give us information about that muscle, for 
example, the location, shape, size, the number of muscles in the muscle grouping, the 
number of origins, and the muscles action. 

A skeletal muscle’s name can relate to its anatomical location or its relationship to a 
particular bone. For example, the frontalis muscle is located on top of the frontal bone 
of the skull. Sometimes, the name of a muscle reflects its shape such as the trapezius 
muscle, which is shaped like a trapezoid. For the buttocks, the size of the muscles are 
within the names: gluteus maximus (largest), gluteus medius (medium), and the gluteus 
minimus (smallest). Some names indicate length— brevis (short), longus (long)—and to 
identify position relative to the midline: lateralis (to the outside away from the midline), 
and medialis (toward the midline). The direction of the muscle fibers and fascicles are 
used to describe muscles relative to the midline, such as the rectus (straight) 
abdominis, or the oblique (at an angle) muscles of the abdomen. 

Some muscle names indicate the number of muscles in a group.  One example of this 
is the quadriceps, a group of four muscles located on the anterior (front) thigh. Other 
muscle names can provide information as to how many origins a particular muscle has, 
such as the biceps brachii.  The prefix bi- indicates that the muscle has two origins and 
tri- indicates three origins. 

The location of a muscle’s attachment can also appear in its name. When the name of 
a muscle is based on the attachments, the origin is always named first. For instance, 
the sternocleidomastoid muscle of the neck has a dual origin on the sternum (sterno) 
and clavicle (cleido), and it inserts on the mastoid process of the temporal bone. The 
last feature by which to name a muscle is its action. When muscles are named for the 
movement they produce, one can find action words in their name. Some examples are 
flexor (decreases the angle at the joint), extensor (increases the angle at the joint), 
abductor (moves the bone away from the midline), or adductor (moves the bone 
toward the midline). 
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 8.6.2  Muscles that Create Facial Expression  
The origins of the muscles of facial expression are on the surface of the skull. The 
insertions of these muscles have fibers intertwined with connective tissue and the 
dermis of the skin. Because the muscles insert in the skin rather than on bone, when 
they contract, the skin moves to create facial expression (Figure 8.18). 

 

 

 

 

Figure 8.18 Muscles of Facial Expression  Many muscles of facial expression insert into the 
skin surrounding the eyelids, nose and mouth,  moving the skin rather than bones. Credit: 
Openstax CC 

The orbicularis oris is a circular muscle that moves the lips, causing them to close, like 
in a kiss, and the orbicularis oculi is a circular muscle that closes the eye. 

A large muscle of the face is the buccinator muscle, which compresses the cheek. This 
muscle allows you to whistle, blow, and suck, and it contributes to the action of chewing. 
Additional muscles of facial expression are presented in Figure 8.18. 

 8.6.3 Muscles That Move the Lower Jaw 
In anatomical terminology, chewing is called mastication. Muscles involved in chewing 
must be able to exert enough pressure to bite through and then chew food before it is 
swallowed (Figure 8.19). The masseter muscle is the main muscle used for chewing 
because it raises the mandible (lower jaw bone) to close the mouth. 

 
Figure 8.19 Muscles That Move the Lower Jaw. The muscles that move the lower jaw are 
typically located within the cheek and originate from processes in the skull. This provides the 
jaw muscles with the large amount of leverage needed for chewing.  Credit: Openstax CC 
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  8.6.4 Muscles of the Abdomen 
There are four pairs of abdominal muscles that cover the anterior and lateral abdominal 
region and meet at the anterior midline. These muscles can be divided into four groups: 
the external obliques, the internal obliques, the transversus abdominis, and the rectus 
abdominis. 
 

 

 

The medially located rectus abdominis is covered by a sheet of connective tissue called 
the rectus sheath.  Lateral to the rectus abdominis, the abdominal wall is composed of 
three layers. The external oblique muscles form the superficial layer, while the internal 
oblique muscles form the middle layer, and the transverses abdominus forms the 
deepest layer (Figure 8.20). 

This arrangement of three bands of muscles in different orientations allows various 
movements and rotations of the trunk. The three layers of muscle also help to protect 
the internal abdominal organs in an area where there is no bone. 

Figure 8.20 Muscles of the Abdomen The four muscles of the abdomen: rectus abdominis, external 
oblique, internal oblique and transversus abdominis.  Credit: public domain, work of the United States 
federal Government. via Wikimedia Commons
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The rectus abdominis muscles (a pair of long, straight muscles, commonly called the 
“sit-up” muscles) extend the length of the body’s trunk. Each muscle has running across 
it, three transverse bands of collagen fibers resulting in the look of “six-pack abs,” as 
each segment hypertrophies (grows larger) on individuals at the gym who do many sit-
ups (Figure 8.20). 
 

 8.6.5 Muscles of the Thorax 
 

The muscles of the chest help us breathe by changing the size of the thoracic cavity. 
When you are ready to inhale, you expand your thoracic cavity, causing inhalation to 
occur. Alternately, when you are ready exhale, your thoracic cavity decreases in size, 
forcing air out of your lungs.  The main muscle of respiration is the diaphragm, though 
there are several other muscles, some helping to increase the size of the thoracic cavity 
and some helping to decrease the size.  
 
 

 
 
Figure 8.21 Diaphragm credit: National Cancer Institute ([1]) [Public domain], via Wikimedia 
Commons 
 
The change in volume of the thoracic cavity during breathing is primarily due to the 
alternate contraction and relaxation of the diaphragm (Figure 8.21). It separates the 
thoracic and abdominal cavities, and is dome-shaped at rest.  
 
Defecating, urination, and even childbirth involve cooperation between the diaphragm 
and abdominal muscles (this cooperation is referred to as the “Valsalva maneuver”). 
You hold your breath by a steady contraction of the diaphragm; this stabilizes the 
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volume and pressure of the peritoneal cavity. When the abdominal muscles contract, 
the pressure cannot push the diaphragm up; so the abdominal muscles increase 
pressure on the intestinal tract (defecation), urinary tract (urination), or reproductive 
tract (childbirth). 
 

 8.6.5 Muscles That Move Flex, Extend, Abduct and Adduct the 
Neck, Shoulder, Elbow, Hip, Knee and Ankle 
This section will review major movements at joints and the muscles responsible for 
these movements.  Table 8.1 organizes the movements into paired muscles, so that 
one muscle causes a movement, and the second muscle causes the opposite 
movement.  Pictures of each joint and the movements follow this section. 
 
JOINT   FLEXION EXTENSION ABDUCTION ADDUCTION 
NECK sternocleidomastoid trapezius n/a n/a 

SHOULDER pectoralis major latissimus dorsi  deltoid pectoralis 
major,latissimus 
dorsi 

ELBOW biceps brachii triceps brachii    n/a n/a 

HIP Iliopsoas. 
sartorius 

gluteus 
maximus 

gluteus 
medius, 
sartorius 

adductor 
muscles, 
gracilis 

KNEE hamstrings hamstrings n/a n/a 

ANKLE tibialis anterior  
 
(known as 
dorsiflexion) 

gastrocnemius, 
soleus 
(known as 
plantar flexion) 

n/a n/a 

Table 8.1:  Important Flexion, Extension, Abduction and Adduction Movements of Major 
Joints, and the Responsible Muscles  credit: Ellerton, own work 

 
Figure 8.22.  Neck: Flexion and Extension (a) movement of flexion and extension of the neck 
credit: Cervical_Xray_Extension.jpg: StillwaterisingCervical_Xray_Extension_view.jpg: 
Stillwaterisingderivative work: F. Lamiot [CC BY-SA 3.0 
(https://creativecommons.org/licenses/by-sa/3.0)]  (b) sternocleidomastoid which will flex the 
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neck is highlighted  (c) trapezius muscle which can extend the neck is highlighted.  credit (b) and  
(c) By Anatomography [CC BY-SA 2.1 jp (http://creativecommons.org/licenses/by-
sa/2.1/jp/deed.en)], via Wikimedia Commons 

Figure 8.23  Shoulder: Flexion and Extension (a) movement of shoulder flexion is moving the 
arm forward and extension is returning the arm to anatomic position credit: 
http://www.3dscience.com [Public domain] (b) the pectoralis major muscle (highlighted) will flex 
the shoulder joint. Credit: sv:Användare:Chrizz.  file is licensed under the Creative 
Commons Attribution-Share Alike 3.0 Unportedlicense. (c) the latissimus dorsi  (highlighted) will 
extend the shoulder. Credit: Anatomography  [CC BY-SA 2.1 jp 
(http://creativecommons.org/licenses/by-sa/2.1/jp/deed.en)], via Wikimedia Commons 
 

Figure 8.24.  Shoulder: Abduction and Adduction (a) the movement of the arm away from the 
body is an abduction while returning the arm towards the midline is an adduction credit: 
www.3dscience.com, [Public domain], via Wikimedia Commons (b) the deltoid muscle 
(highlighted) will abduct the shoulder joint.  It is shown in three colors since each of those sections 
can contract independently, causing different movements. Credit Anatomography [CC BY-SA 2.1 
jp (https://creativecommons.org/licenses/by-sa/2.1/jp/deed.en)]  (c) the pectoralis major 
(highlighted) will adduct the shoulder when it is starting in the abducted position. Credit: Original 
by  sv:Användare:Chrizz.  file is licensed under the Creative Commons Attribution-Share Alike 3.0 
Unported license. 
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Figure 8.25.  Elbow: Flexion and Extension Bending at the elbow is a flexion, and straightening 
the elbow is an extension.  The biceps brachii is shown flexing the elbow; the triceps brachii is 
shown extending the elbow.  Credit: Sheldahl (Own work) [CC BY-SA 4.0 
(http://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons 
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Figure 8.26.  Hip: Flexion and Extension (a) raising the leg at the hip joint is a flexion, and 
straightening the leg back to anatomic position is an extension. Credit: Davidjr74 [CC0] via 
wikimedia  The iliopsoas muscle with the sartorius muscle together flex the hip. (b) iliopsoas credit: 
Beth ohara [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0/)] (c) sartorius. credit: 
BodyParts3D/Anatomography [CC BY-SA 2.1 jp (https://creativecommons.org/licenses/by-
sa/2.1/jp/deed.en)] while (d) the gluteus maximus extends the hip. Credit: Creative 
Commons Attribution-Share Alike 3.0 Unportedlicense via wikimedia. 
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Figure 8.27.  Hip: Abduction and Adduction (a) the outward movement of the legs during 
jumping jacks is an abduction.  When the legs come back together, that would be an adduction.  
An abduction is caused by contractions of the (b) gluteus medius muscle and (c) sartorius muscle.  
An adduction results from the contractions of the (d) adductor muscles and the (e) gracilis muscle.  
Credit: (a) Lance Cpl. Ryan M. Joyner [Public domain], via Wikimedia Commons.  (b) BruceBlaus 
(Own work) [CC BY-SA 4.0 (http://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia 
Commons  (c) BodyParts3D/Anatomography (BodyParts3D/Anatomography) [CC BY-SA 2.1 jp 
(http://creativecommons.org/licenses/by-sa/2.1/jp/deed.en)], via Wikimedia Commons  (d)  and 
(e) By BodyParts3D/Anatomography [CC BY-SA 2.1 jp (http://creativecommons.org/licenses/by-
sa/2.1/jp/deed.en)], via Wikimedia Commons 
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Figure 8.28.  Knee: Flexion and Extension (a) bending at the knee is a flexion.  Straightening 
the knee is an extension.   (b) The three muscles of the hamstrings work together to flex the knee.  
(c) The four muscles of the quadriceps work together to extend the knee.  The colors in this image 
represent the different muscles within the quadriceps group. 
Credit: (a) Tonye Ogele CNX [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], 
via Wikimedia Commons   (b) Niwadare [CC BY-SA 4.0 (https://creativecommons.org/licenses/by-
sa/4.0)]via Wikimedia Commons  (c) BodyParts3D/Anatomography [CC BY-SA 2.1 jp 
(https://creativecommons.org/licenses/by-sa/2.1/jp/deed.en)] via Wikimedia Commons 
 

 
Figure 8.29.  Ankle Movements: Dorsiflexion and Plantar Flexion (a) The ankle can swivel to 
point the toes upward and heel down, which is a dorsiflexion, or to point the toes downward with 
the heel up, which is a plantar flexion.   Credit: Connexions (http://cnx.org) [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons (b) The tibialis muscle 
pulls the toes up to dorsiflex. Credit: Chrizz from sv [GFDL (http://www.gnu.org/copyleft/fdl.html) 
or CC-BY-SA-3.0 (http://creativecommons.org/licenses/by-sa/3.0/)], from Wikimedia Commons 
(c) The gastrocnemius and the soleus work together to raise the ankle, causing the toes to point 
downward. The gastrocnemius is superficial, and the soleus is deep to it.  The image to the right 
has the gastrocnemius cut away to reveal the soleus.  Both muscles attach to the Achilles tendon 
that attaches to the heel.  When these muscle contract, they pull on the tendon, raising the heel.  
Credit:  By Dr. Johannes Sobotta - Sobotta's Atlas and Text-book of Human Anatomy 1909, Public 
Domain, https://commons.wikimedia.org/w/index.php?curid=29822860 via Wikimedia Commons 
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Physical Therapists 

Those who have a muscle or joint injury will most likely be sent to a physical 
therapist (PT) after seeing their regular doctor. PTs have a master’s degree 
or doctorate, and are highly trained experts in the mechanics of body 
movements. Many PTs also specialize in sports injuries. 
If you injured your shoulder while you were kayaking, the first thing a physical 
therapist would do during your first visit is to assess the functionality of the 
joint. The range of motion of a particular joint refers to the normal movements 
the joint performs. The PT will ask you to abduct and adduct, circumduct, 
and flex and extend the arm. The PT will note the shoulder’s degree of 
function, and based on the assessment of the injury, will create an 
appropriate physical therapy plan. 
The first step in physical therapy will probably be applying a heat pack to the 
injured site, which acts much like a warm-up to draw blood to the area, to 
enhance healing. You will be instructed to do a series of exercises to 
continue the therapy at home, followed by icing, to decrease inflammation 
and swelling, which will continue for several weeks. When physical therapy 
is complete, the PT will do an exit exam and send a detailed report on the 
improved range of motion and return of normal limb function to your doctor. 
Gradually, as the injury heals, the shoulder will begin to function correctly. A 
PT works closely with patients to help them get back to their normal level of 
physical activity.
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Chapter 9 I The Nervous System 
Section 9.1   Introduction to the Nervous System 

Your body has two systems that help you maintain homeostasis: the nervous system and 
the endocrine system. The nervous system is a complex network of nervous tissue that 
carries electrical messages throughout the body, either carrying sensory information to 
your brain and spinal cord, or motor commands out to your muscles.  Nerves 
communicate with other nerve cells and with muscle cells through chemical signals known 
as neurotransmitters. The nervous system provides a way for different parts of the body 
to communicate and to coordinate, and it also allows the body to interact with the 
environment through its senses.   

The endocrine system is the system of glands throughout the body that releases chemical 
signal molecules, known as hormones, into the bloodstream. The endocrine system also 
coordinates the body, but usually over longer time periods.  A summary comparing the 
nervous and endocrine systems can be found in Table 9.1. 

Coordinating Systems of 
the Body 

Actions Cells Contact each other 
and cause effects by 
using: 

Nervous System Fast, last a short time Neurotransmitters 
Endocrine Slow, lasts longer hormones 

Table 9.1 Comparison of Nervous and Endocrine System  credit: Ellerton, Own Work 

Working together, the nervous and endocrine systems allow your body to respond to 
short or long-term changes in your environment.  The endocrine system will be 
discussed in detail in the next chapter. 

The nervous system is involved with numerous bodily activities including: 

• coordinating muscle movement
• maintaining posture and balance
• sensing the environment outside of your body and responding to it
• sensing the environment inside of your body and responding to it to maintain

homeostasis.
• preparing your body to fight or flee in an emergency.
• using language, thinking, learning, and remembering.

The nervous system works by sending and receiving signals. The main organs of the 
nervous system are the brain and the spinal cord. The signals are carried by nerves in 
the body, similar to the wires that carry electricity throughout the house. Sensory signals 
travel from the body to the spinal cord and up to the brain, while motor signals usually travel 
from the brain, down to the spinal cord, and out to the peripheral nerves. 
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Section 9.2:  Divisions of the Nervous System 
The nervous system consists of the central nervous system (CNS) and the peripheral 
nervous system (PNS). The central nervous system is made up of the brain and spinal 
cord, while the peripheral nervous system is made up of the nervous tissue that lies 
outside the CNS such as the nerves in the legs, arms, hands, feet, and organs of the 
body.  (see Figure 9.1).  

 

Figure 9.1   Divisions of the Nervous System  (a) Parts of the CNS and PNS  (b) Divisions of 
the CNS and PNS credit: (a) Openstax  (b) Ellerton, own work 

 

The nervous system can also be categorized based on function.  Part of the nervous 
system is involved with bringing sensory information to the brain and spinal cord.  This 
sensory division is also known as the afferent division, and information flows from the 
PNS to the CNS.  Flow of information is reversed for the efferent or motor division, 
where messages travel from the brain and spinal cord out to the PNS.  These messages 
reach effectors, which are the structures, such as muscles and glands, that carry out the 
commands of the CNS.
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 Section 9.3: Nerve Cells 
 
Although the nervous system is very complex, nervous tissue consists of just two basic 
types of cells: neurons and glial cells. Neurons are the cells that transmit electrical 
signals, called nerve impulses, which rapidly carry messages throughout the body. Glial 
cells, also known as neuroglia, or just glia, provide support for neurons in several different 
ways. Neurons and glial cells make up most of the brain, the spinal cord, and the 
peripheral nerves that branch out to every part of the body.  
 
 Section 9.3.1: Neuron Structure 
 
Electrical signals, known as nerve impulses, move down the length of the neuron, causing  
neurotransmitters to be released.  These chemical messages travel across a short space 
to other neurons or muscle cells.   This entire process is very rapid, allowing neurons to 
send messages to all parts of the body, and in that way, coordinate body activities.  The 
neuron is composed of a cell body with extensions known as dendrites, and a single tail-
like extension known as an axon (see Figure 9.1a).  
 
The cell body of the neuron contains the nucleus, mitochondria and other cell organelles.  
Some of the organelles can be seen in Figure 9.2b.  Dendrites extend from the cell body 
and receive chemical messages from other neurons.  The axon is a single, long extension 
of the cell body that transmits nerve impulses to other cells. The axon branches at the 
end, forming axon terminals. These are the points where the neurotransmitters are 
released, allowing the neuron to communicate with other cells. 
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Figure 9.2  Neuron Structure.  (a) three parts of neuron credit: Quasar Jarosz at English 
Wikipedia [CC BY-SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0)] b) greater detail of 
interior of the cell body is visualized, along with a better representation of how the myelin wraps 
around the axon. Credit: userBruceBlaus.own work. https://creativecommons.org/licenses/by-
sa/4.0.Creative Commons Attribution-share Alike 4.0.CC BY-SA 4.0 
 
 

The axons of most neurons are covered with a myelin sheath, which essentially is a 
phospholipid bilayer formed as glial cell membranes wrap around it.  The myelin sheath 
acts like a layer of insulation, similar to the plastic that encases an electrical cord. 
Regularly spaced nodes, or gaps, in the myelin sheath allow nerve impulses to skip along 
the axon very rapidly, as the electrical signal jumps from node to node.  These are the 
Nodes of Ranvier (Figure 9.2a above). 
  
  Section 9.3.2: Glial (Neuroglial) Cells 
 
Glial cells help neurons to function.   Some glial cells form the myelin sheath.  In the PNS, 
myelin is formed by Schwann cells (Figure 9.3a). In the CNS, the myelin sheath is 
formed by oligodendrocytes (Figure 9.3b).  Another type of glial cell forms 
cerebrospinal fluid (CSF), while others help neurons mature.  There are many different 
jobs performed by glial cells to help neurons properly function. 
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Figure 9.3 Formation of the Myelin Sheath  In the PNS (9.3a), and in the CNS (9.3b) a) in the 
PNS  (a) Schwann Cell wraps around a segment of the axon.  Many Schwann cells are needed 
to form the myelin on a single axon. Credit:  CFCF (Own work) [CC BY-SA 3.0 
(http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons   (b) Formation of 
Myelin Sheath in the CNS  Oligodendrocyte arms wrap around segments axon. Credit: 
LadyofHats derivative work: Andrew c (Neuron_with_oligodendrocyte_and_myelin_sheath.svg) 
[Public domain], via Wikimedia Commons 
 

 Section 9.3.3: Types of Neurons 
 
Neurons are classified based on the direction in which they carry nerve impulses (see 
Figure 9.4). 

• Sensory (afferent) neurons carry nerve impulses from sensory organs to the 
spinal cord and brain. 

• Motor (efferent) neurons carry nerve impulses from the brain and spinal cord to 
muscles and glands. 

• Interneurons carry nerve impulses back and forth between sensory and motor 
neurons.  Interneurons are only found in the CNS. 

 
Afferent nerves carry sensory information from the PNS sensory receptors to the CNS.    
In Figure 9.4, sensory receptors in the skin are stimulated, which generates an impulse 
along the afferent (sensory) neuron.  This information is received and integrated in the 
CNS (this image only shows the spinal cord. Most messages are integrated in the brain.).  
The CNS sends out a command to a muscle telling it to contract.  The command is sent 
along an efferent (motor) neuron.  The command is then performed by the effector 
(skeletal muscle). 
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Figure 9.4 Path of Nerve Flow from the sensory receptor in the skin, traveling along an 
afferent (sensory) neuron, bringing information into the CNS.  A message is then sent along 
the efferent (motor) neuron to the effector. Credit: Helixitta [CC BY-SA 4.0 
(https://creativecommons.org/licenses/by-sa/4.0)] via Wikimedia Commons 
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Section 9.4: Nerve Messaging  

     
Figure 9.5  Synapse  Axon terminal releases neurotransmitter that crosses the synaptic cleft to 
stimulate the cell it is contacting. Credit: ck12.org 
 
Neurons are "irritable", meaning that they will respond to stimuli to produce an action 
potential, which is the nerve impulse/electrical message that moves along the neuron 
from the dendrites and cell body, down the axon, and to the axon terminals.  An action 
potential will cause the release of chemical neurotransmitters from the axon terminals, 
as can be seen in Figure 9.5.   
 
Most commonly, neurons generate action potentials because of neurotransmitter binding 
to receptors on the dendrites and cell body.  However, for some neurons, senses are the 
stimulus.  For example, neurons for sight generate an action potential when exposed to 
light. Similarly, neurons in our skin generate action potentials when exposed to hot, cold, 
pain, or pressure.  Aside from these types of neurons that respond to sensory stimuli, 
most neurons generate action potentials when stimulated by neurotransmitters. 
 
Neurotransmitters transmit a message from one neuron to the next. In Figure 9.6, notice 
the two cells are not touching, but are separated by a small gap, known as the synaptic 
cleft.  The  synapse  is the place where a neuron ending (axon terminal) meets a second 
cell (either another neuron or a muscle cell), but they are separated by the synaptic cleft. 
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Figure 9.6  Chemical Messaging  The presynaptic neuron has an axon terminal which does not 
touch the post-synaptic neuron.  Together these cells and the synaptic cleft between them forms 
the synapse.  The axon terminal releases chemical neurotransmitters that cross the synaptic cleft 
to stimulate the post-synaptic neuron. Credit: user:Looie496 created file, US National Institutes of 
Health, National Institute on Aging created original [Public domain], via Wikimedia Commons 
 

  Section 9.4.1: Nerve Impulses/Action Potentials 
Nerve impulses are electrical in nature. They result from a difference in electrical charge 
across the cell membrane of a neuron.   The interior of a neuron at rest is negatively 
charged compared to the extracellular fluid surrounding the neuron.  
 
A nerve impulse is a sudden reversal of the electrical charge across the membrane of the 
neuron. When neurotransmitter binds to the neuron cell body and dendrites, it opens 
channels that allows positive sodium ions to flow into the cell. As a result, the inside of 
the cell becomes positively charged.  In an action potential, this reversal of charge ripples 
down the axon very rapidly as an electric current. 
 
In neurons with myelin sheaths, ions flow across the membrane only at the nodes 
between sections of myelin.  As a result, the action potential jumps along the axon 
membrane from node to node, increasing the speed at which it travels. 
 
  Section 9.4.2: Neurotransmitters 
 
When an action potential reaches the axon terminal, there is a release of 
neurotransmitters that are stored in vesicles within the axon terminal (Figure 9.6). The 
neurotransmitter molecules travel across the synaptic cleft and bind to receptors on the 
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membrane of the cell that is receiving the message. In a chain of neurons, the first neuron 
is the cell before the synapse, so it is known as the pre-synaptic neuron.  The cell 
receiving the message is the post-synaptic neuron.  If enough neurotransmitter 
message arrives, an action potential may be generated in this post-synaptic neuron.  
 
Many types of neurotransmitters exist.   Some have an excitatory effect and others have 
an inhibitory effect on the postsynaptic cell. An excitatory neurotransmitter helps initiate 
an action potential, and an inhibitory neurotransmitter helps prevent one from starting. 
For example, acetylcholine is an excitatory neurotransmitter that causes muscles to 
contract.  Typically, a single neuron can be receiving messages from many other 
neurons— each sending their own message.  Some messages may be excitatory, some 
may be inhibitory.  Whether or not the postsynaptic neuron generates an action potential 
depends on the summation of the effect of all the neurotransmitters binding to it. 
 
The effect of a neurotransmitter can also depend on the receptor to which it binds. The 
same neurotransmitter can be either excitatory or inhibitory by causing different changes 
in the membrane of the cell.   
 

Section 9.5: The Central Nervous System  
The central nervous system (CNS), which includes the brain and spinal cord (Figure 
9.7a), is wrapped in three layers of supportive membranes known as the meninges, and 
is further protected by bony encasements.  The skull protects the brain and the vertebrae 
protect the spinal cord.  The layers of meninges and the bone of the skull can be seen in 
Figure  9.7 b. 

Figure 9.7 The Central Nervous System.  (a) Brain and Spinal Cord:  Credit: CK-12 
Foundation, Grm wnr; source:  License: CC BY-NC 3.0  (b)Skull & Meninges protect the Brain:  
credit: SVG by Mysid, original by SEER Development Team [1] [Public domain], via Wikimedia 
Commons 
    Sections 9.5.1 The Brain 
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The brain is contained within the cranial cavity and is the most complex organ in the body.  It 
includes the cerebrum, diencephalon (thalamus and hypothalamus), brainstem (midbrain, 
pons and medulla oblongata) and cerebellum (Figure 9.8).   It contains about 100 
billion neurons—each connecting to many other neurons. The brain is what makes us 
human: the conscious mind, providing us with the ability to perceive, interpret, imagine, 
remember and communicate.  The brain also helps maintain homeostasis, regulating 
respiration, heartbeat and blood pressure. An average adult human brain weighs between 
1 and 1.5 kg (3 lb). An adult brain uses about 20-25% of the total energy used by the 
body, while the developing brain of an infant consumes around 60% of the total energy 
used by the body. 
  

The cerebrum controls conscious functions such as problem-solving and speech, while 
the midbrain and the brain stem are more involved with unconscious (autonomic) 
functions such as breathing, heartbeat, and temperature regulation. The cerebellum is 
involved in coordination and control of body movement.  
 

 
Figure 9.8 Parts of the Brain.  View is the left side of the head. Credit:  By Cancer Research 
UK (Original email from CRUK) [CC BY-SA 4.0 (http://creativecommons.org/licenses/by-
sa/4.0)], via Wikimedia Commons 

  - Cerebrum 

The cerebrum is what most people would think of as the "brain."  It is made up of two 
cerebral hemispheres which are connected to each other at the corpus callosum, which 
allows the right and left hemisphere to communicate.  Mammals (including humans) have 
the largest and most well-developed cerebrums among all species. (Figure 9.9). 
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Figure 9.9 Corpus Callosum seen connecting the right and left hemispheres.  By Vector data 
were generated by Life Science Databases(LSDB). Computer animation was generated by was 
a_bee. [CC BY-SA 2.1 jp (http://creativecommons.org/licenses/by-sa/2.1/jp/deed.en)], via 
Wikimedia Commons 
 

Each hemisphere of the cerebrum can be divided into lobes: the frontal lobe, the parietal 
lobe, the temporal lobe, and the occipital lobe (Figure 9.9).  Researchers have identified 
a number of functional areas within each lobe, some of which are listed in Table 9.2. Both 
hemispheres look identical, but there are functional differences between them. For 
example, the left hemisphere controls language, and the right is more involved in emotion 
and nonverbal functions.  Each cerebral hemisphere receives sensory information and 
controls muscle movements of the opposite side of the body. Therefore, the right 
hemisphere controls the left side of the body, and the left hemisphere controls the right 
side of the body. 
 
Functions Controlled by the Cerebral Lobes 

Lobe Functions 

Frontal Speech, intellectual function (reasoning, abstract thought, etc.), and touch 

Parietal Speech, taste, and reading 

Temporal Hearing and smell 

Occipital Vision 

Table 9.2  Cerebral lobes have different functions  ck12.org CC 
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Figure 9.10 The lobes of the cerebral cortex—frontal, temporal, occipital, and parietal. By 
OpenStax College [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia 
Commons 
 

The cerebral cortex is the highly-folded outer layer of the cerebrum, which provides a 
larger surface area of the brain to fit inside the skull. The lobes of the cerebral cortex are 
named after the skull bones that cover those areas of the brain. The cerebral cortex 
controls higher functions such as consciousness, reasoning, emotions, and language. It 
also controls sensory functions such as touch, taste, smell, and responses to external 
stimuli.  
 
  - Diencephalon 
The diencephalon includes the thalamus, the hypothalamus, and the pineal gland (Figure 
9.11).  The thalamus directs sensory signals to the cerebral cortex, and it plays an 
important role in regulating states of sleep and wakefulness. The hypothalamus gland 
controls body temperature, hunger, and thirst. The hypothalamus also makes and 
releases neurotransmitters that control the action of the pituitary gland.  The pineal gland 
produces hormones that control circadian rhythms.   
 
Parts of the cerebrum and diencephalon function together as the limbic system. This is 
considered the “emotional center” of the brain, and is involved in regulating strong 
emotions and emotional behavior related to rage, fear and motivation.  It plays a role in 
learning and long-term memories. 
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Figure 9.11 Diencephalon, Brainstem and Cerebellum. The diencephalon includes the 
thalamus, hypothalamus and pineal gland.  The brainstem is made up of the pons, medulla 
oblongata, and the midbrain. The cerebellum is the structure posterior to the brainstem. Credit: 
SEER Cancer.gov (public domain) via Wikimedia commons. 
 
  - Brainstem 
The brainstem connects the brain to the spinal cord and includes the midbrain, the pons, 
and the medulla oblongata (Figure 9.11).  
 
The midbrain deals with sight and sound information and sends it on to the cerebrum. 
The pons relays messages to other parts of the brain and helps regulate breathing. The 
medulla oblongata controls important homeostatic functions, including breathing, heart 
rate, blood pressure, swallowing, and digestion.  Messages to the muscles travel along 
axons that pass through the brainstem.  In the medulla oblongata, most of these axons 
cross from one side to the other. As a result, the right side of the brain controls much of 
the movement in the left side of the body, and the left side of the brain controls much of 
the movement on the right side. 
 

  - Cerebellum 

The cerebellum plays an important role in coordination and control of body movements.  
Damage to the cerebellum doesn’t cause paralysis, but fine movements, such as hand-
eye coordination, balance, posture, and the ability to learn new motor skills, will be 
impaired.
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  Sections 9.5.2  Ventricles and Cerebrospinal Fluid (CSF) 

 
There are hollow spaces within the brain known as ventricles where cerebrospinal fluid 
(CSF) is produced (Figure 9.12).  The CSF fills the ventricles and flows through the 
ventricles into the spinal cord.  Some of the fluid travels outward and flows into a space 
within the meninges that surrounds the brain.  Finally, the CSF drains away into the veins 
of our body. 
 

The brain floats in CSF, which acts as a cushion and shock absorber. CSF also functions 
to circulate oxygen and nutrients throughout the brain and spinal cord, and to remove 
waste. 
 

A blockage to the normal flow of CSF is dangerous, since the CSF accumulates and 
causes internal swelling, which pushes the brain against the skull. This can cause 
seizures, cognitive problems, and even death if a shunt is not inserted to remove the fluid 
to lower the internal pressure.  Blockages can be caused by a variety of factors, including 
traumatic head injury or the development of a brain tumor. 

   
 
Figure 9.12   Ventricles of the brain are shown in red and are filled with cerebrospinal fluid (CSF).   
The passage of CSF down to the spinal cord is shown in blue.  Credit: Images a by Life Science 
Databases(LSDB). [CC BY-SA 2.1 jp (http://creativecommons.org/licenses/by-
sa/2.1/jp/deed.en)], via Wikimedia Commons 
 
 

 

this animation (http://openstaxcollege.org/l/CSFflow) shows the flow of CSF through the brain 
and spinal cord, and how it originates from the ventricles and then spreads into the space within the 
meninges. 
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Meningitis is an inflammation of the meninges that surround the CNS. 
Meningitis can be caused by bacterial or viral infection. Bacterial meningitis tends to 
be more severe.  Symptoms include fever, nausea, vomiting, light sensitivity, 
soreness of the neck, or severe headache. Neurological symptoms include changes in 
mental state (confusion, memory deficits, and other dementia-type symptoms). 
The nerves that pass through the meninges can be damaged, leading to a variety of 
possible impairments, such as hearing loss. 
 
Lumbar puncture is used to test for meningitis. A needle is inserted into the lumbar 
region of the spinal column through the meninges, to withdraw csf for chemical 
testing. Fatality occurs in 5 to 40 percent of children and 20 to 50 percent of adults 
with bacterial meningitis. Treatment of bacterial meningitis is through antibiotics, 
but viral meningitis cannot be treated with antibiotics because viruses do not respond 
to that type of drug. Fortunately, the viral forms are milder. 

 

  Sections 9.5.3  Spinal Cord 
The spinal cord extends from the medulla oblongata of the brain, downward. It is 
surrounded by bone, as it passes through the foramen magnum opening to exit the 
skull, and travels down through the vertebral canal Figure 9.13.  The spinal cord is 
nerve tissue that carries sensory information about the body to the brain, and motor 
information from the brain to the body. Even though the spinal cord is encased within 
the bones of the vertebrate column, the messages enter and leave the spinal cord 
through spinal nerves (part of the peripheral nervous system).     A “slipped disk” causes 
the nerve to be compressed (“pinched nerve”) as seen in Figure 9.16.  Depending 
where it compresses can cause sensory pain, or cause difficulty in movement.   
 

                     
Figure 9.13  Spinal nerves exit and enter the spinal cord  credit: Cancer Research UK [CC BY-
SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0)] 
 
The spinal cord does not continue all the way down the back.  In the adult, it ends around 
L2.  After that the spinal nerve fibers continue downward, exiting from lower points in 
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the vertebrae (Figure 9.14 and 9.15) When a sample of CSF is needed to determine if 
there is an infection, like meningitis (see above), the doctor will insert a needle into the 
lower lumbar region of the spinal cord, below the point where the spinal cord has ended 
(Figure 9.16). 

 
 
Figure 9.14 (a)  Human brain and spinal cord dissection. By Z22[CC BY-SA 4.0 
(http://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons)  (b) Spinal nerves 
enter and leave the spinal cord through openings between the vertebrae. By Cancer 
Research UK (Original email from CRUK) [CC BY-SA 4.0 
(http://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons  (c)  Adult spinal 
cord ends between L1-L2.  Spinal nerve fibers continue to descend through the vertebrae. 
By MrArifnajafov [GFDL (http://www.gnu.org/copyleft/fdl.html) or CC BY-SA 4.0-3.0-2.5-2.0-1.0 
(http://creativecommons.org/licenses/by-sa/4.0-3.0-2.5-2.0-1.0)], via Wikimedia Commons 
 
 

 
Watch this video (http://openstaxcollege.org/l/lumbarpuncture)  that describes the procedure 
known as the lumbar puncture, a medical procedure used to sample the CSF. Because of the anatomy 
of the CNS, it is a relative safe location to insert a needle. Why is the lumbar puncture performed in 
the lower lumbar area of the vertebral column? 
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Figure 9.15 Spinal cord shown (a) in the vertebral column, (b) in a section of the vertebral column 
showing the spinal cord running through the vertebrae and (c) a cross-section of the spinal cord 
shows gray matter (containing cell bodies and interneurons) and white matter (containing 
axons).(a) Lemarivir (Own work) [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via 
Wikimedia Commons and (b) licensed under the Creative Commons Attribution-Share Alike 3.0 
Unported license (c) Openstax CC BY 3.0 

 
 

Figure 9.16 (a) Herniated disc causing a pinched nerve. licensed under the Creative 
Commons Attribution 3.0 Unported license.  (b) Lumbar Puncture by Cancer Research UK 
(Original email from CRUK) [CC BY-SA 4.0 (http://creativecommons.org/licenses/by-
sa/4.0)], via Wikimedia Commons
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         - Spinal Reflexes 

The spinal cord also controls motor reflexes.  These reflexes are quick, unconscious 
movements—like automatically removing a hand from a hot object. Reflexes are so fast 
because they are commands of the spinal cord, before the message even reaches your 
brain.  These reflexes are protective, so that you can respond very quickly in a situation 
that may be harmful.  For example, the knee reflex that a doctor tests during a routine 
physical (Figure 9.17).  The knee jerk is a protective reaction to the stretch of the knee 
tendon.  Interneurons in the spinal column transmit information to the brain to convey 
what happened (the knee jerked, or the hand was hot). 

 
Figure 9.17. Reflex pathway Credit: Amiya Sarkar (Own work) [CC BY-SA 4.0 
(https://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons 
 
In the United States, there are around 10,000 spinal cord injuries each year. Because 
the spinal cord is the information superhighway connecting the brain with the body, 
damage to the spinal cord can lead to paralysis. The extent of the paralysis depends on 
the location of the injury along the spinal cord and whether the spinal cord was 
completely severed. For example, if the spinal cord is damaged at the level of the neck, 
it can cause paralysis from the neck down, whereas damage to the spinal column further 
down may limit paralysis to the legs. Spinal cord injuries are notoriously difficult to treat 
because spinal nerves do not regenerate, although ongoing research suggests that 
stem cell transplants may be able to act as a bridge to reconnect severed nerves.
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9.6 | The Peripheral Nervous System 
 
 
The peripheral nervous system (PNS) are all the parts of the nervous system outside 
of the CNS. The PNS is like wiring that carries sensory information along sensory 
(afferent) neurons to the CNS and then carries information from the CNS out to the 
muscles along motor (efferent) neurons. See Figure 9.18.  The nerves that enter and 
leave the brain are known as cranial nerves.  The nerves that enter and leave the spinal 
cord are known as spinal nerves. 
The PNS can be broken down into the autonomic nervous system, which controls 
unconscious commands to the heart, smooth muscle and glands, and the sensory-
somatic nervous system, which transmits sensory information to the CNS and sends 
motor commands from the CNS to the voluntary muscles. 

 
Figure 9.18 The Peripheral Nervous System credit: OpenStax [CC BY 4.0 
(http://creativecommons.org/licenses/by/4.0)], via Wikimedia Commons 
 

 Section 9.6.1 Autonomic Nervous System 
The autonomic nervous system serves as the relay between the CNS and the internal 
organs. It controls the cardiac muscle of the heart,  smooth muscle of internal organs, 
and glands without conscious control; it can continuously monitor the conditions of these 
different systems and implement changes as needed.  There are two branches of the 
autonomic nervous system, the sympathetic and parasympathetic divisions.  See 
Figure 9.19.   
 
Most organs receive both sympathetic and parasympathetic innervation.  Usually they 
work in opposite ways.  For example, the sympathetic division speeds up heart rate 
while the parasympathetic system slows it down. 
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       - Sympathetic Division 
 

The sympathetic nervous system is responsible for the “fight or flight” response that 
occurs from an “adrenaline rush” when you encounter a dangerous situation (the 
neurotransmitter is norepinephrine).  The physiological effects include dilating 
respiratory passageways (making it easier to breathe), increasing heart rate, and 
moving blood from the skin to the heart, muscles, and brain (to become more alert and 
able to escape or fight). The strength and speed of the sympathetic response helps 
avoid danger.  There is a decreased activity of the digestive organs.  These effects are 
enhanced by the activity of the adrenal medulla which also releases adrenaline 
(epinephrine). 
 

      - Parasympathetic Division 
 

The parasympathetic nervous system is the time to “rest and digest.”  Effects include 
slowing of heart rate, lowering of blood pressure, and stimulation of digestion. 
 

Figure 9.19.  Comparing the Parasympathetic and Sympathetic Innervation of organs.  Blausen.com 
staff (2014). "Medical gallery of Blausen Medical 2014". WikiJournal of Medicine 1 (2). 
DOI:10.15347/wjm/2014.010. ISSN 2002-4436. (Own work) [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
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Figure 9.20 The sympathetic and parasympathetic nervous systems often have opposing 
effects on target organs. Credit: Lumen Learning modification of Wikipedia  

 
 9.6.2  Somatic Nervous System 
 
The somatic nervous system is responsible for our conscious perception of the 
environment  and for our voluntary  muscular responses to that perception.  Our general 
senses give us information about the world around us through skin receptors that detect 
soft touch, deep pressure, pain, and temperature.  Our special senses give us information 
related to sight, sound, and taste. The somatic nervous system controls all voluntary 
muscles. 
 

9.7 | Nervous System Disorders 
 

A nervous system that functions correctly is a fantastically complex, well-oiled 
machine—synapses fire appropriately, muscles move when needed, memories are 
formed and stored, and emotions are well regulated. Unfortunately, each year millions 
of people in the United States deal with some sort of nervous system disorder. While 
scientists have discovered potential causes of many of these diseases, and viable 
treatments for some, ongoing research seeks to find ways to better prevent and treat 
these disorders. 
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   9.7.1 Neurodegenerative Disorders 
Neurodegenerative disorders are illnesses characterized by a loss of nervous system 
functioning that are usually caused by neuronal death. These diseases generally 
worsen over time as more and more neurons die. The symptoms of a particular 
neurodegenerative disease are related to where in the nervous system the death of 
neurons occurs. Spinocerebellar ataxia, for example, leads to neuronal death in the 
cerebellum. The death of these neurons causes problems in balance and walking. 
Neurodegenerative disorders include Huntington’s disease, amyotrophic lateral 
sclerosis, Alzheimer’s disease and other types of dementia disorders, and Parkinson’s 
disease. Here, Alzheimer’s and Parkinson’s disease will be discussed in more depth. 
 
   - Alzheimer’s Disease  
Alzheimer’s disease is the most common cause of dementia in the elderly. In 2012, an 
estimated 5.4 million Americans suffered from Alzheimer’s disease. Roughly one in 
every eight people age 65 or older has the disease. Due to the aging of the baby-
boomer generation, there are projected to be as many as 13 million Alzheimer’s patients 
in the United States in the year 2050. 
Symptoms of Alzheimer’s disease include memory loss, confusion about time or place, 
difficulty planning or executing tasks, poor judgment, and personality changes. 
Problems smelling certain scents can also be indicative of Alzheimer’s disease and may 
serve as an early warning sign. Many of these symptoms are also common in people 
who are aging normally; so it is the severity and longevity of the symptoms that 
determine whether a person is suffering from Alzheimer’s. 
 
In this disease, the brain develops abnormal clumps, known as amyloid plaques, along 
with tangled brain fibers called neurofibrillary tangles. Amyloid plaques, neurofibrillary 
tangles, and an overall shrinking of brain volume are commonly seen in the brains of 
Alzheimer’s patients. The loss of neurons in the hippocampus is especially severe in 
advanced Alzheimer’s patients. Figure 9.21 compares a normal brain to the brain of an 
Alzheimer’s patient. Many research groups are examining the causes of these 
hallmarks of the disease. 
One form of the disease is usually caused by mutations in one of three known genes. 
This rare form of early onset Alzheimer’s disease affects fewer than five percent of 
patients with the disease and causes dementia beginning between the ages of 30 and 
60. The more prevalent, late-onset form of the disease likely also has a genetic 
component.  One particular gene, apolipoprotein E (APOE) has a variant (E4) that 
increases a carrier’s likelihood of getting the disease. Many other genes have been 
identified that might be involved in the pathology.
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Visit this website (http://openstaxcollege.org/l/alzheimers)  for video links discussing genetics and 
Alzheimer’s disease 
 
Unfortunately, there is no cure for Alzheimer’s disease. Current treatments focus on 
managing the symptoms of the disease. Clinical interventions focus on behavioral 
therapies like psychotherapy, sensory therapy, and cognitive exercises. Since 
Alzheimer’s disease appears to hijack the normal aging process, research into 
prevention is prevalent. Smoking, obesity, and cardiovascular problems may be risk 
factors for the disease, so treatments for those may also help to prevent Alzheimer’s 
disease. Some studies have shown that people who remain intellectually active by 
playing games, reading, playing musical instruments, and being socially active in later 
life have a reduced risk of developing the disease. 

 
Figure 9.21 Compared to a normal brain (left), the brain from a patient with Alzheimer’s 
disease (right) shows a dramatic neurodegeneration, particularly within the ventricles and 
hippocampus. (credit: modification of work by “Garrando”/Wikimedia Commons based on 
original images by ADEAR: "Alzheimer's Disease Education and Referral Center, a service of 
the National Institute on Aging”) 

 
 
  -  Parkinson’s Disease 

 

Like Alzheimer’s disease, Parkinson’s disease is a neurodegenerative disease.  Each 
year, 50,000-60,000 people in the United States are diagnosed with the disease. 
Parkinson’s disease causes the loss of dopamine neurons that regulates movement. 
Loss of these neurons causes many symptoms including tremor (shaking of fingers or 
a limb), slowed movement, speech changes, balance and posture problems, and rigid 
muscles. The combination of these symptoms often causes a characteristic slow 
hunched shuffling walk, illustrated in Figure 9.22. Patients with Parkinson’s disease can 
also exhibit psychological symptoms, such as dementia or emotional problems. 
For most patients, the exact causes of Parkinson’s disease remain unknown: the 
disease likely results from a combination of genetic and environmental factors (similar 
to Alzheimer’s disease).  
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There is no cure for Parkinson’s disease, and treatment is focused on easing symptoms.  
One of the most commonly prescribed drugs for Parkinson’s is L-DOPA, which is a 
chemical that is converted into dopamine by neurons in the brain. This conversion 
increases the overall level of dopamine neurotransmission and can help compensate 
for the loss of dopaminergic neurons. Other drugs work by inhibiting the enzyme that 
breaks down dopamine. 

                                                     
Figure 9.22 Parkinson’s patients often have a characteristic hunched walk. source: 
C.Herter, fig.66, Paralysis agitans, public domain via Wikimedia commons 

 

  -  Autism  
Autism spectrum disorder (ASD) is a neurodevelopmental disorder. Its severity differs 
from person to person. Estimates for the prevalence of the disorder have changed 
rapidly in the past few decades. Current estimates suggest that one in 88 children will 
develop the disorder. ASD is four times more prevalent in males than females. 
 

 
This video (http://openstaxcollege.org/l/autism) discusses possible reasons why there has been a recent 
increase in the number of people diagnosed with autism. 

 
A characteristic symptom of ASD is impaired social skills. Children with autism may 
have difficulty making and maintaining eye contact and reading social cues. They also 
may have problems feeling empathy for others. Other symptoms of ASD include 
repetitive motor behaviors (such as rocking back and forth), preoccupation with specific 
subjects, strict adherence to certain rituals, and unusual language use. Up to 30 percent 
of patients with ASD develop epilepsy, and patients with some forms of the disorder 
(like Fragile X) also have intellectual disability. Because it is a spectrum disorder, other 
ASD patients are very functional and have good-to-excellent language skills. Many of 
these patients do not feel that they suffer from a disorder and instead think that their 
brains just process information differently. 
Except for some well-characterized, clearly genetic forms of autism (like Fragile X and 
Rett’s Syndrome), the causes of ASD are largely unknown. Variants of several genes 
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correlate with the presence of ASD, but for any given patient, many different mutations 
in different genes may be required for the disease to develop. At a general level, ASD 
is thought to be a disease of “incorrect” wiring. Accordingly, brains of some ASD 
patients lack the same level of synaptic pruning that occurs in non-affected people. In 
the 1990s, a research paper linked autism to a common vaccine given to children. This 
paper was retracted when it was discovered that the author falsified data, and follow-
up studies showed no connection between vaccines and autism.  
Treatment for autism usually combines behavioral therapies and interventions, along 
with medications to treat other disorders common to people with autism (depression, 
anxiety, obsessive compulsive disorder). Although early interventions can help mitigate 
the effects of the disease, there is currently no cure for ASD. 

 
 - Attention Deficit Hyperactivity Disorder (ADHD)  
Approximately three to five percent of children and adults are affected by attention 
deficit/hyperactivity disorder (ADHD). Like ASD, ADHD is more prevalent in males 
than females. Symptoms of the disorder include inattention (lack of focus), executive 
functioning difficulties, impulsivity, and hyperactivity beyond what is characteristic of the 
normal developmental stage. Some patients do not have the hyperactive component of 
symptoms and are diagnosed with a subtype of ADHD: attention deficit disorder (ADD). 
Many people with ADHD also develop secondary disorders in addition to ADHD. 
Examples include depression or obsessive compulsive disorder (OCD).  Table 9.3 
provides some related statistics.  
The cause of ADHD is unknown, although research points to a delay and dysfunction in 
the development of the prefrontal cortex and disturbances in neurotransmission. 
According to studies of twins, the disorder has a strong genetic component. There are 
several candidate genes that may contribute to the disorder, but no definitive links have 
been discovered. Environmental factors, including exposure to certain pesticides, may 
also contribute to the development of ADHD in some patients. Treatment for ADHD 
often involves behavioral therapies and the prescription of stimulant medications, which 
paradoxically cause a calming effect in these patients. 
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Table 9.3 Many people with ADHD have one or more other neurological disorders. (credit 
“chart design and illustration”: modification of work by Leigh Coriale; credit “data”: Drs. 
Biederman and Faraone, Mass General Hospital). 

 
  9.7.2 Mental Illnesses 
 

 
Mental illnesses are nervous system disorders that result in problems with thinking, 
mood, or relating with other people. These disorders are severe enough to affect a 
person’s quality of life and often make it difficult for people to perform the routine tasks 
of daily living. Debilitating mental disorders plague approximately 12.5 million 
Americans (about 1 in 17 people) at an annual cost of more than $300 billion. There 
are several types of mental disorders including schizophrenia, major depression, 
bipolar disorder, anxiety disorders and phobias, post-traumatic stress disorders, and 
obsessive-compulsive disorder (OCD), among others. The American Psychiatric 
Association publishes the Diagnostic and Statistical Manual of Mental Disorders (or 
DSM), which describes the symptoms required for a patient to be diagnosed with a 
particular mental disorder. Each newly released version of the DSM contains different 
symptoms and classifications as scientists learn more about these disorders, their 
causes, and how they relate to each other. A more detailed discussion of two mental 
illnesses—schizophrenia and major depression—is given below. 
 

  -  Schizophrenia  
Schizophrenia is a serious and often debilitating mental illness affecting one percent of 
people in the United States. Symptoms of the disease include the inability to 
differentiate between reality and imagination, inappropriate and unregulated emotional 
responses, difficulty thinking, and problems with social situations. People with 
schizophrenia can suffer from hallucinations and hear voices; they may also suffer from 
delusions. Patients also have so-called “negative” symptoms like a flattened emotional 
state, loss of pleasure, and loss of basic drives. Many schizophrenic patients are 
diagnosed in their late adolescence or early 20s. The development of schizophrenia is 
thought to involve malfunctioning dopaminergic neurons and may also involve problems 
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with glutamate signaling. Treatment for the disease usually requires antipsychotic 
medications that work by blocking dopamine receptors and decreasing dopamine 
neurotransmission in the brain. This decrease in dopamine can cause Parkinson’s 
disease-like symptoms in some patients. While some classes of antipsychotics can be 
quite effective at treating the disease, they are not a cure, and most patients must 
remain medicated for the rest of their lives. 

 
 - Depression 

 

Major depression affects approximately 7 percent of adults in the United States each 
year and is one of the most common mental disorders. To be diagnosed with depressive 
disorder, a person must have experienced a severely depressed mood lasting longer 
than two weeks along with other symptoms including a loss of enjoyment in activities 
that were previously enjoyed, changes in appetite and sleep schedules, difficulty 
concentrating, feelings of worthlessness, and suicidal thoughts. The exact causes of 
major depression are unknown and likely include both genetic and environmental risk 
factors. Treatments for depression include psychotherapy, electroconvulsive therapy, 
deep-brain stimulation, and prescription medications. There are several classes of 
antidepressant medications that work through different mechanisms. For example, 
monoamine oxidase inhibitors (MAO inhibitors) block the enzyme that degrades many 
neurotransmitters (including dopamine, serotonin, norepinephrine), resulting in 
increased neurotransmitter in the synaptic cleft. Selective serotonin reuptake inhibitors 
(SSRIs) block the reuptake of serotonin into the presynaptic neuron. This blockage 
results in an increase in serotonin in the synaptic cleft. Other types of drugs such as 
norepinephrine-dopamine reuptake inhibitors and norepinephrine-serotonin reuptake 
inhibitors are also used to treat depression. 
 

   9.7.3 Other Neurological Disorders 
 

There are several other neurological disorders that cannot be easily placed in the above 
categories. These include chronic pain conditions, cancers of the nervous system, 
epilepsy disorders, and stroke. Epilepsy and stroke are discussed below. 

 
   - Epilepsy  
Estimates suggest that up to three percent of people in the United States will be 
diagnosed with epilepsy in their lifetime. While there are several different types of 
epilepsy, all are characterized by recurrent seizures. Epilepsy itself can be a symptom 
of a brain injury, disease, or other illness. For example, people who have intellectual 
disability or ASD can experience seizures, presumably because the developmental 
wiring malfunctions that caused their disorders also put them at risk for epilepsy. For 
many patients, however, the cause of their epilepsy is never identified and is likely to 
be a combination of genetic and environmental factors. Often, seizures can be 
controlled with anticonvulsant medications. However, for very severe cases, patients 
may undergo brain surgery to remove the brain area where seizures originate. 
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    - Stroke 
A stroke results when blood fails to reach a portion of the brain for a long enough time 
to cause damage.  Without the oxygen supplied by blood flow, neurons in this brain 
region die. This neuronal death can cause many different symptoms—depending on 
the brain area affected— including headache, muscle weakness or paralysis, speech 
disturbances, sensory problems, memory loss, and confusion. Stroke is often caused 
by blood clots and can also be caused by the bursting of a weak blood vessel. Strokes 
are extremely common and are the third most common cause of death in the United 
States. On average one person experiences a stroke every 40 seconds in the United 
States. Approximately 75 percent of strokes occur in people older than 65. Risk factors 
for stroke include high blood pressure, diabetes, high cholesterol, and a family history 
of stroke. Smoking doubles the risk of stroke. Because a stroke is a medical emergency, 
patients with symptoms of a stroke should immediately go to the emergency room, 
where they can receive drugs that will dissolve any clot that may have formed. These 
drugs will not work if the stroke was caused by a burst blood vessel or if the stroke 
occurred more than three hours before arriving at the hospital. Treatment following a 
stroke can include blood pressure medication (to prevent future strokes) and 
(sometimes intense) physical therapy. 

 
 Neurologist 

 
Neurologists are physicians who specialize in disorders of the nervous system. 
They diagnose and treat disorders such as epilepsy, stroke, dementia, nervous 
system injuries, Parkinson’s disease, sleep disorders, and multiple sclerosis. 
Neurologists are medical doctors who have attended college, medical school, 
and completed three to four years of neurology residency. 
When examining a new patient, a neurologist takes a full medical history and 
performs a complete physical exam. The physical exam contains specific tasks 
that are used to determine what areas of the brain, spinal cord, or peripheral 
nervous system may be damaged. For example, to check whether the 
hypoglossal nerve is functioning correctly, the neurologist will ask the patient 
to move his or her tongue in different ways. If the patient does not have full 
control over tongue movements, then the hypoglossal nerve may be 
damaged or there may be a lesion in the brainstem where the cell bodies of 
these neurons reside (or there could be damage to the tongue muscle itself). 
 
Neurologists have other tools besides a physical exam they can use to 
diagnose particular problems in the nervous system. If the patient has had a 
seizure, for example, the neurologist can use electroencephalography (EEG), 
which involves taping electrodes to the scalp to record brain activity, to try to 
determine which brain regions are involved in the seizure. In suspected stroke 
patients, a neurologist can use a computerized tomography (CT) scan, which 
is a type of X-ray, to look for bleeding in the brain or a possible brain tumor. To 
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treat patients with neurological problems, neurologists can prescribe 
medications or refer the patient to a neurosurgeon for surgery. 
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KEY TERMS 
 

action potential change in voltage of a cell membrane in response to a stimulus that results 
in transmission of an electrical signal; unique to neurons and muscle fibers 

 
astrocyte glial cell type of the CNS that provides support for neurons and maintains the blood-
brain barrier 

 
autonomic nervous system (ANS) functional division of the nervous system that is 

responsible for homeostatic reflexes that coordinate control of cardiac and smooth muscle, 
as well as glandular tissue 

 
axon single process of the neuron that carries an electrical signal (action potential) away 

from the cell body toward a target cell 
 

axon hillock tapering of the neuron cell body that gives rise to the axon 
 

axon terminal end of the axon, where there are usually several branches extending toward the 
target cell 

 
brain the large organ of the central nervous system composed of white and gray matter, 

contained within the cranium and continuous with the spinal cord 
 
central nervous system (CNS) anatomical division of the nervous system located within 

the cranial and vertebral cavities, namely the brain and spinal cordcerebral cortex 
outermost layer of gray matter in the brain, where conscious perception takes place 

 
cerebrospinal fluid (CSF) circulatory medium within the CNS that is produced by 

ependymal cells in the choroid plexus filtering the blood 
 

chemical synapse connection between two neurons, or between a neuron and its target, 
where a neurotransmitter diffuses across a very short distance 

 
choroid plexus specialized structure containing ependymal cells that line blood capillaries and 
filter blood to produce 

CSF in the four ventricles of the brain 
 

dendrite one of many branchlike processes that extends from the neuron cell body and 
functions   as a contact for incoming signals (synapses) from other neurons or sensory cells 

 
depolarization change in a cell membrane potential from rest toward zero 

 
ependymal cell glial cell type in the CNS responsible for producing cerebrospinal fluid 

 
ganglion localized collection of neuron cell bodies in the peripheral nervous system 
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glial cell one of the various types of neural tissue cells responsible for maintenance of the 
tissue, and largely responsible for supporting neurons 

 
gray matter regions of the nervous system containing cell bodies of neurons with few or no 

myelinated axons; actually, may be more pink or tan in color, but called gray in contrast 
to white matter 

 
ligand-gated channels another name for an ionotropic receptor for which a neurotransmitter 
is the ligand 

 
lower motor neuron second neuron in the motor command pathway that is directly connected 
to the skeletal muscle 

 
membrane potential distribution of charge across the cell membrane, based on the charges 

of ions 
 

microglia glial cell type in the CNS that serves as the resident component of the immune system 
 

multipolar shape of a neuron that has multiple processes—the axon and two or more dendrites 
 

myelin lipid-rich insulating substance surrounding the axons of many neurons, allowing for 
faster transmission of electrical signals 

 
myelin sheath lipid-rich layer of insulation that surrounds an axon, formed by 
oligodendrocytes in the CNS and 

Schwann cells in the PNS; facilitates the transmission of electrical signals 
 

nerve cord-like bundle of axons located in the peripheral nervous system that transmits 
sensory input and response output to and from the central nervous system 

 
neuron neural tissue cell that is primarily responsible for generating and propagating electrical 

signals into, within, and out of the nervous system 
 

neuropeptide neurotransmitter type that includes protein molecules and shorter chains of 
amino acids 

 
neurotransmitter chemical signal released from a neuron to cause a change in the target cell 

 
node of Ranvier gap between two myelinated regions of an axon, allowing for strengthening 

of the electrical signal as it propagates down the axon 
 

nucleus in the nervous system, a localized collection  of neuron cell bodies that are 
functionally  related; a “center”  of neural function 

 
oligodendrocyte glial cell type in the CNS that provides the myelin insulation for axons in 
tracts 
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peripheral nervous system (PNS) anatomical division of the nervous system that is 
largely outside the cranial and vertebral cavities, namely all parts except the brain and 
spinal cord 

 
precentral gyrus of the frontal cortex region of the cerebral cortex responsible for 

generating motor commands, where the upper motor neuron cell body is located 
 

process in cells, an extension of a cell body; in the case of neurons, this includes the axon and 
dendrites 

 
propagation movement of an action potential along the length of an axon 
 
refractory period time after the initiation of an action potential when another action potential 
cannot be generated 

 
repolarization return of the membrane potential to its normally negative voltage at the end of 
the action potential 

 
resistance property of an axon that relates to the ability of particles to diffuse through the 

cytoplasm; this is inversely proportional to the fiber diameter 
 

response nervous system causes a target tissue (muscle or gland) to produce an event as a 
consequence to stimuli 

 
resting membrane potential the difference in voltage measured   across a cell membrane 

under steady-state conditions, typically -70 mV 
 

saltatory conduction quick propagation of the action potential along a myelinated axon 
owing to voltage-gated Na+ 

channels being present only at the nodes of Ranvier 
 

Schwann cell glial cell type in the PNS that provides the myelin insulation for axons in nerves 
 

sensation nervous system function that receives information from the environment and 
translates it into the electrical signals of nervous tissue 

 
soma in neurons, that portion of the cell that contains the nucleus; the cell body, as opposed 

to the cell processes (axons and dendrites) 
 

somatic nervous system (SNS) functional division of the nervous system that is 
concerned with conscious perception, voluntary movement, and skeletal muscle reflexes 

 
spinal cord organ of the central nervous system found within the vertebral cavity and 

connected with the periphery through spinal nerves; mediates reflex behaviors 
 

stimulus an event in the external or internal environment that registers as activity in a sensory 
neuron 
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synapse narrow junction across which a chemical signal passes from neuron to the next, 

initiating a new electrical signal in the target cell 
 

synaptic cleft small gap between cells in a chemical synapse where neurotransmitter 
diffuses from the presynaptic element to the postsynaptic element 

 
thalamus region of the central nervous system that acts as a relay for sensory pathways 

 
thermoreceptor type of sensory receptor capable of transducing temperature stimuli into 
neural action potentials 

 
threshold membrane voltage at which an action potential is initiated 

 
tract bundle of axons in the central nervous system having the same function and point of origin 
 
upper motor neuron first neuron in the motor command pathway with its cell body in 

the cerebral cortex that synapses on the lower motor neuron in the spinal cord 
 

ventricle central cavity within the brain where CSF is produced and circulates 
 

white matter regions of the nervous system containing mostly myelinated axons, making 
the tissue appear white because of the high lipid content of myelin
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10 l The Endocrine System 
Recall in the previous chapter we discussed that there are two coordinating systems of 
the body, the nervous and the endocrine systems.  The endocrine system is a group of 
organs that release chemical messenger molecules, called hormones, into the blood. 
Unlike the nervous system which helps the body react immediately to change, the 
endocrine system controls changes that happen to the body over longer periods of time, 
which can be minutes, hours, or even years. The two systems work closely together to 
help us respond to our environment. The endocrine system is important in controlling 
metabolism, growth and development, reproduction, and homeostasis.  Hormones plays 
a role in regulating salt and water balance, as well as the balance of glucose, calcium, 
and other nutrients in the blood and other tissues. 

10.1 Organs of the Endocrine System 
The endocrine system is made up of many glands located in different areas of the 
body. Hormones are chemical messenger molecules produced by endocrine cells in one 
part of the body that cause change in cells in another part of the body. 

Figure 10.1  Endocrine Glands  The glands of the endocrine system are the same in males and 
females, except for the testes, which are found only in males, and the ovaries, which are found 
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only in females. Credit: Mariana Ruiz Villarreal [Wikimedia: Lady of Hats] for CK-12 Foundation; 
License: CC BY-NC 3.0 via CK12.org 
 
Hormones are produced and secreted by cells in endocrine glands.  Endocrine 
glands have no ducts to lead the hormones to their proper destination.  Instead, the 
hormones are secreted from the endocrine cells and the hormones usually enter, and 
travel through the blood stream, to reach their destination. The endocrine glands 
throughout the body collectively make up the endocrine system. The major glands of the 
endocrine system are shown in Figure 10.1. Many other organs, including the stomach, 
heart and kidneys, also secrete hormones and are therefore included in the endocrine 
system. 
 
Do not confuse endocrine glands with exocrine glands which secrete into ducts (Figure 
10.2).  These secretions travel through ducts to reach specific locations inside and outside 
the body. For example, sweat glands secrete sweat onto the skin’s surface, and salivary 
glands secrete saliva into the mouth. Some endocrine glands, such as the pancreas, also 
have exocrine functions.  In addition to producing the endocrine hormones, insulin and 
glucagon, that control blood sugar levels, the pancreas also produces exocrine enzymes 
that will travel through a duct to the small intestine where they will digest foods that have 
been eaten. 
 
Figure 10.2 compares exocrine and endocrine gland secretory pathways. 

Figure 10.2 Comparison of Endocrine and Exocrine secretions.  The endocrine cells are 
releasing hormones that will enter the blood stream.  The exocrine secretions are entering a duct 
and will be led to a location.  Credit: modification of Mntrue15 (Own work) [CC BY-SA 4.0 
(http://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons
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10.2 Types of Hormones 
 
The hormones of the human body can be divided into two major groups based on 
chemical structure. Some hormones are derived from amino acids and proteins. Others 
are derived from cholesterol (lipids) that form the steroid hormones. These chemical 
differences affect the way a hormone functions. 
 
Hormones can be classified by their solubility.  Some hormones are soluble in water 
and others in lipids.  Lipid soluble hormones can cross the cell membranes of their target 
cells and directly affect the DNA and protein synthesis.  Examples of lipid soluble 
hormones include aldosterone, cortisol, estrogen and progesterone.  Thyroid hormone 
is also soluble in lipids. 
 
Hormones that are soluble in water cannot cross cell membranes; so they cannot enter 
the cell.  Instead, these water-soluble hormones bind to a receptor on the surface of the 
target cells, which creates a “second messenger” inside of the cell.  This second 
messenger causes changes within the cell, often changing the activity of the cell’s 
proteins.  
 

10.3 Regulation of Hormone Secretion/Role of Feedback Loops 
 
The release of too much (hypersecretion), or too little (hyposecretion) hormone can 
cause health issues.  Under normal conditions, the body maintains homeostasis by 
controlling hormone levels through feedback loops. 

 
Negative feedback loops are the most common way hormone levels are controlled.  
When the level of hormone is low in blood, the hormone will be produced.  As the level 
of hormone rises, that inhibits production of the hormone.  In this way, overproduction 
of hormone is prevented.  As the level of hormone starts to drop once again, the 
inhibition is released, and hormone is once again produced.  An example can be seen 
in Figure 10.3, where glucocorticoid release from the adrenal cortex is inhibited by 
rising levels of glucocorticoids.  Notice that there are two other endocrine glands, and 
two other hormones, involved in this control. (This is explained in greater detail in 
Chapter 1.4.) 
 
Positive feedback loops are less common.  In positive feedback, as the level of 
hormone is increasing, more hormone would be stimulated to be released.  An example 
of this can be seen during childbirth, with the release of oxytocin hormone. The initial 
release of oxytocin begins to signal the uterine muscles to contract, which pushes the 
fetus toward the cervix, causing it to stretch. This, in turn, signals the pituitary gland to 
release more oxytocin, causing labor contractions to intensify.  The release of oxytocin 
ends with the birth of the child. 

Chapter 10ǀ The Endocrine System                    Textbook: Introduction to Human Biology

10.3



 
 
 Figure 10.3 Negative Feedback Loop.  Release of glucocorticoid hormone from the adrenal 
cortex is stimulated by hormones from the hypothalamus and pituitary gland.  This stimulation is 
inhibited when glucocorticoid levels become elevated.    Credit: DRosenbach [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
 

 
Bisphenol A and Endocrine Disruption  
You may have seen bottles labeled “BPA free”.  That refers to the chemical bisphenol A 
(BPA which is used in the manufacturing of hard plastics. Common items that may contain 
BPA include the lining of aluminum cans, plastic food-storage containers, drinking cups, as 
well as baby bottles and “sippy” cups. Other uses of BPA include dental fillings, and the 
lining of water pipes. 

Research suggests that BPA is an endocrine disruptor, meaning that it negatively interferes 
with the endocrine system, particularly during the prenatal and postnatal development 
period. BPA mimics the hormonal effects of estrogens and has the opposite effect—that of 
androgens. The U.S. Food and Drug Administration (FDA) notes that although traditional 
toxicology studies have supported the safety of low levels of exposure to BPA, recent studies 
using novel approaches to test for subtle effects have led to some concern about the 
potential effects of BPA on the brain, behavior, and prostate gland in fetuses, infants, and 
young children. The FDA is currently working to decrease use of BPA in food-related 
materials. Many US companies have voluntarily removed BPA from baby bottles, “sippy” 
cups, and the linings of infant formula cans. Also, most plastic reusable water bottles sold 
today boast that they are “BPA free.”  

The potential harmful effects of BPA have been studied in both animal models and humans 
and include a large variety of health effects, such as developmental delay and disease. For 
example, prenatal exposure to BPA during the first trimester of human pregnancy may be 
associated with wheezing and aggressive behavior during childhood. Adults exposed to 
high levels of BPA may experience altered thyroid signaling and male sexual dysfunction.  
BPA exposure during the prenatal or postnatal period of development in animal models 
has been observed to cause neurological delays, changes in brain structure and function, 
sexual dysfunction, asthma, and increased risk for multiple cancers.  
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Some experts caution that some of these studies may be flawed and that more research needs 
to be done. In the meantime, the FDA recommends that consumers take precautions to limit 
their exposure to BPA. In addition to purchasing foods in packaging free of BPA, consumers 
should avoid carrying or storing foods or liquids in bottles with the recycling code 3 or 7. 
Foods and liquids should not be microwave-heated in any form of plastic. Consumers should 
use paper, glass, or ceramics instead. 

 

10.4 Major Endocrine Gland 
 - 10.4.1  The Pituitary Gland 

                     
Figure 10.4 The Pituitary Gland: The hypothalamus and pituitary gland are located close 
together at the base of the brain. credit: OpenStax College [CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0)] 
The pea-sized pituitary gland, which is not considered part of the brain, is connected to the 
hypothalamus (Figure 10.4).   The hypothalamus is a part of the brain that is also an endocrine 
organ, and is very much involved in the hormones released from the pituitary gland. 
 
The pituitary gland produces many hormones that control other endocrine organs; so it is 
also known as the “master gland”. This important gland is protected by bone which 
surrounds it, and it is composed of two lobes.   
 
  - The Anterior Pituitary 
The anterior lobe produces and secretes several hormones as listed in Table 10.1.  The 
hypothalamus controls the anterior lobe, sending its own hormones (releasing and 
inhibiting hormones) that direct the endocrine activity of the anterior pituitary.  As an 
example, the anterior pituitary releases growth hormone (GH) only when the GH releasing 
hormone arrives from the hypothalamus.  Similarly, there is a GH inhibiting hormone that 
prevents the anterior pituitary from releasing growth hormone. 
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Table 10.1   Anterior Pituitary Hormones and their Effects 

Anterior Pituitary 
Hormone Target Effect(s) 

Adrenocorticotropic hormone 
(ACTH) 

Adrenal 
cortex 

Stimulates release of cortisol 
(glucocorticoid). 

Thyroid-stimulating hormone 
(TSH) 

Thyroid 
gland 

Stimulates the thyroid gland to secrete 
thyroid hormone. 

Growth hormone (GH) Body cells Stimulates bone to lengthen and body cells 
to grow. 

Follicle-stimulating hormone 
(FSH) 

Ovaries, 
testes 

Stimulates the ovaries to develop mature 
eggs; stimulates the testes to produce 
sperm. 

Luteinizing hormone (LH) Ovaries, 
testes 

Stimulates the ovaries and testes to secrete 
sex hormones; stimulates the ovaries to 
release eggs. 

Prolactin (PRL) 
Mammary 
glands 
Testes 

Stimulates mammary glands to produce 
milk.   
In males, it stimulates production of 
testosterone. 

An example of the effects of hyper- or hyposecretion can be seen with growth hormone.  
Hypersecretion in children results in gigantism, while hyposecretion in children results in 
dwarfism (Fig 10.5).   When an adult hypersecretes, their bones cannot lengthen any 
further.  However, their bones can thicken in a condition known as acromegaly (Fig 
10.6). 
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Figure 10.5 .  Effects of Growth Hormone:  (a) hyposecretion  Credit: Mathew Brady [Public 
domain], via Wikimedia and (b) hypersecretion of growth hormone.  The man in the middle is a 
normal height of 6 feet. Credit: Robert Wadlow [Public Domain] via wikimedia 

 

     
Figure 10.6  Acromegaly .  Same woman (a) before and (b) after hypersecretion of growth 
hormone.  Credit: The National Library of Medicine believes this item to be in the public domain.  

  
 - The Posterior Pituitary 
The posterior lobe stores and releases two hormones See Table 10.2 below.  These 
hormones are not produced in the pituitary gland.   Instead, neurons in the hypothalamus 
synthesize these hormones! The hormones then travel down the axons to reach the 
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posterior pituitary, where they are stored until there is a stimulation for them to be released 
into the bloodstream. 

 
Table 10.2   Hormones of the Posterior Pituitary 

Posterior Pituitary Hormone 
(produced in hypothalamus) Target Effect(s) 

Antidiuretic Hormone (ADH) Kidney 
tubules 

Reabsorbs water from the kidney which helps 
elevate blood pressure. Without ADH, too much 
body water is lost into the urine causing the 
condition, diabetes insipidus. 

Oxytocin Uterus 
brain 

Stimulates uterine contractions during birth. 
Causes milk ejection during lactation. 
 
“Trust” hormone, anti-anxiety. 

 

 -10.4.2 The Thyroid Gland 
 

Figure 10.7 The Thyroid Gland.    Located in the neck.  Two lobes are joined by the isthmus.  
credit:   LadyofHats [Public domain], via Wikimedia Commons 
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The thyroid gland is located in the neck and has two lobes that are connected by an 
isthmus.  This gland produces thyroid hormone which has two forms, thyroxine (T4) and 
triiodothyronine (T3).  Thyroid hormone stimulates almost all the cells of the body, 
causing an increase in cellular metabolism.  This hormone is essential for normal 
development of infants.  Without adequate levels of thyroid hormone, infants have 
abnormal development of the nervous system leading to severe retardation, and 
abnormal development of both the skeleton and the muscular system (cretinism, see 
Figure 10.8a). 

 

 
Figure 10.8   Health Conditions Related to the Thyroid Gland (a) cretinism due to insufficient 
thyroid hormone during infancy.  Credit: [CC BY 4.0 
(http://creativecommons.org/licenses/by/4.0)], via Wikimedia Commons (b) Graves Disease with 
classic protruding eyes, credit Jonathan Trobe, M.D. - University of Michigan Kellogg Eye 
Center (The Eyes Have It) [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via 
Wikimedia Commons  (c) Goiter due to iodine deficiency so that normal thyroid hormone cannot 
be produced. Credit: Dr. J.S.Bhandari, India [CC BY-SA 3.0] 
(http://creativecommons.org/licenses/by-sa/3.0) or GFDL (http://www.gnu.org/copyleft/fdl.html)], 
via Wikimedia CC 

 

In adults, hyperthyroidism results in an overly fast metabolism and weight loss.  Severe 
hypersecretion can lead to Graves disease, which has, as one of its symptoms, 
protruding eyes (Figure 10.8 b)  Hypothyroidism leads to myxedema, with a sluggish 
metabolism and weight gain. 

Normal production of thyroid hormone requires iodine.  If there is a deficiency in iodine, 
the thyroid gland enlarges as it tries to produce the hormone. This condition is known as 
goiter (Fig 10.8 c). 

 - 10.4.3  Hormones that Control Blood Calcium Levels 
Calcium is essential for many processes that occur in the cell including nerve and 
muscle functioning as well as clot formation to prevent loss of blood.  Calcium provides 
the mineral hardness of bones and teeth, and is stored in these structures. 
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The thyroid gland, in addition to producing thyroid hormone, also produces calcitonin, a 
hormone that acts to lower blood calcium levels.  The parathyroid hormone, produced 
by the parathyroid gland, works in the opposite direction, raising blood calcium levels, 
as needed. 

 

Much of the hormone control over blood calcium levels involves storing excess calcium 
in the bones, and withdrawing calcium from the bones when levels in the blood drop too 
low.  Hormones also increase blood calcium levels by allowing calcium from the 
intestines to be absorbed into the bloodstream.  This requires vitamin D (calcitriol) to be 
present.  In addition, hormones can control levels of calcium in the blood by regulating 
the kidneys, which can lower blood calcium levels by excreting excess calcium into the 
urine, or can raise calcium levels in the blood by preventing the loss of calcium into the 
urine. 

                                                
Figure 10.9  Thyroid and Parathyroid Glands produce hormones that help regulate blood 
calcium levels. Credit: [Public Domain] National Cancer Institute 

 

 - 10.4.4  The Adrenal Gland 
The adrenal gland is located above the kidney.  It is a combination of two separate 
glands, the adrenal cortex and the adrenal medulla. 

The adrenal cortex is the outer part of this organ, and is the site where three different 
types of steroid hormones are produced (see Figure 10.10).  These are aldosterone, 
cortisol and sex hormones.  Aldosterone helps raise blood pressure by increasing 
sodium levels in the blood.  Cortisol, also known as the “stress hormone”, is a 
glucocorticoid that helps our bodies deal with long term stress.  Release of cortisol is 
stimulated by a hormone produced by the anterior pituitary (ACTH).  Hypersecretion of 
ACTH leads to excess cortisol secretion from the adrenal cortex.  This condition is 
known as Cushing’s Syndrome which includes high blood pressure, muscle wasting, a 
red and rounded face and fat deposition in the abdomen.  Hyposecretion of ACTH leads 
to low cortisol levels, resulting in low blood pressure, increased skin pigmentation and 
fatigue, and can lead to death.  This syndrome is known as Addison’s disease. 
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The adrenal medulla (Figure 10.10) is the inner part of the adrenal gland, and releases 
epinephrine (adrenaline) and norepinephrine (noradrenaline), which is part of the “fight 
or flight” response of the body to a stressful situation. 

 

 
Figure 10.10   The Adrenal Gland is found on the superior aspect of the kidney and is 
composed of two separate glands, the adrenal cortex and the adrenal medulla.  Credit: EEOC 
(cancer.gov) [Public domain], via wikimedia, and By OpenStax College [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 

 

 - 10.4.5 The Endocrine Pancreas and Sugar Balance in the Blood 
The pancreas is located near the stomach. Most of the pancreas is involved in exocrine 
functions, producing and secreting digestive enzymes that travel through ducts to the 
intestines.  The endocrine parts of the pancreas are found in small clusters of cells.  
Each cluster is known as a Pancreatic Islet (Islet of Langerhans), which can be seen in 
Fig 10.11. 

Hormones produced by the endocrine pancreas include insulin and glucagon.  These 
two hormones work together to control the levels of glucose in the blood.  Insulin causes 
excess glucose in the blood to be taken up into the liver, where it is stored as glycogen.  
When blood levels of glucose are too low, glucagon stimulates the liver to break down 
glycogen into glucose, which is then released back into the blood. 
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Fig 10.11 The Pancreas The pancreatic exocrine digestive enzymes travel through the 
pancreatic duct to reach the small intestine. The islets secrete insulin and glucagon. These two 
hormones regulate glucose metabolism in the body. by OpenStax College [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
 
Diabetes is a condition where the body is unable to control the amount of sugar in the 
blood. People with diabetes have high blood sugar, either because their bodies do not 
produce enough insulin, or because their cells do not respond to insulin.  Having too 
much sugar in the blood can damage blood vessels and other cells throughout the body. 
There are two main types of diabetes, type 1 diabetes and type 2 diabetes. Both types 
of diabetes have a genetic component.  Having a family member with diabetes increases 
the risk of developing the disease. 
 
Either type of diabetes can increase the chances of having other health problems. For 
example, people with diabetes are more likely to develop heart disease and kidney 
disease. Type 1 and type 2 diabetes are similar in these ways. However, the two types of 
diabetes have different causes. 
 
Type 1 diabetes makes up about 5-10% of all cases of diabetes in the United States.   
This is caused by the body’s own immune system, attacking the insulin-producing 
pancreatic cells. Type 1 diabetes usually develops in childhood or adolescence.  
Individuals with Type I diabetes require injections of insulin to maintain normal blood 
sugar levels.   
 
Type 2 diabetes occurs when body cells are no longer sensitive to insulin. The pancreas 
may still make insulin, but the cells of the body cannot use it efficiently. Being overweight 
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and having high blood pressure increase the chances of developing type 2 diabetes. Type 
2 diabetes usually develops in adulthood, but it is becoming more common in teens and 
children. 
  
Some cases of type 2 diabetes can be cured with weight loss. However, most people with 
the disease need to take medicine to control their blood sugar. Regular exercise and 
balanced eating can help, and should be a regular part of the treatment for this disease. 
 
The most common symptoms of diabetes include frequent urination (polyuria), feeling 
very thirsty (polydipsia) and feeling very hungry, even though you are eating (polyphagia).  
Other symptoms include extreme fatigue, blurry vision, and cuts or bruises that are slow 
to heal.  
 
Since high levels of glucose in the blood damages small blood vessels, it can lead to 
kidney degeneration, retinal damage in the eye, nerve damage (neuropathies), 
complications with skin and feet, has well as high blood pressure.  Additional medical 
issues include higher risk of heart attack and stroke. 
 
 -10.4.6  The  Pineal Gland 
 
The pineal gland is a tiny endocrine gland found in the brain (Figure 10.12) whose 
functions are not entirely clear. The hormone produced is melatonin, and the amount 
that is produced depends on the level of light. When light stimulates the retinas of the 
eyes it ends up inhibiting the production of melatonin. As a result, blood levels of 
melatonin fall, promoting wakefulness. In contrast, as light levels decline—such as 
during the evening—melatonin production increases, boosting blood levels and causing 
drowsiness. 

 
Fig. 10.12 Pineal Gland  is located in the brain  credit: National Cancer Institute [Public 
Domain] 
 
The secretion of melatonin may influence the body’s circadian rhythms, the dark-light 
fluctuations that affect not only sleepiness and wakefulness, but also appetite and body 
temperature. Interestingly, it is also believed to play a role in inhibiting the onset of 
puberty in children.  
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 -10.4.7 The Thymus 
The thymus is an organ of the immune system found along the upper surface of the 
heart.  It is larger and more active during infancy and early childhood, and begins to 
atrophy as we age. It is an endocrine organ that produces hormones called thymosins 
that helps T lymphocytes mature.  This is important for normal functioning of the immune 
system. 
 

 - 10.4.8 Other Endocrine Organs  
Hormones are produced in almost every part of the body.  The reproductive endocrine 
organs, the testes in the male and the ovaries in the female, will be discussed in greater 
detail in the chapter on the reproductive system.  The endocrine hormones of the 
kidneys will be covered in the urinary chapter.  The endocrine secretion of the heart will 
be discussed in the cardiovascular chapter.    Even bones have been found to produce 
a hormone, but that was only recently discovered.  The major hormones of the body are 
reviewed in Table 10.3. 

 

   10.5  Hormone Interactions 
 
Hormones sometimes work together to accomplish a goal of the body.  For example, 
your height depends on more than just growth hormone.  Thyroid hormone, as well as 
the sex hormones also contribute to your growth.  Hormones working together to 
achieve a goal are known as synergistic hormones. 
Other hormones work in opposite directions, and have antagonistic actions.  For 
example, the control of glucose levels of the blood involves antagonistic hormones, 
insulin, which decreases blood sugar levels, and glucagon, which increases blood sugar 
levels. 

 

Table 10.3  Review of Some Major Endocrine Organs and Hormonal Actions 

Endocrine 
Gland 

Hormones  Effect of the Hormone 

Thyroid Thyroxine (T4), 
triiodothyronine 
(T3) 

Stimulate basal metabolic rate 

Thyroid Calcitonin Reduces blood Ca2+ levels 

Parathyroid Parathyroid 
hormone (PTH) 

Increases blood Ca2+ levels 

Adrenal Aldosterone Increases blood Na+ levels 
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Endocrine 
Gland 

Hormones  Effect of the Hormone 

cortex 

Adrenal 
cortex 

Cortisol 
(glucocorticoids) 

Increase blood glucose levels 

Adrenal 
medulla 

Epinephrine, 
norepinephrine 

Stimulate fight-or-flight response 

Pineal Melatonin Regulates sleep cycles; circadian rhythms 

Pancreas Insulin Reduces blood glucose levels 

Pancreas Glucagon Increases blood glucose levels 

Testes Testosterone Stimulates development of male sex 
characteristics and sperm production 

Ovaries Estrogen and 
progesterone 

Stimulate development of female sex 
characteristics and prepare the body for 
childbirth 

 

            

     Anabolic Steroids  
The endocrine system can be exploited in unethical ways.  One example of this is the 
use of performance enhancing drugs, such as steroids, by professional athletes. 

Anabolic steroids are synthetic versions of the male sex hormone, testosterone. By 
boosting natural levels of this hormone, athletes experience increased muscle mass. Synthetic 
versions of human growth hormone are also used to build muscle mass. 

The use of performance-enhancing drugs is banned by all major collegiate and 
professional sports organizations in the United States because they give an unfair advantage 
to athletes who take them. In addition, the drugs can cause significant and dangerous side 
effects. For example, anabolic steroid use can increase cholesterol levels, raise blood 
pressure, and damage the liver.  It has been implicated in causing damage to the heart, and 
increasing the risk for heart attacks and sudden death.  Steroids can have a feminizing 
effect in males, including shriveled testicles and enlarged breast tissue. In females, their 
use can cause masculinizing effects such as growth of facial hair. In both sexes, their use 
can promote increased aggression (commonly known as “roid-rage”), depression, sleep 
disturbances, severe acne, and infertility.
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Endocrine System: Diabetes Mellitus  
Dysfunction of insulin production and secretion, as well as the target cells’ responsiveness 
to insulin, can lead to a condition called diabetes mellitus. An increasingly common 
disease, diabetes mellitus has been diagnosed in more than 18 million adults in the United 
States, and more than 200,000 children.  It is estimated that up to 7 million more adults 
have the condition but have not been diagnosed. In addition, approximately 79 million 
people in the US are estimated to have pre-diabetes, a condition in which blood glucose 
levels are abnormally high, but not yet high enough to be classified as diabetes. 

There are two main forms of diabetes mellitus.  Type 1 diabetes is an autoimmune disease 
affecting the beta cells of the pancreas. Certain genes are recognized to increase susceptibility.  
The beta cells of people with type 1 diabetes do not produce insulin; thus, synthetic insulin 
must be administered by injection or infusion. This form of diabetes accounts for less than 
five percent of all diabetes cases. 

Type 2 diabetes accounts for approximately 95 percent of all cases. It is acquired, and 
lifestyle factors such as poor diet, inactivity, and the presence of pre-diabetes greatly 
increase a person’s risk. About 80 to 90 percent of people with type 2 diabetes are 
overweight or obese. In type 2 diabetes, cells become resistant to the effects of insulin. In 
response, the pancreas increases its insulin secretion, but over time, the beta cells become 
exhausted. In many cases, type 2 diabetes can be reversed by moderate weight loss, regular 
physical activity, and consumption of a healthy diet; however, if blood glucose levels cannot 
be controlled, the diabetic will eventually require insulin. 

Two of the early manifestations of diabetes are excessive urination and excessive thirst. 
They demonstrate how the out-of-control levels of glucose in the blood affect kidney 
function. The kidneys are responsible for filtering glucose from the blood.  Excessive blood 
glucose draws water into the urine, and as a result the person eliminates an abnormally large 
quantity of sweet urine. The use of body water to dilute the urine leaves the body dehydrated, 
and so the person is unusually and continually thirsty. The person may also experience 
persistent hunger because the body cells are unable to access the glucose in the 
bloodstream. 

Over time, persistently high levels of glucose in the blood injure tissues throughout the 
body, especially those of the blood vessels and nerves. Inflammation and injury of the lining 
of arteries lead to atherosclerosis and an increased risk of heart attack and stroke. Damage 
to the microscopic blood vessels of the kidney impairs kidney function and can lead to kidney 
failure. Damage to blood vessels that serve the eyes can lead to blindness. Blood vessel 
damage also reduces circulation to the limbs, whereas nerve damage leads to a loss of 
sensation, called neuropathy, particularly in the hands and feet. Together, these changes 
increase the risk of injury, infection, and tissue death (necrosis), contributing to a high rate 
of toe, foot, and lower leg amputations in people with diabetes. Uncontrolled diabetes can 
also lead to a dangerous form of metabolic acidosis called ketoacidosis. Deprived of 
glucose, cells increasingly rely on fat stores for fuel. However, in a glucose-deficient state, 
the liver is forced to use an alternative lipid metabolism pathway that results in the increased 
production of ketone bodies (or ketones), which are acidic. The build-up of ketones in the 
blood causes ketoacidosis, which—if left untreated—may lead to a life-threatening “diabetic 
coma.” Together, these complications make diabetes the seventh leading cause of death in 
the United States. 
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Diabetes is diagnosed when lab tests reveal that blood glucose levels are higher than 
normal, a condition called hyperglycemia. The treatment of diabetes depends on the type, 
the severity of the condition, and the ability of the patient to make lifestyle changes. As 
noted earlier, moderate weight loss, regular physical activity, and consumption of a healthful 
diet can reduce blood glucose levels. Some patients with type 2 diabetes may be unable to 
control their disease with these lifestyle changes, and will require medication. Historically, 
the first-line treatment of type 2 diabetes was insulin. Research advances resulted in 
alternative options, including medications that enhance pancreatic function. 

 
Visit this link (http://openstaxcollege.org/l/pancreas1) to view an animation describing 
the location and function of the pancreas. What goes wrong in the function of insulin in 
type 2 diabete
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KEY TERMS 
 

acromegaly disorder in adults. abnormally high levels of GH trigger growth of bones in the 
face, hands, and feet 

 
adenylyl cyclase membrane-bound enzyme that converts ATP to cyclic AMP, creating cAMP, 

as a result of G-protein activation 
 

adrenal cortex outer region of the adrenal glands consisting  of multiple layers of 
epithelial cells and capillary networks that produces mineralocorticoids  and 
glucocorticoids 

 
adrenal glands endocrine glands located at the top of each kidney that are important  for the 

regulation of the stress response, blood pressure and blood volume, water homeostasis, and 
electrolyte  levels 

 
adrenal medulla inner layer of the adrenal glands that plays an important role in the stress 

response by producing epinephrine and norepinephrine 
 

adrenocorticotropic hormone (ACTH) anterior pituitary hormone that stimulates the 
adrenal cortex to secrete corticosteroid hormones (also called corticotropin) 

 
aldosterone hormone  produced and secreted by the adrenal cortex that stimulates sodium 

and fluid retention and increases blood volume and blood pressure 
 

alpha cell pancreatic islet cell type that produces the hormone glucagon 
 

antidiuretic hormone (ADH) hypothalamic hormone that is stored by the posterior 
pituitary and that signals the kidneys to reabsorb water 

 
atrial natriuretic peptide (ANP) peptide hormone produced by the walls of the atria in response 

to high blood pressure, blood volume, or blood sodium that reduces the reabsorption of sodium and 
water in the kidneys and promotes vasodilation 

 
beta cell pancreatic islet cell type that produces the hormone insulin 

 
calcitonin peptide hormone produced and secreted by the parafollicular cells (C cells) of 

the thyroid gland that functions to decrease blood calcium levels 
 

colloid viscous fluid in the central cavity of thyroid follicles, containing the glycoprotein 
thyroglobulin 

 
cortisol glucocorticoid important in gluconeogenesis, the catabolism of glycogen, and down-

regulation of immune system 
 

cyclic adenosine monophosphate (cAMP) second messenger that, in response to adenylyl 
cyclase activation, triggers a phosphorylation cascade 

 
diabetes mellitus condition caused by destruction or dysfunction of the beta cells of the 

pancreas or cellular resistance to insulin that results in abnormally high blood glucose levels 
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endocrine gland tissue or organ that secretes hormones into the blood and lymph without ducts 
such that they may be transported to organs distant from the site of secretion 

endocrine system cells, tissues, and organs that secrete hormones as a primary  or secondary 
function and play an integral role in normal bodily processes 

 
epinephrine primary and most potent catecholamine hormone secreted by the adrenal medulla 

in response to short- term stress; also called adrenaline 
 

erythropoietin (EPO) protein hormone secreted in response to low oxygen levels that 
triggers the bone marrow to produce red blood cells 

 
estrogens predominantly female sex hormones important for the development and growth 

of the female reproductive tract, secondary sex characteristics, female reproductive cycle, 
and maintenance of pregnancy 

 
exocrine system cells, tissues, and organs that secrete substances directly to target tissues via 
glandular ducts 

 
first messenger hormone that binds to a cell membrane hormone  receptor and triggers 

activation of a second messenger system 
 

follicle-stimulating hormone (FSH) anterior pituitary hormone. stimulates production & 
maturation of sex cells 

 
gigantism disorder in children caused when abnormally high levels of GH prompt excessive 
growth 

 
glucagon pancreatic hormone. stimulates catabolism of glycogen to glucose, increasing blood 

glucose levels 
 

glucocorticoids hormones produced by the zona fasciculata of the adrenal cortex that influence 
glucose metabolism 

 
goiter enlargement of the thyroid gland either as a result of iodine deficiency or hyperthyroidism 

 
gonadotropins hormones that regulate the function of the gonads 

 
growth hormone (GH) anterior pituitary hormone that promotes tissue building and 
influences nutrient metabolism (also called somatotropin) 

 
hormone secretion of an endocrine organ that travels via the bloodstream or lymphatics to 

induce a response in target cells or tissues in another part of the body 
 

hormone receptor protein within a cell or on the cell membrane that binds a hormone, 
initiating the cell response 

 
hyperglycemia abnormally high blood glucose levels 

 
hyperparathyroidism disorder caused by overproduction of PTH that results in abnormally 
elevated blood calcium 
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hyperthyroidism clinically abnormal, elevated level of thyroid hormone in the blood; 
characterized by an increased metabolic rate, excess body heat, sweating, diarrhea, weight  
loss, and increased heart rate 

 
hypoparathyroidism disorder caused by underproduction of PTH that results in abnormally 
low blood calcium 

 
hypophyseal portal system network of blood vessels that enables hypothalamic hormones 

to travel into the anterior lobe of the pituitary without entering the systemic circulation 
hypothalamus region of the diencephalon inferior to the thalamus that functions in neural and 
endocrine signaling 

 
hypothyroidism clinically abnormal, low level of thyroid hormone in the blood; characterized 

by low metabolic rate, weight gain, cold extremities, constipation, and reduced mental 
activity 

 
infundibulum stalk containing vasculature and neural tissue that connects the pituitary  gland to 

the hypothalamus (also called the pituitary stalk) 
 

insulin pancreatic hormone that enhances the cellular uptake and utilization of glucose, 
thereby decreasing blood glucose levels 

 
luteinizing hormone (LH) anterior pituitary hormone that triggers ovulation and the 

production of ovarian hormones in females, and the production of testosterone in males 
 

melatonin amino acid–derived hormone that is secreted in response to low light and causes 
drowsiness 
norepinephrine secreted by the adrenal medulla in response to short-term stress; also called 
noradrenaline 

 
oxytocin hypothalamic hormone stored in the posterior pituitary  gland and important in 

stimulating uterine contractions in labor, milk ejection during breastfeeding, and feelings of 
attachment (also produced in males) 

 
pancreas organ with both exocrine and endocrine functions  located posterior to the stomach 

that is important for digestion and the regulation of blood glucose 
 

pancreatic islets specialized clusters of endocrine pancreatic cells; also called islets of 
Langerhans 

 
paracrine chemical signal that elicits a response in neighboring cells; also called paracrine 
factor 

 
parathyroid glands small glands embedded in the posterior thyroid gland.produces 
parathyroid hormone (PTH) 

 
parathyroid hormone (PTH) peptide hormone produced and secreted by the parathyroid 

glands in response to low blood calcium levels 
 

phosphorylation cascade signaling event in which multiple  protein kinases phosphorylate 
the next protein substrate by transferring  a phosphate group from ATP to the protein 
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pineal gland endocrine gland that secretes melatonin,  which  is important in regulating the 
sleep-wake cycle 

 
pituitary dwarfism disorder in children  caused when abnormally low levels of GH result in 
growth retardation 
 
Pituitary gland bean-sized organ suspended from the hypothalamus  that produces, stores, 

and secretes hormones in response to hypothalamic stimulation (also called 
hypophysis) 

progesterone predominantly female sex hormone important in regulating the female 
reproductive cycle and the maintenance of pregnancy 

 
prolactin (PRL) anterior pituitary hormone. causes development of mammary glands and 

production of breast milk 
 

second messenger molecule that initiates  a signaling  cascade in response to hormone 
binding on a cell membrane receptor and activation of a G protein 

 
testosterone steroid hormone secreted by the male testes and important  in the maturation 

of sperm cells, growth and development of the male reproductive system, and the 
development of male secondary sex characteristics 

 
thymosins hormones produced and secreted by the thymus that play an important role 

in the development and differentiation of T cells 
 

thymus organ involved in development and maturation of T-cells. is particularly active during 
infancy and childhood 

 
thyroid gland large endocrine gland responsible for the synthesis of thyroid hormones 

 
thyroid-stimulating hormone (TSH) anterior pituitary hormone that triggers secretion 

of thyroid hormones by the thyroid gland (also called thyrotropin) 
 

thyroxine (also, tetraiodothyronine, T4) amino acid–derived thyroid hormone that is more 
abundant but less potent than 

T3 and often converted to T3 by target cells 
 

triiodothyronine (also, T3) amino acid–derived thyroid hormone that is less abundant but 
more potent than T4 

 
zona fasciculata intermediate region of the adrenal cortex that produce hormones called 
glucocorticoids 

 
zona glomerulosa most superficial region of the adrenal cortex, which produces the 

hormones collectively referred to as mineralocorticoids 
 

zona reticularis deepest region of the adrenal cortex, which produces the steroid sex 
hormones called androgens
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Chapter 11 Cardiovascular System 

11.1 Introduction 

The cardiovascular system is composed of the heart, blood vessels and blood and is 
the first of the organ systems that functions in a developing embryo.   In fact, the heart 
begins to beat only three weeks after conception. 

The cardiovascular system moves nutrients, gases (oxygen, carbon dioxide), hormones 
and waste products to and from your cells.  Blood picks up oxygen in your lungs, nutrients 
in the digestive system, and hormones at the endocrine glands, and distributes each to 
its proper destination.  As blood is circulated throughout your body, oxygen and nutrients 
diffuse into cells.  Waste products, such as carbon dioxide, move from your cells into your 
blood to be delivered to the site in the body where that waste is removed.  

Figure 11.1 The Cardiovascular System The heart pumps blood throughout the body to 
circulate oxygen, hormones and nutrients.   Credit: OpenStax College, Creative Commons 
Attribution License 4.0 license 

The cardiovascular system also plays a role in maintaining body temperature by moving 
warm blood around your body.   The hypothalamus within the brain controls temperature. 
When it senses the temperature is increasing, the hypothalamus messages blood vessels 
in the skin to increase in diameter. Increasing the diameter of the blood vessels increases 
the amount of blood and heat that moves near the skin's surface. The heat is then 
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released from the skin into the environment, which helps you to cool down. When the 
body is too cool, the hypothalamus signals blood vessels to vasoconstrict, preventing loss 
of heat into the environment.   In this way, the cardiovascular system, along with sweat 
glands and muscles, help to maintain temperature homeostasis.  

11.2 The Heart 

                            
Figure 11.2 Human Heart This image of the human heart is a muscular pump that keeps the 
body continually supplied with blood. See Animation Beating Heart for medical animation. 
(credit: Hybrid Medical Animations via Vimeo CC BY-NC-ND) 
 

The heart is a muscular organ in the thoracic cavity that beats approximately 100,000 
times each day and about 35 million times in a year. During an average lifetime, the 
human heart will beat more than 2.5 billion times.     
 

 11.2.1 The Location of the Heart Within the Thoracic Cavity 
 

The heart is located in the mediastinum, the central area within the thoracic cavity, 
between the lungs (Figure 11.3).  It lays on top of the diaphragm, and it is more toward 
the left side of the body.  The base of the heart is superiorly located and it attaches to the 
large blood vessels that enter and leave the heart.  The apex is the pointy inferior portion 
of the heart, and it is located inferiorly, pointing toward the left side of the body. 
 
The heart is protected by the sternum anteriorly, the vertebrae posteriorly, and the ribs 
that surround it.  There is also a protective, connective tissue covering, known as the 
pericardial sac, that surrounds the heart.  
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Figure 11.3 Position of the Heart in the Thorax  The heart is located within the thoracic 
cavity, medially between the lungs in the mediastinum. It is about the size of a fist, is broad at 
the top, and tapers toward the base. .Credit: OpenStax College. CC Attribution License 
4.0 license 

 11.2.2  The Pericardium 
The pericardium is a serous membrane that surrounds the heart.  It is a double walled 
cup, with the inner layer, the visceral pericardium, directly laying over the surface of 
the heart.  The outer layer is the parietal pericardium. Between the visceral and 
parietal layers is the pericardial cavity where there is a small amount of serous fluid.  
As the heart beats, it pushes into that fluid, preventing friction from the heart 
movements, so that the heart will not “wear out”.   
 

                     
Figure 11.4  The Pericardium The visceral layer lies directly on the heart.  The parietal layer is 
separated from the visceral layer by a pericardial cavity containing serous fluid.  By Connexions 
[CC BY 3.0 (http://creativecommons.org/licenses/by/3.0) via Wikimedia Commons 
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 11.2.3 Flow of Blood Through the Heart 
Within the heart are four chambers.  There are two atria that receive blood from veins.  
There are two ventricles that pump blood into arteries.  The right and left sides of the 
heart behave as two separate pumps (Figure 11.5a).   

 

 
Figure 11.5 a) Interior View of the Heart.  Atria and ventricles are visible. The right and left 
heart are separated by a septum, Wapcaplet [CC BY-SA 3.0 
(http://creativecommons.org/licenses/by-sa/3.0/) via wikimedia, b) The Double Circulatory 
System. Blood in one circuit has to go through the heart to enter the other circuit. The heart-to-
lungs-to-heart portion is the pulmonary circulation, and the heart-to-body-to-heart portion is the 
systemic circulation. Credit: Joshuajohnlee at en.wikipedia [Public domain]; License: CC BY-NC 
3.0  via Wikimedia. 
 
The right side of the heart pumps deoxygenated blood into the pulmonary circulation, 
and the left side pumps oxygenated blood into the systemic circulation. Blood in one 
circuit has to go through the heart to enter the other circuit, and these two separate loops 
are indicated by the arrows in Figure 11.5b. 
   
The right side of the heart collects oxygen-poor blood from the body and pumps this 
deoxygenated blood into pulmonary arteries that lead to the lungs. In the lungs, carbon 
dioxide is released and oxygen enters the blood.  This oxygenated blood enters the veins 
and is carried back to the left side of the heart. 
   
The left side of the heart pumps the oxygen-rich blood into systemic arteries carrying 
oxygen out to all the body cells. The oxygen is taken up by the cells, and the 
deoxygenated blood then enters the veins and is returned to the right side of the heart; 
and the circuit begins again. 
   
Note that the definition of an artery is that it carries blood away from the heart, out to the 
body cells.  Veins return blood from the cells back to the heart.  Most arteries carry 
oxygenated blood, and most veins carry deoxygenated blood, but in the pulmonary circuit, 
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to the lungs and back, this is reversed, with the pulmonary artery carrying deoxygenated 
blood.  
 
In the pulmonary circuit, deoxygenated blood from the upper and lower parts of the body 
enters, respectively, the superior vena cava, and inferior vena cava (Figure 11.6b).  
This deoxygenated blood enters the right atrium, which then flows through the tricuspid 
valve into the right ventricle.  This blood is then pumped into the pulmonary arteries 
that carry blood to the lungs.  Once oxygenated, the blood continues in the pulmonary 
veins back to the heart, specifically to the left atrium. 

Figure 11.6 The Heart has Two Circuits  (a) The pulmonary circuit carries deoxygenated blood 
from the right side of the heart to the lungs, and the oxygenated blood is returned to the left atrium.  
(b) The systemic circuit pumps oxygenated blood out to all body cells, and the deoxygenated 
blood returns to the heart into the right atrium. Credit: a and b: Mariana Ruiz Villarreal 
(LadyofHats) for CK-12 Foundation; Source: CK-12 Foundation; License: CC BY-NC 3.0 

 

In the systemic circuit, oxygenated blood travels from the left atrium to the left 
ventricle.  It is then pumped into the aorta, the largest artery of the body, and is carried 
out to all the cells of the body.  After the oxygen is dropped off, the deoxygenated blood 
enters the superior and inferior vena cavae and travels back to the right atrium. 
 
Substances enter and leave the blood through the smallest of blood vessels, known as 
the capillaries.   Arteries branch, becoming smaller and smaller, until they reach the size 
of capillaries.  There are capillaries in the lungs where oxygen enters the blood, and where 
carbon dioxide is dropped off.  There are also capillaries that surround all body cells where 
the reverse process occurs; carbon dioxide enters the blood and the oxygen is dropped 
off.   
 

Chapter 11ǀ The Cardiovascular System            Textbook: Introduction to Human Biology

11.5

https://www.ck12.org/flx/show/THUMB_POSTCARD/image/user%3Ack12science/201511261448564131564407_7eeea4b66757621dd494de59afcd69b5-201511261448564714107600.png
https://www.ck12.org/flx/show/THUMB_POSTCARD/image/user%3Ack12science/201511261448564131592573_27989351f46897264d8a12d47bf53d1f-201511261448564714220273.png
http://creativecommons.org/licenses/by-nc/3.0/


Follow the path of blood as it circulates through the pulmonary and systemic circuits (Fig 
11.7). 
 

 
Figure 11.7 Dual System of the Human Blood Circulation  Blood flows from the right atrium 
to the right ventricle, where it is pumped into the pulmonary circuit. The blood in the pulmonary 
artery and its branches is low in oxygen but relatively high in carbon dioxide. Gas exchange 
occurs in the pulmonary capillaries (oxygen into the blood, carbon dioxide out), and blood high 
in oxygen and low in carbon dioxide is returned to the left atrium. From here, blood enters the 
left ventricle, which pumps it into the systemic circuit. Following exchange in the systemic 
capillaries (oxygen and nutrients out of the capillaries and carbon dioxide and wastes in), blood 
returns to the right atrium and the cycle is repeated.  Credit: modification of OpenStax College, 
Creative Commons Attribution License 4.0 license 
 

 11.2.4  Heart Valves 
Within the heart there are two sets of valves that prevent the backflow of blood.  One set 
of valves is located between the atria and ventricles.  On the left side, this valve is known 
as the bicuspid, or mitral valve.  On the right side this valve is known as the tricuspid 
valve.  
 

1. right ventricle 
2. pulmonary artery 
3. capillaries of the lungs 
4. pulmonary veins 
5. left atrium 
6. left ventricle 
7. aorta 
8. capillaries of the upper 

body 
9. capillaries of the lower 

body 
10. superior vena cava 
11. inferior vena cava 
12. right atrium 
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There are also valves between the ventricles and the arteries that receive the blood.  
These are known as semilunar valves.  On the left side, blood flows from the left 
ventricle, through the aortic semilunar valve into the aorta.  On the right side, blood 
flows from the right ventricle, through the pulmonary semilunar valve into the pulmonary 
artery.  These valves can be seen in Figure 11.8. 
 

Figure 11.8  Heart Valves The top images are viewed when the atria are removed.  The view is 
looking down at the atrioventricular valves.  Below that are the ventricles.   Also visible are the 
semilunar valves (the pulmonary and aortic valves) (a) the atrio-ventricular valves are closed, 
and the semilunar valves are open.  (b) the semilunar valves are closed and the atrio-ventricular 
valves are open.  Credit: OpenStax College. Creative Commons Attribution License 4.0 license. 
 
 
 11.2.5  The Cardiac Cycle 
The cardiac cycle is a single heartbeat which typically lasts for less than one second.  
During this cycle, the atria contract and relax and then the ventricles contract and relax.   
The word systole refers to contraction, and the word diastole refers to relaxation.  During 
diastole, the heart chamber fills with blood, while during systole, the chamber ejects 
blood.  
  
Both atria contract and relax simultaneously.  Similarly, both ventricles contract and relax 
at the same time.  Atria and ventricles do not contract at the same time.  There is a 
sequence of contractions, atria then ventricles, then atria, etc. One round of atrial and 
ventricular systole and diastole is one cardiac cycle. 
 
During the cardiac cycle, the valves open and close.  When valves close, they create a 
sound which can be heard with a stethoscope.  The first heart sound (“lubb”) occurs when 
AV valves snap shut.  The second heart sound (“dupp”) results from the snapping shut of 
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the semilunar valves.  A heart murmur is a sound that occurs when a valve does not 
completely close. 
 

A Deeper Look –  Steps of the Cardiac Cycle 

 
 

Figure 11.9 The Cardiac Cycle   Stages of contraction and relaxation of the 
heart chambers, and the opening and closing of valves. Credit: OpenStax 
[CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia 
Commons  
 
Steps of the Cardiac Cycle 

a. Begin with the atria and ventricles in diastole (rest).   
b. Contraction begins with atrial systole which forces blood into the ventricles.  AV 

valves must be open at this time. 
c. When the atria relax, ventricular systole begins causing the AV valves to snap 

shut. 
d. Contraction strength increases, eventually forcing open the semilunar valves, 

causing the blood to be ejected into the arteries (aorta and pulmonary trunk). 
e.  As the ventricles begin to relax, the pressure in the arteries becomes greater 

than the pressure in the ventricles and blood begins to backflow, causing the 
closure of the semilunar valves. 

f. The ventricles continue to relax and when pressure in the ventricles drop below 
the pressure in the atria, the av valves open once again allowing blood to drain 
into the ventricles. 
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  11.2.6  The Conducting System of the Heart 
Some of the cardiac muscle in the heart is specialized to carry messages, telling the heart 
when to contract, and setting the cardiac rhythm.    Nerves are not necessary to generate 
a heartbeat since the heart can beat on its own.  In fact, nerves do come to the heart, but 
the nerves are there to regulate the speed of contraction, either speeding up or slowing 
down heart rate. 
 
The pattern of the heartbeat is set by the SA node (sinoatrial node), which is also known 
as the pacemaker.   The SA node initiates contraction which causes a wave of 
depolarization to travel along a pathway through the heart.  This results in alternating 
contractions of the atria and then the ventricles. 
 
           A Deeper Look – 
                         The Cardiac Conducting System 

                           
Figure 11.10  The Cardiac Conducting System. This shows the path that 
electrical impulses travel through the heart, causing the rhythmic beating.  By 
Madhero88 (Own work) [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
 
The pathway of the conducting system is the SA node, to the AV node, which 
causes the atrial muscle to contract.  From the AV node, the message travels 
to the AV bundle of His.  From there the message to contract travels down the 
right and left bundle branches to the Purkinje fibers. Finally, the Purkinje fibers 
contact the working cells of the heart, causing ventricular contraction.   
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 11.2.7   The ElectroCardioGram (ECG) 
 
The ECG, also known as the EKG, is a device, known as an electrocardiograph, that 
measures electrical current coming from your heart.    Each wave of the ECG has 
meaning.  The P wave represents the current coming from the depolarization of the atrial 
muscle cells.  The QRS wave represents the current coming from the depolarization of 
the ventricles.    The T wave is caused by the repolarization of the ventricles.  
Cardiologists use ECGs to gain a lot of information about the heart.  The height of each 
wave, and the distance between waves, all inform the cardiologist about the health of the 
heart. 

               
Figure 11.11   Electrocardiogram A normal tracing shows the P wave, QRS complex, and T 
wave. Also indicated are the PR, QT, QRS, and ST intervals, plus the P-R and S-T segments.  
Credit: OpenStax College, Creative Commons Attribution License 4.0 license 

 

 11.2.8   Cardiac Output 
 
The amount of blood the ventricle pumps out each minute is an important measurement, 
known as the cardiac output (CO).  That is calculated by multiplying the heart rate (HR) 
times the stroke volume (SV).  The heart rate is the number of heartbeats each minute, 
while the stroke volume is how much blood is pumped out of the ventricle with each 
heartbeat.  For example, a patient’s stroke volume is measured, and it is found that 50 ml 
of blood is ejected each time the heart beats.  The patient’s heart rate is 100 times each 
minute.  That means that each minute 100 X 50 ml of blood is pumped out of the ventricle.  
The cardiac output is:  
 
  SV  X  HR  =  CO 
  50  X  100 = 5000 milliliters/minute = 5 liters/minute 
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According to Frank-Starlings’s Law of the Heart, the more blood that fills and stretches 
the ventricle, the stronger the contraction of the ventricle, and the more blood that will be 
pumped out (the greater the cardiac output). 
 

 11.2.9  Autonomic Innervation to the Heart 
 
As mentioned earlier, the heart contracts without the nervous system, but there are 
nerves coming to the heart to help regulate the rate the heart contracts.  
Parasympathetic innervation through the vagus nerve slows down heart rate.  In fact, 
our resting heart rate requires the slowing effects of the parasympathetic nerves, since 
without any innervation, our heart beats faster than resting level.  The sympathetic 
nervous system, through the effect of epinephrine and norepinephrine, speeds up 
heart rate. 
 

 
 

CPR  
 The position of the heart in the torso between the vertebrae and sternum (see Figure 19.2 
for the position of the heart within the thorax) allows for individuals to apply an emergency 
technique known as cardiopulmonary resuscitation (CPR) if the heart of a patient should 
stop. By applying pressure with the flat portion of one hand on the sternum in the area 
between the line at T4 and T9 (Figure 19.3), it is possible to manually compress the blood 
within the heart enough to push some of the blood within it into the pulmonary and systemic 
circuits. This is particularly critical for the brain, as irreversible damage and death of neurons 
occur within minutes of loss of blood flow. Current standards call for compression of the chest 
at least 5 cm deep and at a rate of 100 compressions per minute, a rate equal to the beat in 
“Staying Alive,” recorded in 1977 by the Bee Gees. If you are unfamiliar with this song, a 
version is available on www.youtube.com. At this stage, the emphasis is on performing high-
quality chest compressions, rather than providing artificial respiration. CPR is generally 
performed until the patient regains spontaneous contraction or is declared dead by an 
experienced healthcare professional. 
 
 When performed by untrained or overzealous individuals, CPR can result in broken ribs 
or a broken sternum, and can inflict additional severe damage on the patient. It is also 
possible, if the hands are placed too low on the sternum, to manually drive the xiphoid 
process into the liver, a consequence that may prove fatal for the patient. Proper training is 
essential. This proven life-sustaining technique is so valuable that virtually all medical 
personnel as well as concerned members of the public should be certified and routinely 
recertified in its application.  CPR courses are offered at a variety of locations, including 
colleges, hospitals, the American Red Cross, and some commercial companies. They 
normally include practice of the compression technique on a mannequin.                   
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Figure 11.12  CPR Technique If the heart should stop, CPR can maintain the flow 
of blood until the heart resumes beating. By applying pressure to the sternum, the 
blood within the heart will be squeezed out of the heart and into the circulation. 
Proper positioning of the hands on the sternum to perform CPR would be between 
the lines at T4 and T9.  Credit: By OpenStax College [CC BY 3.0  
(https://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
 

 
 11.2.10    Coronary Circulation 
The heart is formed of cardiac muscle tissue, which is the most active muscle of our body 
since it is continuously beating throughout our lifetime.  This means the heart muscle 
requires a lot of oxygen to produce the ATP it needs to keep contracting. The coronary 
circulation is the system of arteries and veins that help nourish the cardiac muscle.  
When oxygenated blood flows into the aorta from the left ventricle, there are immediate 
arterial branches that come off the aorta, bringing oxygen-rich blood to the cardiac muscle 
cells.  These branches are known as the right and left coronary arteries.   One 
particularly important branch of the left coronary artery is the Left Anterior Descending 
artery (LAD).  The LAD nourishes the wall structure of the left ventricle which has a large 
amount of cardiac muscle that is needed to push blood to circulate throughout the body.  
If the LAD is blocked, it can lead to a fatal heart attack.  In fact, another name for the LAD 
is the “widowmaker”. 
 
Any blockage of the coronary arteries or its branches will lead to a lack of oxygen to those 
cardiac muscle cells nourished by that blood vessel.  This is known as a myocardial 
infarction (MI), or heart attack. 
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Figure 11.13   Coronary Circulation  Anterior view . Prominent coronary surface vessels are 
shown. Credit: modification of OpenStax College, Creative Commons Attribution License 
4.0 license 

 

Visit the American Heart Association website (http://openstaxcollege.org/l/AHA)  to help locate a 
course near your home in the United States. There are also many other national and regional heart 
associations that offer the same service, depending upon the location. 

 

 11.2.11    Congenital Heart Defects 
A congenital heart defect is a problem with the structure of the heart that is present at 
birth. Most heart defects either obstruct blood flow in the heart or vessels near it or cause 
blood to flow through the heart in an abnormal pattern, although other defects affecting 
heart rhythm can also occur. Congenital heart defects are the most common type of birth 
defect. They affect 8 out of every 1,000 newborns. Each year, more than 35,000 babies 
in the United States are born with congenital heart defects.  
 
Treatment for a defect can include medicines, surgery, and other medical procedures and 
heart transplants. The treatment depends on the type and severity of the defect as well 
as the child's age, size, and general health. Also, certain mild defects that some children 
are born with are repaired over time by the body.
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 11.2.12    Coronary Artery Disease 
Cardiac muscle cells are fed by the coronary arteries. Blocked flow in a coronary artery 
can result in oxygen starvation and death of heart muscle tissue. Coronary heart 
disease results from the buildup of plaque within the walls of the coronary arteries.  Most 
individuals with coronary heart disease have no symptoms for many years until the first 
sign, often a heart attack, happens. 
 
A symptom of coronary heart disease is chest pain. Occasional chest pain, called angina 
pectoralis (or angina), can happen during times of stress or physical exertion. The pain 
of angina means the heart muscle fibers need more oxygen than they are getting. 
 
A heart attack, also called a myocardial infarction (MI), occurs when the blood supply 
to a part of the heart is blocked, as shown in Figure 11.14 and 11.15. A heart attack can 
occur from the buildup and blockage of a coronary artery by plaque, or it can be caused 
by a small piece of plaque that breaks off a larger plaque buildup. This piece of free-
floating plaque, called an embolus, travels through blood vessels until it enters a vessel 
too small for it to pass through.  When it gets stuck in the smaller vessel, it causes a 
blockage or embolism. Cardiac muscle fibers that are starved of oxygen for more than 
five minutes will die.  Since cardiac muscle cells do not undergo mitosis, the remaining 
healthy cardiac cells are not capable of replacing dead or damaged cardiac muscle cells.  
The dead region of the heart muscle becomes scar tissue. Coronary heart disease is the 
leading cause of death among adults in the United States. 

                                              
Figure 11.14  A Myocardial Infarction (MI) A myocardial diagram of a heart attack (myocardial 
infarction). The blood supply to the lower part of the heart is stopped after a blockage of the 
lower portion of the left coronary artery (LCA) Credit: J. Heuser;; License: CC BY-NC 3.0 , ck12, 
via wikimedia 
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Heart: Coronary Artery Disease  
Coronary artery disease is the leading cause of death worldwide.  It occurs when the buildup 
of plaque—a fatty material including cholesterol—within the walls of the arteries 
obstructs the flow of blood and decreases the flexibility of the vessels. This condition is 
called atherosclerosis, a hardening of the arteries that involves the accumulation of 
plaque. As the coronary blood vessels become blocked, the flow of blood to the tissues 
will be restricted, a condition called ischemia that causes the cells to receive insufficient 
amounts of oxygen, called hypoxia.  Figure 11.15 shows the blockage of coronary 
arteries highlighted by the injection of dye. Some individuals with coronary artery disease 
report pain radiating from the chest called angina pectoris, but others remain 
asymptomatic. If untreated, coronary artery disease can lead to MI (myocardial infarction; 
heart attack). The disease progresses slowly and often begins in children and can be 
seen as fatty “streaks” in the vessels. It then gradually progresses throughout life. 
 

                  
Figure 11.15 Atherosclerotic Coronary Arteries In this coronary angiogram (X-
ray), the dye makes visible two occluded coronary arteries. Such blockages can 
lead to decreased blood flow (ischemia) and insufficient oxygen (hypoxia) 
delivered to the cardiac tissues. If uncorrected, this can lead to cardiac muscle 
death. Credit: Maria A Pantaleo, Anna Mandrioli, Maristella Saponara, 
Margherita Nannini, Giovanna Erente, Cristian Lolli and Guido Biasco : 
Development of coronary artery stenosis in a patient with metastatic renal cell 
carcinoma treated with sorafenib. BMC Cancer, 2012, 12:231 doi:10.1186/1471-
2407-12-231Published: 11 June 2012 [CC BY 2.0 
(https://creativecommons.org/licenses/by/2.0)] from Wikimedia Commons 
 
 
Risk factors for Coronary Artery Disease include smoking, family history, hypertension, 
obesity, diabetes, high alcohol consumption, lack of exercise, stress, and high circulating 
levels of lipids in the blood. Treatments include medication, changes to diet and exercise, 
angioplasty with a balloon catheter, insertion of a stent, or coronary bypass procedure. 
 
Angioplasty is a procedure in which the blockage is mechanically widened with a balloon.  
A specialized catheter with an expandable tip is inserted into a vessel, normally in the leg, 
and then directed to the site of the occlusion. At this point, the balloon is inflated to 
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compress the plaque and to open the vessel to increase blood flow. Then, the balloon is 
deflated and retracted. A stent consisting of a specialized mesh is typically inserted at the 
site of occlusion to reinforce the weakened vessel walls.  
 
Coronary bypass surgery is a surgical procedure tha t  grafts a replacement vessel 
obtained from another area of the body to bypass the occluded area.
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11.3  The Blood Vessels 

                           
Figure 11.16 Blood Vessels   While most blood vessels are located deep from the surface 
and are not visible, the superficial veins of the upper limb provide an indication of the extent, 
prominence, and importance of these structures to the body. (credit: Colin Davis via Openstax 
CC) 

 

Like a railroad transportation network, the job of the blood vessels is to allow the transport 
of blood and many materials from one place to another. Transport of hormones, oxygen, 
cellular wastes, and nutrients from digested food is necessary to maintain homeostasis 
of the body.  
 
The system of blood vessels is a closed circulatory system, meaning the blood remains 
within the blood vessels and circulates continuously around a circuit.   

 
Figure 11.17 Closed Circulatory System   Blood circulates around the body through a system 
of blood vessels.  For the systemic circuit, blood flows from the left ventricle into the arteries to 
arterioles to systemic capillaries, and then back to the heart through venules that combine to form 
veins. Credit: Gccwang [CC BY-SA 4.0 (http://creativecommons.org/licenses/by-sa/4.0)], via 
Wikimedia Commons 
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Arteries carry blood away from the heart and have muscle in their wall structure.  As 
arteries branch they become smaller and smaller until they reach the size of microscopic 
arterioles.   
 
Arterioles control blood pressure through vasoconstriction and vasodilation.  
Vasoconstriction occurs when muscle in the blood vessel wall contracts. This causes a 
decrease in the diameter of the arteriole, which results in a higher blood pressure. 
Vasodilation occurs when the muscle relaxes.  This results in the widening of the blood 
vessel, causing blood pressure to decrease. Arterioles continue to branch to form the 
tiniest blood vessels, the capillaries, where all exchange occurs between the blood and 
the interstitial fluid outside of the blood vessels.   
   
Capillaries rejoin to form microscopic venules   which continue to join together, forming 
larger and larger veins.  Both veins and venules carry blood back towards the heart.  Most 
veins in the body carry deoxygenated blood from the tissues back to the heart. 
 
All blood vessels, except capillaries, have a three-layered wall structure.  The innermost 
layer of the wall is a simple squamous epithelium (thin cells, only one layer of cells).  This 
is known as the endothelium, and is the layer directly in contact with the blood.   
Endothelial cells have an important role in blood vessels, helping blood to flow smoothly 
along its length.  Endothelium lines the entire circulatory system from the heart (where it 
is called endocardium) to the smallest capillary.  Capillaries, the smallest blood vessels, 
are only made up of this one layer of cells.  The other blood vessels (arteries, arterioles, 
venules and veins) all have three layers in their wall structure. 
 

 
Figure 11.18 Various Blood Vessels and their Structure There is a three layered wall 
structure of arteries and veins, while there is only one layer, the endothelium, forming the wall of 
the capillary. Credit: Kelvinsong - CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=25165240 
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 11.3.1 Arteries and Arterioles 
The arteries carry blood away from the heart.  They have thick walls with three layers: 
an inner endothelial layer, a middle layer of smooth muscle, and an outer layer of 
stretchy connective tissue (mostly collagen).   

 
The aorta is the largest artery in the body. It receives blood directly from the left ventricle 
of the heart through the aortic valve. It is an elastic artery, so that when the left ventricle 
contracts and forces blood into the aorta, it causes it to stretch.   When the heart is at 
rest, the elastic force helps return the arteries to its normal size, and in that process, the 
arteries push on the blood helping to keep the blood moving which helps to maintain blood 
pressure. 
 
The aorta branches into smaller arteries, and these arteries branch in turn, becoming 
smaller in diameter, eventually becoming microscopic arterioles. The arterioles divide into 
capillaries that carry oxygen and nutrients to the body’s cells and tissues. 
 
An arteriole is a small-diameter blood vessel that branches out from an artery and leads 
to capillaries. Arterioles have thin, muscular walls, composed of one or two layers of 
smooth muscle, and are the primary site of vascular resistance. Vascular resistance is 
the resistance to flow that blood must overcome to be pumped through the circulatory 
system.  Increasing vascular resistance is one way your body can increase blood 
pressure.    
                  
When plaque forms on the inner wall of a blood vessel, it causes the blood vessel to 
narrow.  In order for the heart to push blood through the narrowed vessel, it must 
contract harder, causing an increased blood pressure.  This narrowing due to plaque is 
known as atherosclerosis. 

 
 
Figure 11.19 Effect of Vasoconstriction on Blood Flow in Arterioles. (a) Normal and 
narrowed blood vessels when smooth muscle in the wall of a blood vessel contracts, or if (b) an 
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atherosclerotic plaque develops, it creates a higher blood pressure.  Credit: Manu5 [CC BY-SA 
4.0 (https://creativecommons.org/licenses/by-sa/4.0)]via Wikimedia Commons    
 11.3.2 Capillaries 
Capillaries are the smallest of a body's blood vessels; usually just large enough for a red 
blood cell to flow through. Capillaries form from arterioles, and then recombine to form 
venules and they are important for the exchange of oxygen, carbon dioxide, and other 
substances between blood and body cells. 
 
The walls of capillaries are made of only a single layer of endothelial cells. This layer is 
so thin that molecules such as oxygen, water and lipids easily pass through them by 
diffusion and enter the body tissues. Waste products, such as carbon dioxide and urea, 
can diffuse back into the blood to be carried away for removal from the body.   A capillary 
bed is the network of capillaries supplying an organ. The more metabolically active a 
tissue or organ is, the more capillaries it needs to get nutrients and oxygen. 

 
Figure 11.20 Capillary Beds connect arterioles to venules.  The capillary beds surround body 
cells, and substances enter and leave the capillaries to nourish these cells.  Precapillary 
sphincters control entry of blood into the capillaries.  Capillary beds are only open when the 
cells require oxygen/nutrients. Credit: OpenStax College [CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0)] 

 
There are so many capillary beds in our body, that if they were all open at the same time, 
all the blood in our body would only be in capillaries.   Only those capillary beds in areas 
of the body that need oxygen will be open.  For example, when you are running, the 
capillary beds to your leg muscles must be open to deliver oxygen and nutrients to your 
muscles.   Meanwhile, the capillary beds in your digestive tract will be closed.  When you 
are resting and having a meal, the capillary beds in your digestive tract will open, but the 
capillary beds going to your leg muscles will be closed.  There are tiny sphincter muscles 
(pre-capillary sphincters) that close off the entrance into capillary beds. 
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For capillaries to function, their walls must be leaky, allowing substances to pass through. 
There are different types of capillaries, some being more “leaky.”  Leaky capillaries have 
pores, known as fenestrations.  Leaky capillaries are helpful for substances to quickly 
enter or leave the capillaries.   Extremely leaky capillaries called sinusoids, as found in 
the liver, have large areas of the membrane missing so large substances, like proteins, 
can quickly enter or leave these capillaries. (Figure 11.21). 

       
Figure 11.21 Types of Capillaries Some are leakier than others. Credit; By OpenStax 
College [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia 
Commons 

 
The hydrostatic pressure that is in the blood vessels pushes a lot of fluid and substances 
through the wall of the capillary.  This filtration primarily occurs as soon as the blood 
enters the capillaries from the arterioles.  Typically, proteins can’t escape the capillaries 
since they are too large to fit through the slits and pores.  The loss of fluid, while retaining 
proteins within the capillaries, causes an increased osmotic pressure, which “pulls” water 
back into the blood vessel.  This reabsorption helps return water to the blood vessels, 
which is necessary, since so much water was lost from the blood when the hydrostatic 
pressure forced it out. 
 

               
Figure 11.22 Fluid and substances leave capillaries, and then water is returned because off 
osmotic pressure. Credit; OpenStax College [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
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Figure 11.23 Edema swollen belly in a child suffering from malnutrition credit: Dr. Lyle Conrad 
[Public domain], via Wikimedia Commons 
 
The osmotic pressure that brings fluid back into the capillaries is primarily due to the 
protein, albumin.  In situations where there is malnutrition, there is not enough protein in 
the diet, so albumin cannot be produced.  This results in too much fluid leaving the 
capillaries and not being able to return.  The fluid accumulates in the body tissues, so 
there is swelling known as edema. 
 11.3.3   Veins and Venules 
Capillaries join to form venules.  Venules continue to merge forming larger and larger 
vessels.  These larger vessels are veins.   Most veins return deoxygenated blood to the 
heart.  The wall structure of veins and venules are thinner than that found in arteries and 
arterioles. 
 
The pressure is lower in veins; so there are one-way valves, shown in Figure 
11.24 below, that prevent blood from flowing backward and pooling in the legs, feet, arms, 
or hands due to the pull of gravity. 

                           
Figure 11.24 Valves Valves found in veins prevent the blood from flowing backward and 
pooling in the lowest parts of the body such as the legs and feet.  Credit: via ck12.org 
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Another mechanism that helps blood to flow up the legs, against gravity, is that the 
muscles constrict, squeezing the veins, and forcing the fluid to move upward. 
 
 

                        
Figure 11.25 Moving Blood back to the Heart  Muscular contraction squeezes blood 
vessels, forcing blood back up towards the heart, against gravity.    Credit: OpenStax College 
[CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons
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 11.3.4 Major Blood Vessels of the Body: 

 
Figure 11.26 Systemic Arteries The major systemic arteries shown here deliver oxygenated 
blood throughout the body. Credit: OpenStax College [CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0)] 
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Figure 11.27 Systemic Veins By OpenStax College [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 

 

 11.3.5   Blood Vessels and Blood Pressure 
Blood pressure refers to the force exerted by circulating blood on the walls of blood 
vessels. The pressure of the circulating blood gradually decreases as blood moves from 
the arteries, to the arterioles, to the capillaries, and to the veins. The term "blood pressure" 
generally refers to arterial pressure, which is the pressure in the larger arteries that take 
blood away from the heart. Arterial pressure results from the force that is applied to the 
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blood by the contracting heart. When the heart contracts, the blood “presses” against the 
walls of the arteries. 
Blood pressure can be controlled quickly by the nervous system.  The sympathetic 
nervous system increases heart rate, which increases blood pressure.  The sympathetic 
system also causes blood vessel vasoconstriction which also increases blood pressure.  
 
Blood pressure can also be controlled by the endocrine system, but its effects take a little 
more time.  These glands release hormones, such as ADH (antidiuretic hormone) that 
helps control blood pressure, by either preventing water loss into the urine, increasing 
blood pressure, or causing more water to be lost into the urine, which results in a decrease 
in blood pressure.  That is why people with high blood pressure are given diuretics, since 
as they remove more water from their body into the urine, their blood pressure decreases.   
 
Systolic arterial pressure is defined as the peak pressure in the arteries, while diastolic 
arterial pressure is the lowest pressure.  Arterial pressure fluctuates between these two 
pressures. 
 
Arterial pressure is most commonly measured by a sphygmomanometer, which is 
shown below.  The height of a column of mercury indicates the pressure of the circulating 
blood. Although many modern blood pressure devices no longer use mercury, values are 
still universally reported in millimeters of mercury (mmHg). 
 
 

 
Figure 11.28 Sphygmomanometer.  New and the “classic” ways to measure blood pressure. (a) 
A digital sphygmomanometer runs on electricity or batteries and measures blood pressure 
automatically. The cuff is wrapped around the upper arm, just like the cuff of the older devices. 
The cuff then inflates automatically and measures blood pressure as the cuff deflates. (b) The 
older, mechanical sphygmomanometer with a cuff, pressure reader, and stethoscope is shown 
on the right. The cuff is inflated and deflated manually while a medical technician listens for related 
changes in the sound of blood moving through arteries in the arm. Credit: (a) By Julo [Public 
domain] via Wikimedia Commons  (b) public domain via Wikimedia Commons
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The healthy ranges for arterial pressure are the following: 

• Systolic: less than 120 mm Hg. 
• Diastolic: less than 80 mm Hg. 
 
 
Blood pressure is usually written as systolic/diastolic mm Hg; for example, a reading of 
120/80 mm Hg is said as "one hundred and twenty over eighty." These measures of 
arterial pressure are not static, but go through natural variations from one heartbeat to 
another and throughout the day. Factors such as age, gender, and race influence blood 
pressure values. Pressure also varies with exercise, emotional reactions, sleep, stress, 
nutritional factors, drugs, and disease. 
 
Hypertension is a condition in which a person’s blood pressure is chronically high. 
Hypertension is said to be present when a person's systolic blood pressure is always 140 
mm Hg or higher and/or their diastolic blood pressure is always 90 mm Hg or higher. 
Blood pressure readings between 120/80 mm Hg and 139/89 mm Hg are called 
prehypertension. Prehypertension is not a disease category; rather, it is a way to identify 
people who are at high risk of developing hypertension. 
 
Having hypertension increases a person’s chance for developing heart disease, having a 
stroke, or suffering from other serious cardiovascular diseases. Hypertension often does 
not have any symptoms; so a person may not know that he or she has high blood 
pressure. For this reason, hypertension is often called the "silent killer." Treatments for 
hypertension include diet changes, exercise, and medication. Foods thought to lower 
blood pressure include skim milk, spinach, beans, bananas and dark chocolate. 
 
Some health conditions, as well as a person's lifestyle and genetic background, can put 
someone at a higher risk for developing high blood pressure. As a person cannot alter 
their genetic background, lifestyle changes may be necessary to reduce the chance of 
developing high blood pressure. These changes include getting enough exercise, limiting 
the amount of sodium (salt) in the diet, not being overweight, not drinking alcohol to 
excess, and not smoking. 
 
Low blood pressure is not usually a concern, as long as there are no problems associated 
with the low pressure. Symptoms associated with low blood pressure include dizziness 
or lightheadedness, fainting, dehydration and unusual thirst, lack of concentration, blurred 
vision, nausea, and fatigue. 

 

 11.3.6   Cardiovascular Health and Disease 
There are many risk factors that can cause a person to develop cardiovascular disease. 
A risk factor is anything linked to an increased chance of developing a disease. Some 
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of the risk factors for cardiovascular disease you cannot control, but there are many risk 
factors you can control. 
 
Risk factors you cannot control include: 
• Age: The older a person is, the greater their chance of developing a cardiovascular 

disease. 
• Gender: Men under age 64 are much more likely to die of coronary heart disease than 

women, although the gender difference decreases with age. 
• Genetics: Family history of cardiovascular disease increases a person’s chance of 

developing heart disease. 
 
Risk factors you can control include many lifestyle factors: 
• Tobacco smoking: Giving up smoking or never starting to smoke is the best way to 

reduce the risk of heart disease. 
• Diabetes: diabetes can cause bodily changes, such as high cholesterol levels, which 

are risk factors for cardiovascular disease. 
• High cholesterol levels: High amounts of "bad cholesterol," increase the risk of 

cardiovascular disease. 
• Obesity: Having a very high percentage of body fat, especially if the fat is mostly found 

in the upper body, rather than the hips and thighs, increases risk significantly. 
• High blood pressure: If the heart and blood vessels have to work harder than normal, 

this puts the cardiovascular system under a strain. 
• Lack of physical activity: Aerobic activities help keep your heart healthy. To reduce the 

risk of disease, you should be active for at least 60 minutes a day, five days a week. 
• Poor eating habits: Eating mostly foods that do not have many nutrients other than fat 

or carbohydrates leads to high cholesterol levels, obesity, and cardiovascular disease. 
 
Although there are uncontrollable risk factors involved in CVD, a person whose family has 
a history of CVD is not destined to develop heart disease. There are many things such a 
person can do to help prevent CVD, even when predisposed to a disease. A person who 
is physically active every day, eats healthy, and avoids tobacco can lower their chances 
of developing the disease. 
 
Although men have a higher rate of cardiovascular disease than women, it is also the 
number one health problem for women in industrialized countries. After menopause, the 
risk for women is almost equal to that of men. 
 
 

  Cholesterol and Cardiovascular Disease  
Cholesterol can't dissolve in the blood. It has to be transported to and from the cells by 
carriers called lipoproteins. Low-density lipoprotein, or LDL, is known as "bad" 
cholesterol. High-density lipoprotein (HDL) is known as good cholesterol. When too much 
LDL cholesterol circulates in the blood, it can slowly build up in the inner walls of the 
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arteries that feed the heart and brain. Together with other substances, it can form plaque, 
and lead to atherosclerosis. If a clot forms and blocks a narrowed artery, a heart attack 
or stroke can result. Cholesterol comes from the food you eat as well as being made by 
the body. Regular aerobic exercise lowers LDL cholesterol and increases HDL 
cholesterol. 
 
  Circulatory System Diseases and Disorders  
Normally, blood needs to flow freely through our arteries. Plaque in an artery can restrict 
the flow of blood. As you can probably imagine, this is not an ideal situation. And eating 
right, exercising, and not smoking can help keep your arteries healthy. 
 
Cardiovascular disease (CVD) refers to any disease that affects the cardiovascular 
system, but it is usually used to refer to diseases related to atherosclerosis, which is a 
chronic inflammatory response in the walls of arteries that causes a swelling and buildup 
of materials called plaque. Plaque is made of cell debris, cholesterol, fatty acids, calcium, 
and fibrous connective tissue that build up around an area of inflammation. As a plaque 
grows, it stiffens and narrows the artery, which reduces the flow of blood through the 
artery, as shown in Figure 11.29 below. 
 

 

  Atherosclerosis 

Many studies have shown that plaque buildup starts in early adolescence and is usually 
found in most major arteries.  It does not usually have any early symptoms. Causes of 
atherosclerosis include a high-fat diet, high cholesterol, smoking, obesity, and diabetes. 
Atherosclerosis becomes a threat to health when the plaque buildup interferes with the 
blood circulation in the heart(coronary circulation) or the brain (cerebral circulation). A 
blockage in the coronary circulation can lead to a heart attack, and blockage of the 
cerebral circulation (leading to or within the brain) can lead to a stroke. According to the 
American Heart Association, atherosclerosis is a leading cause of CVD. 
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Figure 11.29 Atherosclerosis is sometimes referred to as hardening of the arteries. (a) 
normal artery (b) blocked flow due to plaque  By NHLBI [Public domain], via Wikimedia 
Commons 

 

  Stroke 

Since atherosclerosis is a body wide process, similar events can also occur in the arteries 
of other parts of the body including the brain. A stroke is a loss of brain function due to a 
stoppage of the blood supply to the brain. It can be caused by a blood clot (thrombosis), 
a free-floating object that gets caught in a blood vessel (embolism), or bleeding 
(hemorrhage). 
 
Risk factors for stroke include advanced age, high blood pressure, previous stroke, 
diabetes, high cholesterol, and cigarette smoking. Reduction of blood pressure is the most 
important modifiable risk factor of stroke; however, many other risk factors, such as quitting 
tobacco smoking, are also important. 
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KEY TERMS - Cardiac 
 

afterload force the ventricles must develop to effectively pump blood against the resistance in 
the vessels 

 
anastomosis (plural = anastomoses) area where vessels unite to allow blood to circulate 

even if there may be partial blockage in another branch 
 

anterior interventricular artery (also, left anterior descending artery or LAD) major 
branch of the left coronary artery that follows the anterior interventricular sulcus 

 
anterior interventricular sulcus sulcus located between the left and right ventricles on 

the anterior surface of the heart 
 

aortic valve (also, aortic semilunar  valve)  valve located at the base of the aorta 
 

artificial pacemaker medical device that transmits electrical signals to the heart to ensure 
that it contracts and pumps blood to the body 

 
atrial reflex (also, called Bainbridge reflex) autonomic reflex that responds to stretch 

receptors in the atria that send impulses to the cardioaccelerator area to increase HR 
when venous flow into the atria increases 

 
atrioventricular (AV) node clump of myocardial cells located in the inferior portion of 

the right atrium within the atrioventricular  septum; receives the impulse from the SA 
node, pauses, and then transmits  it into specialized conducting cells within the 
interventricular septum 

 
atrioventricular bundle (also, bundle of His) group of specialized myocardial  conductile 

cells that transmit the impulse from the AV node through the interventricular  septum; 
form the left and right atrioventricular bundle branches 

 
atrioventricular bundle branches (also, left or right bundle branches) specialized 

myocardial conductile cells that arise from the bifurcation of the atrioventricular  bundle 
and pass through the interventricular  septum; lead to the Purkinje fibers and also to the 
right papillary muscle via the moderator band 

 
atrioventricular septum cardiac septum located between the atria and ventricles; 

atrioventricular  valves are located here 
 

atrioventricular valves one-way valves located between the atria and ventricles; the 
valve on the right is called the tricuspid valve, and the one on the left is the mitral or 
bicuspid valve 

 
atrium (plural = atria) upper or receiving chamber of the heart that pumps blood into the 

lower chambers just prior to their contraction; the right atrium receives blood from the 
systemic circuit that flows into the right ventricle; the left atrium receives blood from the 
pulmonary circuit that flows into the left ventricle 

 
auricle extension of an atrium visible on the superior surface of the heart 
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autonomic tone contractile state during resting cardiac activity produced by mild 
sympathetic and parasympathetic stimulation 

 
autorhythmicity ability of cardiac muscle to initiate its own electrical impulse that triggers 

the mechanical contraction that pumps blood at a fixed pace without  nervous or 
endocrine control 

 
Bainbridge reflex (also, called atrial reflex) autonomic reflex that responds to stretch 

receptors in the atria that send impulses to the cardioaccelerator area to increase HR 
when venous flow into the atria increases 

 
baroreceptor reflex autonomic reflex in which the cardiac  centers monitor signals 

from the baroreceptor stretch receptors and regulate heart function  based on blood flow 
 

bicuspid valve (also, mitral valve or left atrioventricular  valve) valve located between the 
left atrium and ventricle; 

consists of two flaps of tissue 
 

bundle of His (also, atrioventricular bundle) group of specialized myocardial conductile 
cells that transmit the impulse from the AV node through the interventricular  septum; 
form the left and right atrioventricular bundle branches 

 
cardiac cycle period of time between  the onset of atrial contraction  (atrial systole) 
and ventricular relaxation 

(ventricular diastole) 
 

cardiac notch depression in the medial surface of the inferior lobe of the left lung where the 
apex of the heart is located 

 
cardiac output (CO) amount of blood pumped by each ventricle during one minute; equals 
HR multiplied by SV 

 
cardiac reflexes series of autonomic reflexes that enable the cardiovascular centers to 

regulate heart function  based upon sensory information  from a variety  of visceral 
sensors 

 
cardiac reserve difference between maximum and resting CO 

 
cardiac skeleton (also, skeleton of the heart) reinforced connective tissue located within 

the atrioventricular septum; includes four rings that surround the openings between the 
atria and ventricles, and the openings to the pulmonary trunk and aorta; the point of 
attachment for the heart valves 

 
chordae tendineae string-like  extensions of tough connective tissue that extend from the 

flaps of the atrioventricular valves to the papillary muscles 
 

circumflex artery branch of the left coronary artery that follows coronary sulcus 
 

coronary arteries branches of the ascending aorta that supply blood to the heart; the left 
coronary artery feeds the left side of the heart, the left atrium and ventricle, and the 
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interventricular  septum; the right coronary artery feeds the right atrium, portions of both 
ventricles, and the heart conduction system 

 
coronary sinus large, thin-walled  vein on the posterior surface of the heart that lies within 

the atrioventricular sulcus and drains the heart myocardium directly into the right 
atrium 

 
coronary sulcus sulcus that marks the boundary between the atria and ventricles 

 
coronary veins vessels that drain the heart and generally parallel the large surface arteries 

 
diastole period of time when the heart muscle is relaxed and the chambers fill with blood 

 
ejection fraction portion of the blood that is pumped or ejected from the heart with each 

contraction; mathematically represented by SV divided by EDV 
 

electrocardiogram (ECG) surface recording of the electrical activity of the heart that 
can be used for diagnosis of irregular heart function; also abbreviated as EKG 

 
end diastolic volume (EDV) (also, preload) the amount of blood in the ventricles at the 

end of atrial systole just prior to ventricular contraction 
 

end systolic volume (ESV) amount of blood remaining in each ventricle following systole 
 

endocardial tubes stage in which lumens form within the expanding cardiogenic cords, 
forming hollow structures 

 
endocardium innermost layer of the heart lining the heart chambers and heart valves;  

composed of endothelium reinforced with a thin layer of connective tissue that binds to 
the myocardium 

 
endothelium layer of smooth, simple squamous epithelium  that lines the endocardium and 
blood vessels 

 
epicardium innermost layer of the serous pericardium  and the outermost layer of the heart 
wall 

 
filling time duration of ventricular diastole during which filling occurs 

 
foramen ovale opening in the fetal heart that allows blood to flow directly from the right 

atrium to the left atrium, bypassing the fetal pulmonary circuit 
 

fossa ovalis oval-shaped depression in the interatrial septum that marks the former location 
of the foramen ovale 

 
Frank-Starling mechanism relationship  between ventricular  stretch and contraction in 

which the force of heart contraction is directly proportional to the initial length of the 
muscle fiber 

 
great cardiac vein vessel that follows the interventricular  sulcus on the anterior surface of 

the heart and flows along the coronary sulcus into the coronary sinus on the posterior 
surface; parallels the anterior interventricular artery and drains the areas supplied by this 
vessel 
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heart block interruption in the normal conduction pathway 

 
heart rate (HR) number of times the heart contracts (beats) per minute 

 
heart sounds sounds heard via auscultation with a stethoscope of the closing of the 

atrioventricular valves (“lub”) and semilunar valves (“dub”) 
 

hypertrophic cardiomyopathy pathological enlargement of the heart, generally for no 
known reason 

 
inferior vena cava large systemic vein that returns blood to the heart from the inferior 
portion of the body 

 
interatrial band (also, Bachmann’s bundle) group of specialized conducting cells that 

transmit the impulse directly from the SA node in the right atrium to the left atrium 
 

interatrial septum cardiac septum located between the two atria; contains the fossa ovalis 
after birth 

 
intercalated disc physical junction between adjacent cardiac muscle cells; consisting of 

desmosomes, specialized linking proteoglycans, and gap junctions that allow passage of 
ions between the two cells 

 
internodal pathways specialized conductile cells within the atria that transmit the 

impulse from the SA node throughout the myocardial cells of the atrium and to the AV 
node 

 
interventricular septum cardiac septum located between the two ventricles 

 
isovolumic contraction (also, isovolumetric contraction) initial phase of ventricular 

contraction in which tension and pressure in the ventricle increase, but no blood is 
pumped or ejected from the heart 

 
isovolumic ventricular relaxation phase initial phase of the ventricular  diastole when 

pressure in the ventricles drops below pressure in the two major arteries, the pulmonary 
trunk, and the aorta, and blood attempts to flow back into the ventricles, producing the 
dicrotic notch of the ECG and closing the two semilunar valves 

 
left atrioventricular valve (also, mitral valve or bicuspid valve) valve located between the 
left atrium and ventricle; 

consists of two flaps of tissue 
 

mesothelium simple squamous  epithelial portion of serous  membranes,  such as  the 
superficial portion of the epicardium  (the visceral pericardium)  and the deepest portion  
of the pericardium (the parietal pericardium) 

 
mitral valve (also, left atrioventricular valve or bicuspid valve) valve located between the 
left atrium and ventricle; 

consists of two flaps of tissue 
 

moderator band band of  myocardium covered by endocardium  that arises from  the 
inferior  portion of  the interventricular septum in the right ventricle  and crosses to the 
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anterior papillary muscle; contains conductile fibers that carry electrical signals followed 
by contraction of the heart 

 
murmur unusual heart sound detected by auscultation; typically related to septal or valve 
defects 

 
myocardial conducting cells specialized cells that transmit electrical impulses 

throughout the heart and trigger contraction by the myocardial contractile cells 
 

myocardial contractile cells bulk of the cardiac muscle cells in the atria and ventricles 
that conduct impulses and contract to propel blood 

 
myocardium thickest layer of the heart composed of cardiac muscle cells built upon 

a framework   of primarily collagenous fibers and blood vessels that supply it and the 
nervous fibers that help to regulate it 

 
negative inotropic factors factors that negatively impact or lower heart contractility 

 
P wave component of the electrocardiogram  that represents the depolarization  of the atria 

 
pacemaker cluster of specialized myocardial cells known as the SA node that initiates the 
sinus rhythm 

 
papillary muscle extension of the myocardium in the ventricles to which the chordae 
tendineae attach 

 
pectinate muscles muscular  ridges seen on the anterior  surface of the right atrium 

 
pericardial cavity cavity surrounding the heart filled with a lubricating  serous fluid that 

reduces friction as the heart contracts 
 

pericardial sac (also, pericardium)  membrane that separates the heart from other 
mediastinal structures; consists of two distinct, fused sublayers: the fibrous pericardium 
and the parietal pericardium 

 
pericardium (also, pericardial sac) membrane that separates the heart from other mediastinal 

structures; consists of two distinct, fused sublayers: the fibrous pericardium and the 
parietal pericardium 

 
positive inotropic factors factors that positively impact or increase heart contractility 

 
preload (also, end diastolic volume) amount of blood in the ventricles at the end of atrial 

systole just prior to ventricular contraction 
 

prepotential depolarization (also, spontaneous depolarization)   mechanism  that 
accounts  for the autorhythmic property of cardiac muscle; the membrane  potential  
increases as sodium  ions diffuse through the always-open sodium ion channels and 
causes the electrical  potential  to rise 

 
pulmonary arteries left and right branches of the pulmonary trunk that carry 

deoxygenated blood from the heart to each of the lungs 
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pulmonary capillaries capillaries surrounding the alveoli of the lungs where gas 
exchange occurs: carbon dioxide exits the blood and oxygen enters 

 
pulmonary circuit blood flow to and from the lungs 

 
pulmonary trunk large arterial vessel that carries blood ejected from the right ventricle; 

divides into the left and right pulmonary arteries 
 

pulmonary valve (also, pulmonary semilunar valve, the pulmonic valve, or the right 
semilunar valve) valve at the base of the pulmonary trunk that prevents backflow of 
blood into the right ventricle; consists of three flaps 

 
pulmonary veins veins that carry highly oxygenated blood into the left atrium, which 

pumps the blood into the left ventricle, which in turn pumps oxygenated blood into the 
aorta and to the many branches of the systemic circuit 

 
Purkinje fibers specialized myocardial conduction fibers that arise from the bundle 

branches and spread the impulse to the myocardial contraction fibers of the ventricles 
 

QRS complex component of the electrocardiogram  that represents the depolarization  of the 
ventricles and includes, as a component, the repolarization of the atria 

 
right atrioventricular valve (also, tricuspid valve) valve located between the right atrium 

and ventricle; consists of three flaps of tissue 
 

semilunar valves valves located at the base of the pulmonary trunk and at the base of the 
aorta 

 
septum (plural = septa) walls or partitions that divide the heart into chambers 

 
sinoatrial (SA) node known as the pacemaker,  a specialized  clump of myocardial 

conducting cells located in the superior portion of the right atrium that has the highest 
inherent rate of depolarization  that then spreads throughout the heart 

 
sinus rhythm normal contractile pattern of the heart 

 
spontaneous depolarization (also, prepotential depolarization)  the mechanism that 

accounts for the autorhythmic property of cardiac muscle; the membrane  potential  
increases as sodium  ions diffuse through the always-open sodium ion channels and 
causes the electrical  potential  to rise 

 
stroke volume (SV) amount of blood pumped by each ventricle per contraction;  also, the 
difference  between EDV and 

ESV  
 

sulcus (plural = sulci) fat-filled groove visible on the surface of the heart; coronary 
vessels are also located in these areas 

 
superior vena cava large systemic vein that returns blood to the heart from the superior 
portion of the body 

 
systemic circuit blood flow to and from virtually all of the tissues of the body 
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systole period of time when the heart muscle is contracting 

 
T wave component of the electrocardiogram  that represents the repolarization of the 
ventricles 

 
target heart rate range in which both the heart and lungs receive the maximum benefit from 
an aerobic workout 

 
trabeculae carneae ridges of muscle covered by endocardium located in the ventricles 

 
tricuspid valve term used most often in clinical settings for the right atrioventricular valve 

 
truncus arteriosus portion of the primitive heart that will eventually divide and give rise 

to the ascending aorta and pulmonary trunk 
 

valve in the cardiovascular system, a specialized structure located within the heart or vessels 
that ensures one-way flow of blood 

 
ventricle one of the primary pumping chambers of the heart located in the lower portion of the 

heart; the left ventricle is the major pumping chamber on the lower left side of the heart 
that ejects blood into the systemic circuit via the aorta and receives blood from the left 
atrium; the right ventricle is the major pumping chamber on the lower right side of the 
heart that ejects blood into the pulmonary circuit via the pulmonary trunk and receives 
blood from the right atrium 

 
ventricular ejection phase second phase of ventricular systole during which blood is 
pumped from the ventricle 
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KEY TERMS – Blood Vessels 
 

anaphylactic shock type of shock that follows a severe allergic reaction and results from 
massive vasodilation 

 
angiogenesis development of new blood vessels from existing vessels 

 
aorta largest artery in the body, originating from the left ventricle  and descending to the 

abdominal region where it bifurcates into the common iliac arteries at the level of the 
fourth lumbar vertebra; arteries originating  from the aorta distribute blood to virtually 
all tissues of the body 

 
aortic arch arc that connects the ascending aorta to the descending aorta; ends at the 

intervertebral disk between the fourth and fifth thoracic vertebrae 
 

aortic sinuses small pockets in the ascending aorta near the aortic valve that are the 
locations of the baroreceptors (stretch receptors) and chemoreceptors that trigger a reflex that 
aids in the regulation of vascular homeostasis 

 
arteriole (also, resistance vessel) very small artery that leads to a capillary 

 
arteriovenous anastomosis short vessel connecting an arteriole directly to a venule and 
bypassing the capillary  beds 

 
artery blood vessel that conducts blood away from the heart; may be a conducting  or 
distributing vessel 

 
ascending aorta initial portion of the aorta, rising from the left ventricle for a distance of 
approximately 5 cm 

 
atrial reflex mechanism for maintaining vascular homeostasis involving atrial baroreceptors: 

if blood is returning to the right atrium more rapidly than it is being ejected from the 
left ventricle, the atrial receptors will stimulate the cardiovascular centers to increase 
sympathetic firing and increase cardiac output until the situation is reversed; the opposite 
is also true 

 
blood colloidal osmotic pressure (BCOP) pressure exerted  by colloids suspended in 

blood within a vessel;  a primary determinant is the presence of plasma proteins 
 

blood flow movement of blood through a vessel, tissue, or organ that is usually expressed in 
terms of volume per unit of time 

 
blood hydrostatic pressure force blood exerts against the walls of a blood vessel or heart 
chamber 

 
blood pressure force exerted by the blood against the wall of a vessel or heart chamber; 

can be described with the more generic term hydrostatic pressure 
capacitance ability of a vein to distend and store blood 

 
capacitance vessels veins 

 
capillary smallest of blood vessels where physical exchange occurs between the blood and 

tissue cells surrounded by interstitial fluid 
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capillary bed network of 10–100 capillaries connecting arterioles to venules 
 

capillary hydrostatic pressure (CHP) force blood exerts against a capillary 
 

cardiogenic shock type of shock that results from the inability of the heart to maintain 
cardiac output 

 
carotid sinuses small pockets near the base of the internal carotid arteries that are the 

locations of the baroreceptors and chemoreceptors that trigger a reflex that aids in the 
regulation of vascular homeostasis 

 
cerebrovascular accident (CVA) blockage of blood flow to the brain; also called a stroke 

 
circulatory shock also simply called shock; a life-threatening  medical condition  in which 

the circulatory  system is unable to supply enough blood flow to provide  adequate 
oxygen and other nutrients to the tissues to maintain cellular metabolism 

common carotid artery right common carotid artery arises from the brachiocephalic  
artery, and the left common carotid arises from the aortic arch; gives rise to the external 
and internal carotid arteries; supplies the respective sides of the head and neck 

 
compliance degree to which  a blood vessel can stretch as opposed to being rigid 

 
continuous capillary most common type of capillary, found in virtually all tissues except 
epithelia and cartilage; contains very small gaps in the endothelial lining that permit exchange 

 
descending aorta portion of the aorta that continues downward past the end of the aortic 

arch; subdivided into the thoracic aorta and the abdominal aort 
 

diastolic pressure lower number recorded when measuring arterial blood pressure; 
represents the minimal value corresponding to the pressure that remains during 
ventricular relaxation 

 
ductus arteriosus shunt in the fetal pulmonary trunk that diverts oxygenated blood back to 
the aorta 

 
ductus venosus shunt that causes oxygenated blood  to bypass the fetal liver on its way to the 
inferior vena cava 
 
elastic artery (also, conducting artery) artery with abundant elastic fibers located closer to 

the heart, which maintains the pressure gradient and conducts blood to smaller 
branches 

 
external elastic membrane membrane composed of elastic fibers that separates the 

tunica media from the tunica externa; seen in larger arteries 
 

fenestrated capillary type of capillary with pores or fenestrations in the endothelium that 
allow for rapid passage of certain small materials 

 
filtration in the cardiovascular system, the movement of material from a capillary into the 

interstitial fluid, moving from an area of higher pressure to lower pressure 
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foramen ovale shunt that directly connects the right and left atria and helps to divert 
oxygenated blood from the fetal pulmonary circuit 

 
great saphenous vein prominent surface vessel located  on the medial surface of the 

leg and thigh; drains the superficial portions of these areas and leads to the femoral 
vein 

 
hepatic portal system specialized circulatory pathway that carries blood from 

digestive  organs to the liver for processing before being sent to the systemic 
circulation 

 
hypertension chronic and persistent blood pressure measurements of 140/90 mm Hg or 
above 

 
hypervolemia abnormally high levels of fluid and blood within the body 

 
hypovolemia abnormally low levels of fluid and blood within the body 

 
hypovolemic shock type of circulatory shock  caused by excessive loss of blood 

volume due to hemorrhage or possibly dehydration 
 

hypoxia lack of oxygen supply to the tissues 
 

inferior vena cava large systemic vein that drains blood from areas largely  inferior to the 
diaphragm; empties into the right atrium 

 
interstitial fluid colloidal osmotic pressure (IFCOP) pressure exerted by the colloids 
within the interstitial fluid 
interstitial fluid hydrostatic pressure (IFHP) force exerted by the fluid in the tissue 
spaces 

 
ischemia insufficient blood flow to the tissues 

 
Korotkoff sounds noises created by turbulent blood flow through the vessels 

 
lumen interior of a tubular  structure such as a blood  vessel or a portion  of the alimentary 

canal through which blood, chyme, or other substances travel 
 

mean arterial pressure (MAP) average  driving force of blood to the tissues; 
approximated  by taking diastolic pressure and adding 1/3 of pulse pressure 

 
median cubital vein superficial vessel located in the antecubital region that links the 

cephalic vein to the basilic vein in the form of a v; a frequent site for a blood draw 
 

metarteriole short vessel arising from a terminal arteriole that branches to supply a capillary  
bed 

 
microcirculation blood flow through the capillaries 

 
muscular artery (also, distributing  artery) artery with abundant smooth muscle in the 

tunica media that branches to distribute blood to the arteriole network 
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net filtration pressure (NFP) force driving fluid out of the capillary and into the tissue 
spaces; equal to the difference of the capillary hydrostatic pressure and the blood colloidal  
osmotic pressure 

 
neurogenic shock type of shock that occurs with cranial or high spinal injuries that damage 

the cardiovascular centers in the medulla oblongata or the nervous fibers originating from 
this region 

 
obstructive shock type of shock that occurs when a significant portion of the vascular 
system is blocked 

 
occipital sinus enlarged vein that drains the occipital region near the falx cerebelli and 

flows into the left and right transverse sinuses, and also into the vertebral veins 
 
perfusion distribution of blood into the capillaries so the tissues can be supplied 

 
pericardial artery branch of the thoracic aorta; supplies blood to the pericardium 

 
petrosal sinus enlarged vein that receives blood from the cavernous sinus and flows into the 
internal jugular vein 

 
phrenic vein drains the diaphragm; the right phrenic vein flows into the inferior vena 

cava and the left phrenic vein leads to the left renal vein 
 

precapillary sphincters circular rings of smooth muscle that surround the entrance to a 
capillary  and regulate blood flow into that capillary 

 
pulmonary artery one of two branches, left and right, that divides off from the pulmonary 

trunk and leads to smaller arterioles and eventually to the pulmonary capillaries 
 

pulmonary circuit system of blood vessels that provide gas exchange via a network  of 
arteries, veins, and capillaries that run from the heart, through the body, and back to the 
lungs 

 
pulmonary trunk single large vessel exiting the right ventricle that divides to form the right 
and left pulmonary arteries 

 
pulmonary veins two sets of paired vessels, one pair on each side, that are formed  from 

the small venules leading away from the pulmonary capillaries that flow into the left 
atrium 

 
pulse alternating expansion and recoil of an artery as blood moves through the vessel; an 
indicator of heart rate 
 
pulse pressure difference between the systolic and diastolic pressures 
reabsorption in the cardiovascular system, the movement of material from the interstitial 
fluid into the capillaries 

 
renal artery branch of the abdominal aorta; supplies each kidney 

 
renal vein largest vein entering the inferior vena cava; drains the kidneys and leads to the 
inferior vena cava 
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resistance any condition or parameter that slows or counteracts the flow of blood 
 

respiratory pump increase in the volume of the thorax during inhalation that decreases air 
pressure, enabling venous blood to flow into the thoracic region, then exhalation 
increases pressure, moving  blood into the atria 

 
sepsis (also, septicemia) organismal-level inflammatory response to a massive infection 

 
septic shock (also, blood poisoning) type of shock that follows a massive  infection 

resulting in organism-wide inflammation 
 

sinusoid capillary rarest type of capillary,  which has extremely large intercellular  gaps in 
the basement membrane in addition to clefts and fenestrations;  found in areas such  as 
the bone marrow  and liver where  passage of large molecules occurs 

 
skeletal muscle pump effect on increasing blood pressure within veins by compression 

of the vessel caused by the contraction of nearby skeletal muscle 
 

sphygmomanometer blood pressure cuff attached to a device that measures blood 
pressure 

 
superior sagittal sinus enlarged vein located midsagittally  between the meningeal and 

periosteal layers of the dura mater within the falx cerebri; receives most of the blood 
drained from the superior surface of the cerebrum and leads to the inferior jugular vein 
and the vertebral vein 

 
superior vena cava large systemic vein; drains blood from most areas superior to the 

diaphragm;  empties into the right atrium 
 

systolic pressure larger number recorded when measuring arterial blood pressure; 
represents the maximum value following ventricular contraction 

 
 

thoroughfare channel continuation of the metarteriole that enables blood to bypass a 
capillary  bed and flow directly into a venule, creating a vascular shunt 

 
transient ischemic attack (TIA) temporary loss of neurological function caused by a 

brief interruption in blood flow; also known  as a mini-stroke 
 

trunk large vessel that gives rise to smaller vessels 
 

tunica externa (also, tunica adventitia) outermost layer or tunic of a vessel (except 
capillaries) 

 
tunica intima (also, tunica interna) innermost lining or tunic of a vessel 

 
tunica media middle layer or tunic of a vessel (except capillaries) 

 
vasoconstriction constriction of the smooth muscle of a blood vessel, resulting in a 
decreased vascular diameter 

 
vasodilation relaxation of the smooth muscle in the wall of a blood vessel, resulting in an 
increased vascular diameter 
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vein blood vessel that conducts blood toward the heart 

 
venous reserve volume of blood contained within systemic veins in the integument, bone 

marrow, and liver that can be returned to the heart for circulation, if needed 
 
venule small vessel leading from the capillaries to veins
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Chapter 12  The Cardiovascular System -  Blood 

Figure 12.1 Blood Cells A single drop of blood contains millions of red blood cells, 
white blood cells, and platelets. One of each type is shown here, isolated from a 
scanning electron micrograph.  Color has been added to the image. Credit: Electron 
Microscopy Facility at The National Cancer Institute at Frederick (NCI-Frederick) [Public 
domain], via Wikimedia Commons 

Single-celled organisms obtain nutrients directly from their environment. We have 
complex bodies that need nutrients delivered to trillions of cells and waste that must be 
removed. The blood is our transport system carrying all substances to their proper 
destinations.   

The heart pumps blood through a network of blood vessels, and together, they form the 
cardiovascular system. 

12.1   The Functions of Blood 

The primary function of blood is to deliver oxygen, hormones and nutrients to body cells, 
and to remove waste products, such as carbon dioxide and urea.  Nutrients from food 
and oxygen from the air are absorbed into the blood and travel throughout the body to be 
delivered to all cells. Endocrine glands release hormones that enter the bloodstream, and 
are carried to distant target cells. Blood also picks up cellular wastes and byproducts, and 
transports them to various organs.  For instance, blood moves carbon dioxide to the lungs 
for exhalation from the body, and various waste products are transported to the kidneys 
and liver for excretion from the body in the form of urine or bile. 
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Blood also helps maintain homeostasis.  It helps thermoregulate, which is to maintain 
body temperature, by transporting warmer blood from the body’s core to the skin where 
the heat is lost into the environment.  This will cool you down when you are overheating. 
When you are cold, decreasing blood flow to the body’s surface helps to conserve internal 
body heat. 
Another way that blood helps maintain homeostasis is by helping to maintain the proper 
pH in the body.  Proteins and other compounds in blood act as buffers, which helps to 
regulate the pH of body tissues. Blood also helps to regulate the water content of body 
cells. 
 
The cellular structures that travel through the blood each have a different function.  Red 
blood cells contain hemoglobin which carries oxygen to the body cells.  White blood 
cells help protect the body from a variety of threats including disease-causing bacteria, 
cells with mutated DNA that could multiply to become cancerous, and body cells infected 
with viruses.  Platelets and certain proteins dissolved in the plasma fluid of the blood help 
stop bleeding when there is damage to a blood vessel.  
 

12.2  The Composition of Blood  
 
Blood is a fluid connective tissue.  Like all connective tissues, it is made up of cellular 
elements and an extracellular matrix. The cellular elements, known as the formed 
elements—include red blood cells (RBCs, erythrocytes), white blood cells (WBCs, 
leukocytes), and cell fragments called platelets (thrombocytes). The extracellular 
matrix, called plasma, is mostly water with dissolved substances, which suspends the 
formed elements and enables them to circulate throughout the body within the 
cardiovascular system. 
 
One drop of blood contains approximately 250 million RBCs.  There are far more RBCs 
than any of the other formed elements.  Platelets and WBCs constitute less than 1% of 
the cellular elements found in blood. 
 
A hematocrit, is a clinical blood test that measures the percentage of RBCs in a blood 
sample. It is performed by spinning the blood sample in a centrifuge, which causes the 
blood contents to separate based on density (Figure 12.2). Because the heaviest 
elements in blood are the erythrocytes, these settle at the very bottom of the hematocrit 
tube. RBCs can compose from 37 – 52% of the total blood (men typically have higher 
hematocrits than women).  Above the RBCs is a pale, thin layer composed of WBCs and 
platelets.  This layer is referred to as the buffy coat. Above the buffy coat is the blood 
plasma, normally a pale, straw-colored fluid. 
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Figure 12.2 Blood Hematocrit A common blood test involves (a) venipuncture, and the blood 
is (b) centrifuged.  The result is (c) separation of the cellular elements from plasma as seen 
in (c) Credit: (a) Matthew Lammers [CC BY-SA 4.0 (http://creativecommons.org/licenses/by-
sa/4.0)], via Wikimedia Commons (b) Magnus Manske - CC BY 1.0, (c) By KnuteKnudsen at 
English Wikipedia, CC BY 3.0 

 
 
Another common blood test is the measurement of the percentage of grams of 
hemoglobin in 100 milliliters of blood.  A typical values for a male is approximately 15 
grams, and for a female, 14 grams of hemoglobin.  This provides information about how 
much oxygen can be transported in the blood of that individual. 
 
Blood is approximately five times more viscous than water. Viscosity refers to the fluid’s 
thickness and this has a dramatic impact on blood pressure and flow. Consider the 
difference in flow between water and honey. The more viscous honey would demonstrate 
a greater resistance to flow than the less viscous water and would require a greater 
pressure to push it through a passageway. The same principle applies to blood and the 
blood pressure needed to keep the viscous blood flowing through blood vessels. 
 
The normal temperature of blood is slightly higher than normal body temperature—about 
38 °C (or 100.4 °F), compared to 37 °C (or 98.6 °F) for an internal body temperature 
reading, although daily variations of 0.5 °C are normal. 
 
The average pH of blood is 7.4; however, it typically ranges from 7.35 to 7.45. Blood is 
therefore somewhat more basic (alkaline) than pure water, which has a pH of 7.0. There 
are buffers that help to regulate the pH of the blood and maintain it within a normal range. 
 
Blood constitutes approximately 8 percent of adult body weight. On average, adult males 
typically have a total of 5 to 6 liters of blood. Females have on average 4–5 liters of blood.  
 

 12.2.1  Red Blood Cells (RBCs) 
Red blood cells, also known as erythrocytes, are essentially sacs of hemoglobin 
proteins.  These cells don’t even have a nucleus since most of the organelles are lost as 
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the RBC matures.  The red blood cells are shaped like flattened discs that have a wide 
outer rim, and a thin center area (Figure 12.3). Each red blood cell has about 250 million 
hemoglobin molecules, and each hemoglobin molecule can carry four oxygens. Each red 
blood cell therefore can bind to and transport about 1 billion oxygen molecules. 
Hemoglobin is formed of globin proteins with attached heme molecules.  The heme 
contains iron, and it is the iron that binds to oxygen in the lungs where oxygen levels are 
high, and releases the oxygen in the body tissues where oxygen levels are low.  
Hemoglobin is a pigment that changes colors based on the amount of oxygen it is 
carrying. Blood that has just taken up oxygen in the lungs is bright red, and blood that has 
released oxygen in the tissues is a deeper, dusky red. 
 

                            
Figure 12.3 Shape of Red Blood Cells   Erythrocytes are biconcave discs with very shallow 
centers. This shape optimizes the ratio of surface area to volume, facilitating gas exchange. It 
also enables them to fold up as they move through narrow blood vessels.  Credit: OpenStax 
College [CC BY 3.0 (https://creativecommons.org/licenses/by/3.0)] 
 
 
In a healthy human at rest, in the lungs, the hemoglobin is about 98 to 99 percent 
saturated with oxygen, and the deoxygenated blood returning to the lungs is still 75 
percent saturated with oxygen. Oxygen saturation of arterial blood at or below 95 percent 
is considered a serious health concern. 
 
Substances other than oxygen can bind to the hemoglobin; in some cases, this can cause 
irreversible damage to the body. The gas carbon monoxide, for example, is very 
dangerous when absorbed into the blood. It bonds irreversibly with hemoglobin, which 
reduces the volume of oxygen that can be carried in the blood. Carbon monoxide 
poisoning can very quickly cause suffocation and death. Carbon monoxide is released 
during combustion (fire). It is released by cigarettes, barbeque grills, combustion of petrol 
products in cars and trucks, or anything else that can be burned. 
 
Humans have a total of 25 trillion red blood cells (about 1/3 of all the cells in the body). 
Red blood cells are continuously made in the red marrow of long bones, ribs, the skull, 
and vertebrae. Each red blood cell lives for only 120 days, after which they are destroyed 
in the liver and spleen.   
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When red blood cells are broken down, the iron from the hemoglobin is recycled and used 
by the red marrow to create new hemoglobin molecules.  The liver degrades the heme 
units and secretes them as pigment into the bile, which is responsible for the color of 
feces. Each second, two million red blood cells are produced to replace those that are 
taken out of circulation. 
 
Production of RBCs is stimulated by the hormone, erythropoietin (EPO) which is released 
from the kidneys.  Normal production of red blood cells also requires iron, folic acid and 
vitamin B12. 
 
Since mature red blood cells do not have a nucleus or other organelles, they are very 
flexible, and able to squeeze through small capillaries (Figure 12.4).  The RBC shape 
also is optimal for allowing gas exchange to occur. 
 

 
Figure 12.4 RBCs Travelling through a Blood Vessel Red blood cells squeeze through the 
tiniest capillaries. credit: The National Heart, Lung, and Blood Institute (NHLBI) [Public domain] 
 

          
Blood Doping 
 

Blood doping originally involved transfusing extra RBCs into an individual, typically 
to enhance performance in a sport. Additional RBCs allows more oxygen to be 
delivered to the tissues, so the muscles keep performing for a longer period of time.  
 
In the 1980s, synthetic EPO was developed.  EPO is erythropoietin, the hormone 
that stimulates RBC production. It now became possible to provide additional RBCs 
by artificially stimulating RBC production in the bone marrow. Both these methods 
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of blood doping are illegal.  Adding extra red blood cells into your blood vessels 
significantly increases the viscosity of the blood.  This increased viscosity raises the 
resistance of the blood and forces the heart to pump more powerfully; in extreme 
cases, it has resulted in death. 
 
Blood doping is a major sports health issue, especially in cycling. Lance Armstrong, 
winner of seven Tour de France, was stripped of his victories and admitted to blood 
doping in 2013. 

          

This video (http://openstaxcollege.org/l/doping) to see doctors discuss the dangers of 
blood doping in sports.
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 12.2.2  White Blood Cells (WBCs) 
 

White blood cells, also known as leukocytes, are generally larger than red blood cells.   
They make up less than one percent of the blood's volume. WBCs form from stem cells 
in bone marrow and are part of the immune response system, primarily functioning 
outside of the blood.  They use the bloodstream as a means of transport to sites where 
there are infections.  They then leave the blood by squeezing through the walls of the 
blood vessels.   
 
There are five types of white blood cells, each acting in a different way to help protect the 
body.  Some destroy pathogens (infectious microbes) through phagocytosis which is like 
“swallowing” a microbe (Figure 12.5).  Some release chemicals that destroy microbes.  
Some WBCs are involved in the process of inflammation while other WBCs release 
chemicals to help coordinate the immune attack. 
 
 

                           
Figure 12.5  White Blood Cells A white blood cell with cytoplasmic extensions that allow it to 
engulf particles or pathogens. Credit:  NIAID, via Flickr, License: CC BY-NC 3.0 

 
The white blood cells can be subdivided into two categories, based on whether or not 
they contain specific granules.  Those that contain granules are known as granulocytes, 
and include neutrophils, eosinophils and basophils.  Agranulocytes, white blood cells 
without specific granules, include lymphocytes and monocytes. 
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  - Granulocytes 

 
Figure 12.6  Granulocytes  Note that the white blood cells are larger than red blood cells which 
can also be seen in each image.  (a) neutrophils have 3-5 lobes in its nucleus.  (b) eosinophils 
have a bilobed nucleus and many reddish granules, and (c) basophils have many dark purple 
granules, making it difficult to see the multilobed nucleus.  Credit: (a) Dr Graham Beards CC 
BY-SA 3.0,  (b) modification HeNe [CC BY-SA 3.0 (https://creativecommons.org/licenses/by-
sa/3.0)]via Wikimedia Commons (c) By Ayman Qasrawi at English Wikipedia - Transferred 
from en.wikipedia to Commons., Public Domain,  
 

 

Neutrophils (Figure 12.6a) are the most common of all white blood cells and are the first 
to appear at the site of an infection.  They are phagocytic and will “swallow” 
microorganisms such as bacteria or viruses, and will also ingest cell debris.  These cells 
enter the tissue fluid by squeezing through blood vessel walls.  The number of neutrophils 
increases when there is a bacterial infection.  
 
Eosinophils (Figure 12.6b) compose only about 1% of all white blood cells.   They help 
reduce inflammation and they also destroy parasitic worms.   
 
Basophils (Figure 12.6c) are the least common of all white blood cells.  They release 
histamine which causes blood vessels to become leakier, so that white blood cells can 
more easily cross the blood vessel wall to reach the site of infection.
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 - Agranulocytes 

                
Figure 12.7  Agranulocytes  Note that these white blood cells are also larger than red 
blood cells, though lymphocytes are only slightly larger.  The lymphocytes have a roundish 
nucleus with a thin rim of pale cytoplasm.    The monocytes are the largest of the white 
blood cells, and have a large, indented nucleus.  Credit: modification Openstax College 
[CC BY 3.0 (https://creativecommons.org/licenses/by/3.0)] 

 

Lymphocytes (Figure 12.7) play a vital role in specific immunity.  There are several 
different types of lymphocytes and this topic will be covered in greater detail in the 
Immune System Chapter.  Two important types of lymphocytes include T lymphocytes 
and B lymphocytes.  T lymphocytes attack and destroy cells containing pathogens, 
though some T lymphocytes help coordinate the immune response.  B lymphocytes 
produce antibodies. 
 
Monocytes (Figure 12.7) increase in number when there are viral infections.  These cells 
travel to different tissues of the body and transform into macrophages.  Macrophages 
are “big eaters” (highly phagocytic). 
 
Since different medical conditions cause specific white blood cells to increase in number, 
physicians will measure the percent of each type of WBC in a differential count.  
Knowing which type of WBC has increased in number helps to make a diagnosis.  For 
example, if the number of neutrophils in a sample of blood is elevated, it indicates that 
individual has a bacterial infection, while elevated levels of monocytes indicate a viral 
infection. 
 
For leukocytes, blood is simply a highway used to reach their true destination.  As shown 
in Figure 12.8, they leave the small vessels by squeezing through adjacent cells in a 
blood vessel wall.  White blood cells can pull themselves along to the sites where they 
will fight infections, since they can crawl in a manner similar to amoebas. 
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Figure 12.8  White Blood Cells Exit Blood Vessels  Leukocytes leave the blood and 
move through the connective tissue of the dermis toward the wound site. The monocyte, an 
agranular leukocyte, differentiates into a macrophage that then phagocytizes the 
pathogens. Credit: OpenStax College [CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0)]
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 12.2.3  Platelets 
Platelets, also known as thrombocytes, are important in blood clotting. Platelets are cell 
fragments that bud off large cells in the bone marrow known as megakaryocytes, and 
they compose less than one percent of blood volume. Platelets carry chemicals essential 
to blood clotting. Coagulation, or blood clotting, is a complex process by which blood 
forms solid clots. Coagulation is important to stop bleeding and begin repair of damaged 
blood vessels. 
 

       
                                                                           
 
 

 
Figure 12.9 Platelets (a)platelets are cellular fragments of the megakaryocyte mother cell.  (b) 

note how small the platelet is compared to the red blood cell (left) and neutrophil (middle).  Credit: 
(a) OpenStax College CC BY 3.0 (b) Dr. F. Gilbert, CDC, public domain via public health image 
library
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 - Hemostasis 
 
When the wall of a blood vessel is damaged, the process of hemostasis, stopping the 
loss of blood, begins immediately.  The process to stop the bleeding and form a clot 
occurs in three steps.  The first step is vasospasm, or vascular spasm, where smooth 
muscle around the cut blood vessel constricts, slowing, and sometimes actually stopping 
the flow of blood.  The second step involves the formation of a platelet plug, which is a 
temporary patch until a true clot forms.   The third step is coagulation and the formation 
of a true clot. 

 

Figure 12.10  Hemostasis  After an injury, these are the steps that stop the bleeding and 
lead to clot formation. Credit: OpenStax College [CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0)] 
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Clotting requires platelets to release chemicals that interact with clotting factors found in 
the plasma, which leads to the formation of thrombin.  Thrombin converts fibrinogen, a 
soluble protein, into fibrin, an insoluble protein that creates a mesh onto which red blood 
cells collect, forming a clot.  Also essential to clotting is vitamin K and calcium.  Bacteria 
in our intestines produce vitamin K. 

  
Figure 12.11 Clot Formation Chemicals released from damaged cells lead to the formation of 
fibrin, a fibrous protein that forms the clot.   Credit: OpenStax College  [CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0)]
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 12.2.4    Plasma 
 

Plasma is the golden-yellow liquid part of the blood.  It is an extracellular fluid (ECF), 
since it surrounds RBCs, WBCs and platelets.  Plasma is 92% water and 8% dissolved 
materials including proteins, glucose, ions, hormones, clotting factors and gases. It acts 
as a buffer, maintaining the pH near 7.4. Plasma makes up a little more than half the 
blood volume.  If plasma is allowed to clot, the remaining fluid is known as serum. 
 
There are three main proteins in plasma.  Albumin is the most abundant of the proteins 
and it maintains the osmotic pressure of plasma.  In Chapter 11 we saw that without 
albumin, the fluid will not properly return to the blood vessels, resulting in edema, or 
swelling of the body tissues.  Albumin also helps to transport hormones and other 
molecules. 
 
Another of the plasma proteins are globulins.  There are two types of globulins.  One 
type is involved in transporting lipids.  The other globulin, known as gamma globulin, are 
antibodies, which are part of the immune system.  These identify and destroy foreign 
objects such as bacteria and viruses. 
 
The third major plasma protein is fibrinogen, the soluble protein that converts to stringy 
fibrin when forming a clot. 
 
Also found in plasma are hormones and electrolytes.  The most common electrolytes 
are sodium (Na+), potassium (K+), calcium (Ca+2) and chloride ions (Cl-).  
 
Nitrogenous wastes found in the plasma include urea, uric acid and creatinine.  Urea is 
a waste product formed by the breakdown of proteins.  Uric acid is a waste product 
formed when nucleic acids are broken down.  Creatinine is a waste product that forms 
as muscles use creatine phosphate to produce ATP, to power their contractions.  These 
wastes are filtered out of the blood into the kidneys, and leave the body in the urine. 
 
Carbon dioxide is a gas produced during the breakdown of glucose.  Most of the carbon 
dioxide (85%) is converted into the bicarbonate ion which then travels through the 
plasma to the lungs.  Along the way it acts as a buffer, helping to maintain the pH of the 
plasma.  When the bicarbonate reaches the lungs, it is then converted back to carbon 
dioxide which is exhaled from the body. 
 

12.3  Blood Typing 
 
Blood transfusions in humans were risky procedures until the discovery of the major 
human blood groups by Karl Landsteiner, an Austrian physician, in 1900. Until that point, 
it was known that death sometimes followed blood transfusions, but the reason for 
incompatible blood types was not understood.   Blood groups are determined by the 
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presence or absence of specific marker molecules on the cell membranes of red blood 
cells. With their discovery, it became possible to match patient-donor blood types and 
prevent transfusion reactions and deaths. 
 
 12.3.1  ABO Blood Types 
Blood type (also called a blood group) is determined by the presence or absence of 
antigens on the surface of red blood cells. An antigen is a substance that causes an 
immune response.   
There are approximately 30 known blood group systems in humans, representing 
different types of antigens.  The antigens in the ABO blood group system and the Rhesus 
(Rh) blood group system are the most important for blood transfusions. 
 
The ABO blood group has two antigens, antigen A and antigen B.  This results in four 
blood types: Type A, Type B, Type AB (have both antigens), and Type O (have neither 
the A nor the B antigens.  There is no “O” antigen.).   
 
Every cell of your body has antigens on its surface, but these are recognized by the 
immune system as “self” antigens, and are not attacked. In contrast, if a foreign antigen 
enters the body, the person’s immune system will produce antibodies against these 
antigens which will attack and destroy the foreign antigens. 
 
Unlike the usual requirement to be exposed to an antigen in order to make the antibody, 
our bodies already have antibodies pre-made against the AB blood types that are different 
from our own.   That means that a person with Type A blood will have antibodies against 
the B antigen, while individuals with Type B blood will have antibodies against the A 
antigen.  Individuals with Type AB blood will not have antibodies against either antigen, 
while someone with Type O will have antibodies against both the A and B antigens.  If a 
person receives an incompatible blood type, the pre-existing antibodies in their plasma 
can bind to antigens on the surfaces of the transfused red blood cells causing the cells to 
agglutinate (clump) and hemolyze (red blood cells break open) often leading to death. 
 
Table 12.1 reviews the ABO blood groups, illustrating for each blood type the antigens 
that are found on the red blood cells, the antibodies found in the plasma, and compatible 
blood types for safe transfusions. 
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Table 12.1  ABO Blood Group   This chart summarizes the characteristics of the blood types 
in the ABO blood group. See the text for more on the concept of a universal donor or recipient. 
Credit: openstax College CC BY 3.0 (https://creativecommons.org/licenses/by/3.0)] 

 
Agglutination is the clumping of red blood cells that occurs when different blood types 
are mixed together, as shown in Figure 12.12. It involves a reaction between antigens on 
the surfaces of red blood cells from one individual and protein antibodies from the blood 
plasma of another individual.  Although agglutination is to be absolutely avoided in terms 
of transfusions, we do have a clinical test where we agglutinate a sample of an unknown 
blood type by mixing it with plasma of known blood types.  The pattern of agglutination 
allows us to determine a person’s blood type.  
 
 

          
  

Figure 12.12  Antigens on the cell surface of RBCs.   Antibodies attach to the antigens on 
the red blood cell, causing the blood cells to clump together, which is the agglutination of blood. 
Credit: A. Rad; License: CC BY-NC 3.0 via CK12.org
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  - Universal Blood Donors and Universal Blood Recipients  
Individuals with type O negative blood are often called universal donors, and those with 
type AB positive blood are called universal recipients. Type O RBCs do not have the A 
or B antigens and can be given to people with a different ABO blood group without any 
negative effect. The blood plasma of an AB person does not contain any anti-A or anti-B 
antibodies, so they can receive any ABO blood type. A reaction between antibodies in the 
donor blood and the recipient red blood cells are usually not a problem because only a 
small volume of plasma that contains antibodies is given to the recipient.  
 
In April 2007, researchers discovered a way to convert blood types A, B, and AB to O; 
the method uses enzymes that remove the antigens on the surfaces of the red blood cells. 
 

 12.3.2  Rh (Rhesus System) Blood Groups 
The Rhesus system, named after the rhesus monkey used in research, is the second 
most significant blood group system for human blood transfusion, and is most commonly 
known as the Rh factor. Although dozens of Rh antigens have been identified, only one, 
designated D, is clinically important. Those who have the Rh D antigen present on their 
erythrocytes—about 85 percent of Americans—are described as Rh positive (Rh+) and 
those who lack it are Rh negative (Rh−).   Rh antigen in combination with the ABO 
antigens leads to eight possible combinations of blood types: A+, A-, B+, B-, AB+, AB-, 
O+ and O-. 
 
In contrast to the ABO group antibodies, which are already pre-formed, antibodies to the 
Rh antigen are produced only in Rh− individuals after exposure to the antigen.  An Rh- 
individual can produce Rh antibodies if they receive a transfusion of Rh+ blood.  Unless 
it is an emergency, Rh- individuals are only transfused with Rh- blood, to prevent 
sensitization to the Rh factor and production of Rh antibodies.   Once Rh antibodies are 
produced, that individual can never receive another transfusion of Rh+ blood since it 
would lead to agglutination and death.  
 
More commonly, Rh becomes an issue with the birth of an Rh+ baby to an Rh− mother.  
Problems are rare in a first pregnancy, since the baby’s Rh+ cells rarely cross the 
placenta. However, during or immediately after birth when blood vessels rupture during 
childbirth, the Rh− mother can be exposed to the baby’s Rh+ cells.  After exposure, the 
mother’s immune system begins to generate anti-Rh antibodies. If the mother should 
then conceive another Rh+ baby, the Rh antibodies she has produced can cross the 
placenta into the fetal bloodstream and destroy the fetal RBCs. This condition, known as 
hemolytic disease of the newborn (HDN) or erythroblastosis fetalis, can cause 
agglutination and hemolysis so severe that without treatment the fetus may die in the 
womb or shortly after birth. 
 
A drug known as RhoGAM, short for Rh immune globulin, can temporarily prevent the 
development of Rh antibodies in the Rh− mother, thereby preventing this potentially 
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serious disease for the fetus. RhoGAM antibodies destroy any fetal Rh+ erythrocytes 
that may cross the placental barrier, thereby preventing the mother from producing 
antibodies against the Rh factor. RhoGAM is normally administered to Rh− mothers 
during weeks 26−28 of pregnancy and within 72 hours following birth. It has proven 
remarkably effective in decreasing the incidence of HDN. 
 
Table 12.2 Summary of ABO and Rh Blood Types within the United States 
 

Blood Type African 
Americans 

Asian-
Americans 

Caucasian-
Americans 

Latino/Latina-
Americans 

A+ 24 27 33 29 
A− 2 0.5 7 2 
B+ 18 25 9 9 
B− 1 0.4 2 1 

AB+ 4 7 3 2 
AB− 0.3 0.1 1 0.2 
O+ 47 39 3 53 
O- 4 6 8 4 

Credit: Openstax College CC BY 3.0 (https://creativecommons.org/licenses/by/3.0)] 

 

12.3.3  Blood Products 
Blood banks separate some whole blood into several different products. Some of the most 
common of these products are packed red blood cells, plasma, platelets, and fresh frozen 
plasma. Units of packed red blood cells are made by removing as much of the plasma as 
possible from whole blood units. Clotting factors made by genetic engineering are now 
routinely used for the treatment of the clotting disorder hemophilia; so the risk of possible 
infection from donated blood products is avoided. 
 

12.4  Blood Disorders 
 

 12.4.1 Disorders of Red Blood Cells 
Sickle-cell Anemia is a group of genetic disorders caused by abnormally shaped 
hemoglobin called sickle hemoglobin. In many forms of the disease, the red 
blood cells change shape because the abnormal hemoglobin proteins stick to each other, 
causing the cell to have a rigid surface and sickle shape. This process damages the 
membrane of the red blood cell and can cause the cells to get stuck in blood vessels. This 
clotting causes oxygen starvation in tissues, which may cause organ damage such as a 
stroke or a heart attack. The disease is chronic and lifelong. Individuals are most often 
well, but their lives are punctuated by periodic painful attacks.  The sickle hemoglobin is 
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recessive, meaning it must be inherited from both parents for the individual to have the 
disease. 

                  
Figure 12.13 Sickle Cell Sickle cell anemia is caused by a mutation in one of the 
hemoglobin genes. Erythrocytes produce an abnormal type of hemoglobin, which 
causes the cell to take on a sickle or crescent shape. credit: Janice Haney Carr via 
OpenStax College CC BY 3.0 (https://creativecommons.org/licenses/by/3.0)] 
 

 
Iron deficiency anemia is the most common type of anemia. It occurs when the dietary 
intake or absorption of iron is less than what is needed by the body. As a result, 
hemoglobin, which contains iron, cannot be made. In the United States, 20 percent of all 
women of childbearing age have iron deficiency anemia, compared with only 2 percent of 
adult men. The principal cause of iron deficiency anemia in premenopausal women is 
blood lost during menstruation. 
 
Hemorrhagic anemia results from excessive loss of red blood cells, as occurs with 
excessive bleeding.  Pernicious anemia results from insufficient levels of intrinsic factor 
secreted by the cells of the stomach.  Intrinsic factor is necessary for absorption of vitamin 
B12 from our diet.  Vitamin B12 is necessary for red blood cell production. 
 

 Thalassemia is an inherited condition typically occurring in individuals from the Middle 
East, the Mediterranean, African, and Southeast Asia, in which maturation of the RBCs 
does not proceed normally. The most severe form is called Cooley’s anemia. 

 
    Lead exposure from industrial sources or even dust from paint chips of iron-containing 

paints or pottery that has not been properly glazed may also lead to destruction of the 
red marrow.  
 
 12.4.2 Disorders of White Blood Cells (WBCs) 
Infectious mononucleosis (“mono” or “kissing disease”) is a viral infection of B 
lymphocytes. The virus affects the pharyngeal epithelial cells causing a sore throat with 
swollen glands.  This is transmitted through saliva by direct contact, such as sharing 
drinking cups or kissing.  
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Leukemia is a cancer that originates in the bone marrow and is characterized by an 
abnormal, excessive production of non-functional white blood cells.  These WBCs fill the 
bone marrow, inhibiting the production of red blood cells and platelets.  For that reason, 
a person with leukemia can be anemic and can have problems clotting.  These patients 
are also susceptible to infections since the white blood cells do not function normally. 
Generally, adults develop a chronic form of leukemia, while children often develop acute 
forms.  Treatments include chemotherapy, radiation therapy and bone marrow 
transplants.  In recent years targeted therapy medications have become available that 
specifically attack these cancer cells without harming normal body cells, as occurs in 
regular chemotherapy.  In August 2017, the Food and Drug Administration (FDA) 
approved the first gene-altering treatment for a specific form of acute leukemia (B-cell 
acute lymphoblastic leukemia) that is often quickly fatal.  This methodology teaches the 
patient’s immune system cells to recognize, and directly attack the cancer cells.  The cost 
is nearly a half million dollars, and many people in need may not be insured.  Also, 
administration of this medication can be dangerous in itself, so that the child must be 
hospitalized with a medical staff trained to deal with the side-effects of this procedure.   
 

 12.4.3 Disorders of Platelets, Hemostasis and Blood Clotting 
Hemophilia is the name of a group of hereditary genetic diseases that affect the body's 
ability to control blood clotting. Hemophilia is characterized by a lack of a clotting factor 
in the blood.  There are several different types of clotting factors that are needed for a 
normal clotting process. An absence of any of these factors can lead to hemophilia.  When 
a blood vessel is injured, a temporary platelet scab does form, but the missing coagulation 
factors prevent the formation of fibrin, which is needed to form the blood clot.  Therefore, 
the risks of re-bleeding are highly increased in hemophilia.   Hemophilia A is the most 
common type of hemophilia. It is also known as factor VIII deficiency or classic 
hemophilia.  This form of hemophilia is linked to the X chromosome, so a healthy mother 
who carries the hemophilia gene can pass it along to her children.  Statistically, half her 
sons should receive the normal gene, and the other half receive the hemophiliac gene.  
Any son receiving the abnormal gene will automatically have hemophilia, since males are 
XY.  Daughters receiving that gene will be protected from hemophilia because females 
are XX.  The second X chromosome will produce the factor, so that the daughter will be 
healthy.   In order for a female to be a hemophiliac, she must receive the hemophilia gene 
from both her parents.  
 
Haemochromatosis is characterized by a buildup of iron in the body. Iron accumulation 
can eventually cause organ damage, most importantly in the liver and pancreas. It is 
estimated that roughly one in every 300-400 people is affected by the disease.  
 
Thrombosis is the inappropriate formation of a clot, usually on the surface of an 
atherosclerotic plaque.  As the platelets attach, the clot grows and may eventually block 
the flow of blood causing oxygen deprivation to the surrounding tissues.  If the clot 
breaks off and travels along the bloodstream, it eventually become lodged within a 
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smaller blood vessel.  This clot is now known as an embolus.  If the embolus blocks a 
blood vessel in the brain, it is known as a stroke.  If it blocks a blood vessel in the lungs 
it is known as a pulmonary embolus. 

 
Phlebotomy and Medical Lab Technology         

 

Phlebotomists are professionals trained to draw blood (phleb- = “a blood vessel”; 
-tomy = “to cut”). When more than a few drops of blood are required, 
phlebotomists perform a venipuncture, typically of a surface vein in the arm. They 
perform a capillary stick on a finger, or the heel of an infant when only a small 
quantity of blood is required. An arterial stick is collected from an artery and used 
to analyze blood gases. After collection, the blood may be analyzed by medical 
laboratories or perhaps used for transfusions, donations, or research. While many 
allied health professionals practice phlebotomy, the American Society of 
Phlebotomy Technicians issues certificates to individuals passing a national 
examination, and some large labs and hospitals hire individuals expressly for their 
skill in phlebotomy. 
Medical or clinical laboratories employ a variety of individuals in technical 
positions:  
• Medical technologists (MT), also known as clinical laboratory technologists 

(CLT), typically hold a bachelor’s degree and certification from an accredited 
training program. They perform a wide variety of tests on various body fluids, 
including blood. The information they provide is essential to the health 
providers determining a diagnosis and in monitoring the course of a disease 
and response to treatment. 

• Medical laboratory technicians (MLT) typically have an associate’s degree but 
may perform duties similar to those of an MT. 

•  Medical laboratory assistants (MLA) process samples and carry out routine 
assignments within the lab. Clinical training is required, but a degree may not 
be essential to obtaining a position.
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 Bone Marrow Sampling and Transplants 
A bone marrow biopsy is a diagnostic test of a sample of red bone marrow.  A bone 
marrow transplant is a treatment in which a donor’s healthy bone marrow—and its 
stem cells—replaces the diseased bone marrow of a patient. These tests and 
procedures are often used to assist in the diagnosis and treatment of various 
severe forms of anemias well as some types of cancer, specifically leukemia. 

In the past, when a bone marrow sample or transplant was necessary, the 
procedure would have required inserting a large needle into the pelvic bone. 
Unfortunately, the procedure is painful. 

Now, direct sampling of bone marrow can often be avoided. In many cases, stem 
cells can be isolated in just a few hours from a sample of a patient’s blood. The 
isolated stem cells are then grown in culture using growth factors,and analyzed or 
sometimes rozen for later use. 

For an individual requiring a transplant, a matching donor is essential to prevent 
the immune system from destroying the donor cells through tissue rejection. Before 
receiving a bone marrow transplant, it is first necessary to destroy the patient’s 
own diseased marrow through radiation and/or chemotherapy. Donor bone 
marrow stem cells are then intravenously infused. From the bloodstream, they 
establish themselves in the recipient’s bone marrow.
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 KEY TERMS 
 

ABO blood group blood-type classification based on the presence or absence of A and 
B glycoproteins on the erythrocyte membrane surface 

 
agglutination clustering of cells into masses linked by antibodies 

 
agranular leukocytes leukocytes with few granules in their cytoplasm; specifically, 
monocytes, lymphocytes 

 
albumin most abundant plasma protein, accounting for most of the osmotic pressure of 
plasma 

 
anemia deficiency of red blood cells or hemoglobin 

 
antibodies (also, immunoglobulins or gamma globulins) antigen-specific proteins 
produced by specialized B 

lymphocytes that protect the body by binding to foreign objects such as bacteria and 
viruses 

 
anticoagulant substance such as heparin that opposes coagulation 

 
antithrombin anticoagulant that inactivates factor X and opposes the conversion of 

prothrombin (factor II) into thrombin in the common pathway 
 

B lymphocytes (also, B cells) lymphocytes that defend the body against specific 
pathogens and thereby provide specific immunity 

 
basophils granulocytes that stain with a basic (alkaline) stain and store histamine and heparin 

 
bilirubin yellowish bile pigment produced when iron is removed from heme and is 

further broken down into waste products 
 

biliverdin green bile pigment produced when the non-iron portion of heme is degraded into 
a waste product; converted to bilirubin in the liver 

 
blood liquid connective tissue composed of formed elements—erythrocytes, leukocytes, 

and platelets—and   a fluid extracellular matrix called plasma; component of the 
cardiovascular system 

 
bone marrow biopsy diagnostic test of a sample of red bone marrow 

 
bone marrow transplant treatment in which a donor’s healthy bone marrow with its stem 

cells replaces diseased or damaged bone marrow of a patient 
 

buffy coat thin, pale layer of leukocytes and platelets that separates the erythrocytes from 
the plasma in a sample of centrifuged blood 

 
carbaminohemoglobin compound of carbon dioxide and hemoglobin, and one of the ways 

in which carbon dioxide is carried in the blood 
 

clotting factors group of 12 identified substances active in coagulation 
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coagulation formation of a blood clot; part of the process of hemostasis 
 

colony-stimulating factors (CSFs) glycoproteins that trigger the proliferation and 
differentiation of myeloblasts into granular leukocytes (basophils, neutrophils, and 
eosinophils) 

 
common pathway final coagulation pathway activated either by the intrinsic or the 

extrinsic pathway, and ending in the formation of a blood clot 
 

cross matching blood test for identification of blood type using antibodies and small 
samples of blood 

 
defensins antimicrobial proteins released from neutrophils and macrophages that create 

openings  in the plasma membranes to kill cells 
deoxyhemoglobin molecule of hemoglobin without an oxygen molecule bound to it 

 
diapedesis (also, emigration) process by which leukocytes squeeze through adjacent cells 

in a blood vessel wall to enter tissues 
 

embolus thrombus that has broken free from the blood vessel wall and entered the circulation 
 

emigration (also, diapedesis) process by which leukocytes  squeeze through adjacent cells in a 
blood vessel wall to enter tissues 

 
eosinophils granulocytes that stain with eosin; they release antihistamines and are 

especially active against parasitic worms 
 

erythrocyte (also, red blood cell) mature myeloid blood cell that is composed mostly of 
hemoglobin and functions primarily in the transportation of oxygen and carbon dioxide 

 
erythropoietin (EPO) glycoprotein that triggers the bone marrow to produce RBCs; 

secreted by the kidney in response to low oxygen levels 
 

extrinsic pathway initial coagulation pathway that begins with tissue damage and 
results in the activation of the common pathway 

 
ferritin protein-containing storage form of iron found in the bone marrow, liver, and spleen 

 
fibrin insoluble, filamentous protein that forms the structure of a blood clot 

 
fibrinogen plasma protein produced in the liver and involved in blood clotting 

 
fibrinolysis gradual degradation of a blood clot 

 
formed elements cellular components of blood; that is, erythrocytes, leukocytes, and 
platelets 

 
globin heme-containing globular protein that is a constituent of hemoglobin 

 
globulins heterogeneous group of plasma proteins that includes transport proteins, clotting 

factors, immune proteins, and others 
 

granular leukocytes leukocytes with abundant granules in their cytoplasm; specifically, 
neutrophils, eosinophils, and basophils 
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hematocrit (also, packed cell volume) volume percentage of erythrocytes in a sample of 
centrifuged blood 

 
heme red, iron-containing pigment to which oxygen binds in hemoglobin 

 
hemocytoblast hemopoietic stem cell that gives rise to the formed elements of blood 

 
hemoglobin oxygen-carrying compound in erythrocytes 

 
hemolysis destruction (lysis) of erythrocytes and the release of their hemoglobin into 
circulation 

 
hemolytic disease of the newborn (HDN) (also, erythroblastosis fetalis) disorder 

causing agglutination and hemolysis in an Rh+ fetus or newborn of an Rh− mother 
 

hemophilia genetic disorder characterized by inadequate synthesis of clotting factors 
 

hemopoiesis production of the formed elements of blood 
 

hemopoietic stem cell type of pluripotent stem cell that gives rise to the formed elements 
of blood (hemocytoblast) 
hemorrhage excessive bleeding 

 
hemostasis physiological process by which bleeding ceases 

 
heparin short-acting anticoagulant stored in mast cells and released when tissues are injured, 
opposes prothrombin 

 
hypoxemia below-normal level of oxygen saturation of blood (typically <95 percent) 

 
immunoglobulins (also, antibodies or gamma globulins) antigen-specific proteins 
produced by specialized B 

lymphocytes that protect the body by binding to foreign objects such as bacteria and 
viruses 

 
intrinsic pathway initial coagulation pathway that begins with vascular damage or 

contact with foreign substances, and results in the activation of the common pathway 
 

leukemia cancer involving leukocytes 
 

leukocyte (also, white blood cell) colorless, nucleated blood cell. chief function is to protect 
the body from disease 

 
leukocytosis excessive leukocyte proliferation 

 
leukopenia below-normal production of leukocytes 

 
lymphocytes agranular leukocytes of the lymphoid stem cell line, many of which function in 
specific immunity 

 
lymphoid stem cells type of hemopoietic stem cells that gives rise to lymphocytes, 

including various T cells, B cells, and NK cells, all of which function in immunity 
 

lymphoma form of cancer in which masses of malignant T and/or B lymphocytes collect in 
lymph nodes, the spleen, the liver, and other tissues 

 
macrophage phagocytic cell of the myeloid lineage; a matured monocyte 
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megakaryocyte bone marrow cell that produces platelets 
 

memory cell type of B or T lymphocyte that forms after exposure to a pathogen 
 

monocytes agranular leukocytes of the myeloid stem cell line that circulate in the 
bloodstream; tissue monocytes are macrophages 

 
myeloid stem cells type of hemopoietic stem cell that gives rise to some formed elements, 

including erythrocytes, platelets, monocytes and three forms of granular leukocytes 
(neutrophils, eosinophils, and basophils) 

 
natural killer (NK) cells cytotoxic lymphocytes capable of recognizing cells that do not 

express “self” proteins on their plasma membrane or that contain foreign or abnormal 
markers; provide nonspecific immunity 

 
neutrophils granulocytes that stain with a neutral dye and are the most numerous of the 

leukocytes; especially active against bacteria 
 

oxyhemoglobin molecule of hemoglobin to which oxygen is bound 
 

packed cell volume (PCV) (also, hematocrit) volume percentage of erythrocytes present 
in a sample of centrifuged blood 

 
plasma in blood, the liquid extracellular matrix composed mostly of water that circulates 

the formed elements and dissolved materials throughout the cardiovascular system 
 

plasmin blood protein active in fibrinolysis 
 

platelet plug accumulation and adhesion of platelets at the site of blood vessel injury 
 

platelets (also, thrombocytes) one of the formed elements of blood that consists of cell 
fragments broken off from megakaryocytes 

 
pluripotent stem cell stem cell that derives from totipotent stem cells and is capable of 

differentiating into many, but not all, cell types 
 

polycythemia elevated level of hemoglobin, whether adaptive or pathological 
 

polymorphonuclear having a lobed nucleus, as seen in some leukocytes 
 

positive chemotaxis process in which a cell is attracted to move in the direction of 
chemical stimuli 

 
red blood cells (RBCs) (also, erythrocytes) one of the formed elements of blood that 
transports oxygen 

 
reticulocyte immature erythrocyte that may still contain fragments of organelles 

 
Rh blood group blood-type classification based on the presence or absence of the 

antigen Rh on the erythrocyte membrane surface 
 

serum blood plasma that does not contain clotting factors 
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sickle cell disease (also, sickle cell anemia) inherited blood disorder in which hemoglobin 
molecules are malformed, leading to the breakdown of RBCs that take on a characteristic 
sickle shape 

 
T lymphocytes (also, T cells) lymphocytes that provide cellular-level immunity by 

physically attacking foreign or diseased cells 
 

thalassemia inherited blood disorder in which maturation of RBCs does not proceed 
normally, leading to abnormal formation of hemoglobin and the destruction of RBCs 

 
thrombin enzyme essential for the final steps in formation of a fibrin clot 

 
thrombocytes platelets, one of the formed elements of blood that consists of cell 

fragments broken off from megakaryocytes 
 

thrombocytopenia condition in which there are too few platelets, resulting in abnormal 
bleeding (hemophilia) 

 
thrombocytosis condition in which there are too many platelets, resulting in abnormal 
clotting (thrombosis) 

 
thrombosis excessive clot formation 

 
thrombus aggregation of fibrin, platelets, and erythrocytes in an intact artery or vein 

 
tissue factor protein thromboplastin. Initiates the extrinsic pathway when released in response 
to tissue damage 

 
totipotent stem cell embryonic stem cell that is capable of differentiating into any and all 

cells of the body; enabling the full development of an organism 
 

transferrin plasma protein that binds reversibly to iron and distributes it throughout the body 
 

universal donor individual with type O− blood 
 

universal recipient individual with type AB+ blood 
 

vascular spasm initial step in hemostasis, in which the smooth muscle in the walls of the 
ruptured or damaged blood vessel contracts 

 
white blood cells (WBCs) (also, leukocytes) one of the formed elements of blood that 

provides defense against disease agents and foreign materials
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Chapter 13 Lymphatic System & Immunity 

Figure 13.1   Lymphatic vessels and Organs  :credit: Blausen.com staff. "Blausen gallery 2014". 
Wikiversity Journal of Medicine. DOI:10.15347/wjm/2014.010. ISSN 20018762. - CC BY 3.0 

There are three parts to the lymphatic system: 
(1) lymph vessels and the lymph fluid that travels in these vessels, (section 13.1)
(2) lymphatic organs including the lymph nodes, spleen, thymus, tonsils, appendix

(section 13.2)
(3) lymphatic cells which are white blood cells. (section 13.3)

Most of the work of the lymphatic system involves providing protective immunity to our 
bodies against pathogens, which are microorganisms that make us sick.  It also helps 
substances enter the blood stream, such as fluid, proteins, lipids and white blood cells.
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13.1   Lymphatic Vessels and Lymph Fluid 
 
One major function of the lymphatic system is to drain body fluids that are accumulating 
around the cells of our body and return that fluid to the bloodstream. As we learned in 
the chapter on Blood Vessels, blood pressure causes leakage of plasma out of the 
capillaries, resulting in the accumulation of fluid around body cells.  Once this filtrate is 
out of the bloodstream and in the tissue spaces, it is referred to as interstitial fluid.  In 
humans, 20 liters of plasma filters out of the blood vessels forming interstitial fluid.  Of 
this, 17 liters is reabsorbed directly back into the blood vessels restoring almost all of the 
plasma fluid. But what happens to the remaining three liters?  

Excess interstitial fluid must be returned to the blood vessels, or else the circulatory 
system will eventually stop functioning.  This is where the lymphatic system comes into 
play.  This excess fluid around the cells drain into lymphatic vessels that will eventually 
carry the fluid back into the bloodstream.  Lymph is the term for interstitial fluid that has 
entered the lymphatic vessels.   

Not only does the lymphatic vessels return fluid to the blood stream, it is also a convenient 
method for transporting the cells of the immune system.  It is, in fact, a convenient method 
to transport any large substance into the bloodstream, since the lymphatic capillaries are 
far leakier than blood capillaries.  For example, lipids and fat-soluble vitamins absorbed 
from your food can’t directly enter the blood stream, but they can enter the lymphatic 
capillaries.  These substances then travel through the lymph vessels which drain into the 
bloodstream. 

As lymph travels through the lymphatic vessels on the way to the blood, it passes through 
the lymphatic organ known as lymph nodes (Figure 13.2).  The lymph nodes purify lymph 
of invading microorganisms, or abnormal cells, that might have entered the lymphatic 
capillaries.  This helps prevent unwanted substances from entering our bloodstream.  
When you have “swollen glands,” you are experiencing an immune response in your 
lymph nodes, where your body is battling something that has entered your lymph and 
has been trapped by the nodes.  Similarly, lymph nodes trap cancer cells that are trying 
to spread throughout your body.  That is why lymph nodes near a cancerous tumor are 
surgically removed and checked to see if the cancer has started to spread.  
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Visit this website (http://openstaxcollege.org/l/lymphsystem) for an overview of the lymphatic system. 
What are the three main components of the lymphatic system? 

 

Figure 13.2   Lymph Flow lymph enters lymphatic capillaries and travels along lymphatic vessels through lymph 
nodes.  This eventually drains into the bloodstream. Credit: modification CFCF [CC BY-SA 4.0 
(https://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons; and OpenStax 
College CC BY 3.0 
 
 
The lymphatic vessels are not part of a circulatory system.  That means the lymphatic 
vessels start at the capillaries.  There are no “lymphatic arteries”.  The capillaries are 
closed at one end, and then join with other lymphatic capillaries to form larger and larger 
lymphatic vessels which eventually drain into the blood through two large ducts (the 
thoracic duct and the right lymphatic duct). 
 
The lymphatic capillaries are found within blood capillary beds, since that is the site where 
excess interstitial fluid is accumulating (Figure 13.3).  As the pressure from the excess fluid 
builds, it pushes open flap-like doors in the lymphatic capillaries, and fluid, as well as 
everything else nearby, can enter.  Other things that can enter the lymphatic capillaries 
are proteins, lipids, other large substances like hormones, and even cells, including white 
blood cells and cancer cells.     As previously mentioned, as the lymph flows, it passes 
through the lymph nodes, which are commonly found near the groin, armpits, neck, chest, 
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and abdomen. Humans have about 500–600 lymph nodes throughout the body (Figure 
13.1). 

                    
Figure 13.3  Lymphatic Capillaries these are found within capillary beds, taking up excess 
fluid that cannot return to the blood vessels. credit: CFCF (Own work) [CC BY-SA 4.0 
(https://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons                                                            

 
 
When the lymph drainage is damaged in some way, such as by being blocked by cancer 
cells or destroyed by injury, interstitial fluid accumulates in the tissue spaces. This 
inappropriate accumulation of fluid is referred to as lymphedema (Figure 13.4). 

 
Figure 13.4 Lymphedema of Lower Limb interstitial fluid can’t enter the lymph capillaries, so it 
accumulates in the tissues, causing swelling credit: Medical doctors (Own work) [CC BY-SA 4.0 
(https://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons 
 

13.2   Lymphatic Organs 
Lymphatic organs and their locations are indicated on Figure 13.5.   Some of the 
lymphatic organs are involved in the production and maturation of lymphocytes.  The rest 
of the lymphatic organs are involved in active immune responses.  The structure and 
function of some of these organs will be briefly described below.                                   
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Figure 13.5  Anatomy of the Lymphatic System  L y m p h  o r g a n s  i n c l u d e  t h e  
s p l e e n ,  t h y m u s  a n d  l y m p h  n o d e s ,  a s  w e l l  a s  t h e  t o n s i l s .   
 

 13.2.1   Lymphatic Organs that Produce and Mature 
Lymphocytes 
The Bone Marrow is the site where all blood cells develop through the process of 
hematopoiesis.    The various white blood cells develop in the bone marrow and function 
in the body tissues and fluids, defending the body.    The lymphocytes are particularly 
important in specific immunity.  B lymphocytes develop and mature in the red bone 
marrow.  The T lymphocytes develop in the bone marrow, but then travel to the thymus 
where they mature. 
 
The thymus is located over the superior border of the heart (Figure 13.6).  It is largest 
when you are young, and becomes smaller with time.  The T lymphocytes migrate to the 
thymus where they mature.  Only T lymphocytes that will attack foreign antigens, rather 
than self antigens, mature and leave the thymus.  It is important that these lymphocytes 
do not respond to, and attack, the body’s own cells.    

 
Figure 13.6 Location of the Thymus above the heart. Credit:CNX OpenStax via Wikimedia 
commons (https://cnx.org/contents/5CvTdmJL@4.4) [CC BY 4.0 
(http://creativecommons.org/licenses/by/4.0)] 
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After the B and T lymphocytes mature, they travel to the different lymphatic organs within 
the body, where they reside and help protect against invading microorganisms through 
immune responses.    Lymphatic organs include lymph nodes, the spleen, the appendix 
and tonsils. 
 

        
 

The Thymus and the Aging of the Immune System 
 

The CDC estimates that 80 percent of those 60 years and older have one or more chronic 
disease associated with deficiencies of the immune systems. This loss of immune function with 
age is called immunosenescence. One major cause of age-related immune deficiencies is the 
shrinking of the thymus gland that begins at birth, at a rate of about three percent tissue loss per 
year, and continues until 35–45 years of age, when the rate declines to about one percent loss 
per year for the rest of one’s life. At that pace, the total loss of thymic epithelial tissue and 
thymocytes would occur at about 120 years of age. Thus, this age is a theoretical limit to a 
healthy human lifespan. 
 
Research suggests this process is genetically programmed. Gene therapies that target gene 
expression are also seen as future possibilities. The more we learn through immunosenescence 
research, the more opportunities there will be to develop therapies, even though these therapies 
will likely take decades to develop. The ultimate goal is for everyone to live and be healthy 
longer, but there may be limits to immortality imposed by our genes and hormones. 

 
  

 13.2.2   Lymphatic Organs that are Part of the Immune Response 
Lymph nodes are bean shaped lymphatic organs that filter and purify the lymph 
(Figure 13.7).  Lymphatic vessels carry lymph from around the body into the lymph 
nodes where pathogens and cellular debris are removed. Any microorganisms that 
enter the lymphatic capillaries will travel through the lymph vessels to a lymph node.  
Macrophages within the lymph node ingest and kill many of the pathogens that pass 
through.  

                      
Figure 13.7 Structure of a Lymph Node  Lymph nodes are masses of lymphatic tissue located 
along the larger lymph vessels. Credit: OpenStax College [CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0)] 
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The spleen is a lymphatic organ that filters and purifies blood (Figure 13.8).  Within the 
spleen are macrophages that remove microbes and other material from blood, including 
old red blood cells.  

 
 

Figure 13.8 Spleen The spleen is attached to the side of the stomach. Credit: By OpenStax 
College [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
 
 
In addition to the lymphatic organs, there are clusters of lymphatic cells, called lymph 
nodules that can be found throughout the respiratory and digestive tracts.  These 
nodules are located in places that are exposed to environmental pathogens in the air 
and in our food.  Large clusters of lymphatic cells are found in our tonsils and appendix. 
 
Tonsils are lymph nodules located along the inner surface of the pharynx and are 
important in developing immunity to microbes that enter through our mouth (Figure 
13.9). The tonsil located at the back of the throat, the pharyngeal tonsil, is sometimes 
referred to as the adenoid. When this swells, it indicates there is an active immune 
response to infection.  Tonsils are often removed in children who have recurring throat 
infections, especially those involving the palatine tonsils on either side of the throat, 
since swelling may interfere with breathing and/or swallowing. 

 
Figure 13.9 Locations of the Tonsils  (a) The pharyngeal tonsil, or adenoid, located on the roof 
of the nasopharynx, in the back of the nose. (b) The palatine tonsils lay on each side of the 
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pharynx in back of the throat, and are swollen due to infection. Credit (a) Cancer Research UK 
[CC BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0)], (b) By Klem [GFDL 
(http://www.gnu.org/copyleft/fdl.html) or CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], 
both via Wikimedia Commons 
 

13.3   Lymphatic Cells of the Immune System 
 
The cells of the lymphatic system are extremely important in the body’s immune response.  These 
are the white blood cells which include neutrophils, basophils, eosinophils, monocytes (which 
develop into macrophages) and the various forms of lymphocytes.  They are all formed in the 
bone marrow, and we have seen that one type, the T lymphocytes, need to complete their 
maturation in the thymus.   Both B and T cells can recognize and respond to specific antigens, 
which are large foreign molecules found on cells that enter our body, such as bacteria, viruses, 
or even an organ transplant.  B or T cells that respond to the body’s own molecules as though 
they were foreign, receive a signal that causes them to die. Only those B and T cells that have 
shown they are unlikely to react to “self” molecules are released into circulation. 

Each of these white blood cells carry out different roles in the immune system.  Some, like 
macrophages and neutrophils, are involved in phagocytosis, ingesting microorganisms, or debris 
that occurs as the WBCs battle pathogens.  Some release granules which help battle the 
pathogens (neutrophils, eosinophils an basophils). Some are involved in coordinating the immune 
response through the release of chemical messengers known as cytokines (several WBCs, but 
T helper cells, in particular).   Some are involved in specific immunity where the immune response 
is to a particular pathogen.  This specific response is the job of the lymphocytes, which develop 
killer cells that attack pathogens or produce antibodies against them. 

 

13.4 The Body’s Defense Systems 
The body has two defense systems that help protect against pathogens. 

(1) The innate (nonspecific) immune system (section 13.4.1) 
(2) The adaptive (specific) immune system (section 13.4.2) 

Both systems come in to play when there is an infection.  The innate system responds first.  The 
adaptive immune system takes a little longer to respond, but is a more effective defense system 
and develops long term “memory” against those pathogens.  Only pathogens that are able to get 
through all the defenses can cause harm to the body.  
 

 13.4.1  The Innate (Nonspecific) Immune System 
There are nonspecific defenses that are part of the innate immune system.    Innate 
means you are born with these defenses, and these responses are the same to all 
different types of threats to your body.   There are several different types of nonspecific 
defenses which include the body’s “first and second lines of defense”.  

The first line of defense is having “barriers” that physically block pathogens from 
entering our body.  The skin is an extremely important barrier since it forms a physical 
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wall between the body and the outside world which is very difficult for pathogens to 
penetrate. 

At body openings, such as the mouth and nose, there are mucous membrane barriers 
that line areas exposed to the outside environment. This includes the mucous membrane 
lining of the respiratory, gastrointestinal, and urinary tracts. Mucous membranes secrete 
mucus, a slimy substance that coats the membranes and traps pathogens. Mucous 
membranes also have cilia, which are tiny projections that have wavelike motions. The 
movements of cilia sweep mucus and trapped pathogens toward body openings to be 
removed from the body. 

The skin and mucous membranes secrete enzymes in sweat, mucus, tears and saliva, 
that kill many of the pathogens trying to cross these barriers. Urine and vaginal secretions 
are too acidic for many pathogens, and semen contains zinc, which kills most pathogens. 
Hydrochloric acid secreted by mucous membranes lining the stomach kills pathogens that 
enter the stomach in food. 

If a microorganism does successfully enter the body there are second lines of defense 
to fight the infection.  These defenses are general responses, including developing a 
fever, or mounting an inflammation.  For example, you can develop an inflammation 
because of an infection or because a splinter enters your foot.  The body deals in the 
same general way to both threats. 

Fever is caused by pyrogens.  Pathogens, and the toxins they produce, can cause fever.  
Pyrogens act on the hypothalamus, the site in the body that normally controls body 
temperature.  Pyrogens cause the hypothalamus to reset its set point from 370C (98.60F) 
to a higher temperature.  The body responds by shivering, since muscular contractions 
increase the temperature of the body.  The elevated body temperature is helpful since it 
increases the rate of phagocytosis and the repair of damaged tissues.  It also slows the 
rate that microbes grow and reproduce.  Note that while low fever may help fight an 
infection, high fever is extremely dangerous for the body and must be treated. 

An inflammatory response causes an area of your body to become painful, red, difficult 
to move, swollen and hot to the touch.  These are the five cardinal signs of inflammation.  
This is the first reaction of the body to tissue damage or infection and is triggered by 
chemicals called cytokines and histamines (Figure 13.10).  These chemicals are 
released when a tissue is injured or infected. The chemicals communicate with other cells 
and coordinate the inflammatory response. 

 

Visit this website to view an animation of the inflammatory response  
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Figure 13.10 Inflammation A wound begins the process, stimulating cells to release histamine, 
causing blood vessels to become leaky. Credit: By OpenStax College [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 

 
 
 
 13.4.2  The Adaptive (Specific) Immune System 
 

The third line of defense is the job of specific, or adaptive immunity.  This type of immunity 
develops as the body is exposed to microorganisms and involves both B and T lymphocytes.    
This means that whenever a new virus or bacterium enters your body, your lymphocytes respond 
by developing antibodies and specialized T cells against that specific pathogen.  This third line of 
defense is slower but more specific and effective.  
 
B cells and T cells recognize and respond to antigens, which are molecules that the immune 
system recognizes as foreign to the body.  Antigens are also found on cancer cells and the cells 
of transplanted organs, triggering an immune response against the cells that carry the antigen. 
This is the cause of rejection of transplanted organs. 
 
Our body has millions of lymphocytes, each a match for a different antigen.  These exist even 
though the antigens have not yet even entered our body.  To create all these different 
lymphocytes, the DNA in white blood cells is shuffled to create each lymphocyte with a unique 
receptor capable of binding to a different antigen.  Some lymphocytes are created with receptors 
that bind to antigens of our own body (self-antigens).   To prevent an auto-immune reaction where 
a lymphocyte would attack our own tissues, those self-reactive white blood cells are destroyed 
during their development. 
 
B and T cells recognize specific antigens because they have receptor molecules on their surface 
that bind only with a particular antigen. The fit between an antigen and a matching receptor 
molecule is like a key in a lock. When an antigen arrives into our body, only a very few 
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lymphocytes will match with it (Figure 13.11).  All the other lymphocytes do not react to that 
antigen.  Only those that match will begin to change.   

                     
Figure 13.11  Lymphocytes have Different Receptors  The receptor must match the shape of 
the antigen in order for the lymphocyte to respond.  In this image, lymphocyte A will react to the 
pathogen, while lymphocyte B will not respond.  Credit: Ellerton, own work, CC BY 
(http://creativecommons.org/licenses/by/3.0)] 
 
 
Before the lymphocytes can attack the antigen, they will need to build an army of 
lymphocytes that all match the antigen and can all fight against them.  Therefore, one of 
the first steps after a lymphocyte has met its match, is for that lymphocyte to begin making 
numerous copies of itself.  One lymphocyte cannot fight a battle; so creating many of the 
same type of lymphocyte creates the army needed to successfully attack the invading 
pathogen.  Creating more of the identical type of matching lymphocytes is “cloning” that 
lymphocyte. 
Some of the cloned lymphocytes become memory cells, that remain for many years, 
allowing the immune system to “remember” the pathogen after the infection is over.  
These memory cells can be quickly reactivated to fight this antigen, should it show up 
again in your body; and the response is faster and stronger.  That is why you can only 
develop certain sicknesses once.  That is also why if you are vaccinated against an 
antigen, you will not develop that illness.   Whether you actually had the disease or if you 
received a vaccine against that illness, either way, you have memory cells waiting, 
preventing that antigen from making you sick again. 
 
There are two types of adaptive/specific immune responses that work together to keep 
you healthy: 

(1) Humoral Immune response involves mainly B cells and takes place in blood 
and lymph.  (section 13.4.2a) 

(2) Cell Mediated Immune response involves T cells which directly attack and 
destroy body cells that are infected with pathogens or have become cancerous. 
(section 13.4.2b).  These are known as cytotoxic T cells.  There are also other 
extremely important T cells known as T helper cells. 
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 13.4.2a The Humoral Immune Response – B Cell Activation 
 

B cells must be activated by an antigen before they can produce antibodies to fight it.  
First, a B cell must encounter an antigen that it matches.  The B cell then must be 
activated by a helper T cell, which has encountered the same antigen.  The helper T cell 
releases chemical messages, known as cytokines, that “tell” or signal the B cell to 
develop into a plasma cell, which is the cell type that produces antibodies.  
 
Antibodies are large, Y-shaped proteins that recognize and bind to antigens. Plasma 
cells are like antibody factories, producing many copies of a single type of antibody. The 
antibodies travel throughout the body in blood and lymph. Each antibody binds to just one 
kind of antigen. When it does, it forms an antigen-antibody complex (Figure 13.12). 
The complex flags the antigen-bearing cell for destruction by phagocytosis. 
 

 
Figure 13.12 Antibody Match the Antigen An antibody matches only one type of antigen.  It will 
not bind to those that do not match its shape.   Credit: Fvasconcellos  (UTC) [Public domain], via 
Wikimedia Commons 
 
 13.4.2b  The Cell-Mediated Immune Response – Cytotoxic T Cell 
Activation 
T cells are responsible for cell-mediated immunity which involves the destruction of 
body cells that are infected or have abnormal antigens.  There are several different types 
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of T cells including helper, cytotoxic, and memory T cells. Cell-mediated immunity refers 
to the work of the cytotoxic T cells. 

                                  
Figure 13.13 Cytotoxic T Cell attacking a cell infected with a virus.  Credit: License: CC BY-
NC 3.0 via ck12.org 

 
A cytotoxic T cell will become activated if it has a receptor that matches a specific antigen.  
The activated cytotoxic T cells destroy cancer cells, damaged cells, and cells infected 
with viruses (Figure 13.13). They are also involved in the rejection of transplanted organs. 
Once activated, a cytotoxic T cell divides rapidly and produces an “army” of cells identical 
to itself. These cells travel throughout the body “searching” for more cells carrying that 
specific antigen. Whenever they encounter such cells, they destroy them by releasing 
toxins, that form pores, or holes, in the infected cell’s membrane. T cell enzymes are then 
able to enter the infected cell and promote apoptosis, or programmed cell death. The 
infected cell bursts, destroying both the cell and the viruses inside it (Figure 13.14). 
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Figure 13.14 Cytotoxic T Cell Destruction of Infected Body Cell  cytotoxic T cell releases 
toxins that destroy an infected body cell and the viruses it contains.  Credit: Laura Guerin; 
Source: CK-12; License: CC BY-NC 3.0 

 

After cytotoxic T cells bring a viral infection under control, most of the cytotoxic T cells 
die off. However, some of them remain as memory cells. If the same pathogen with its 
antigen tries to infect the body again, the memory cells mount an effective immune 
response by producing a new army of cytotoxic T cells that will search out that antigen 
and destroy it. 

 

 13.4.2c Helper T Cells 
 

Activated helper T cells do not kill pathogens or destroy infected cells, but they are still 
vitally important for the immune response. In fact, they can be thought of as the 
“managers” of the adaptive immune response. After activation, helper T cells divide 
rapidly and secrete cytokines. These chemical signals control the activity of other 
lymphocytes. Cytokines from helper T cells activate B cells. They also activate other T 
cells. 

Most activated helper T cells die out once a pathogen has been cleared from the body. 
However, some helper T cells remain in the lymph as memory cells. These memory 
cells are ready to produce large numbers of antigen-specific helper T cells if they are 
exposed to the same antigen again in the future. 

The importance of Helper T Cells in the immune response can be seen when these cells 
are decreased in number.  The human immunodeficiency virus that causes AIDS attacks 
Helper T cells.  Without these cells, both the B and T cell functioning is shut down, and 
the body becomes highly susceptible to infections. 
 

13.5   Active Versus Passive Immunity 
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Figure 13.15 Vaccination Provides Active Immunity credit: License: CC BY-NC 3.0 via 
ck12.org 
 
Active immunity is immunity that provides you with memory cells against a particular 
pathogen.  This can result from a pathogen stimulating an immune response and 
leaving you with memory cells against it. This happens when a pathogen infects your 
body and makes you sick.  As long as the memory cells survive, the pathogen will be 
unlikely to re-infect you and make you sick again. In the case of some pathogens, 
memory cells and active immunity last for the life of the individual. 
Active immunity can also occur through immunization (Figure 13.15). Immunization is 
the deliberate exposure of a person to an inactivated pathogen in order to provoke an 
immune response. This process is sometimes referred to as a vaccination. The purpose 
of immunization is to prevent actual infections by the pathogen. The pathogen is typically 
injected. However, only part of a pathogen, a weakened form of the pathogen, or a dead 
pathogen is used. This provokes an immune response without making you sick. Diseases 
you have likely been immunized against include measles, mumps, rubella, whooping 
cough, and chicken pox. 

Passive immunity is humoral immunity that results when antibodies to a specific 
pathogen are transferred to an individual who has never been exposed to the pathogen 
before. Passive immunity lasts only as long as the antibodies survive in body fluids, 
generally between a few days and several months.  For example, passive immunity is 
acquired by a fetus when the mother’s antibodies cross the placenta.  It is also acquired 
by an infant when it receives antibodies from the mother’s milk.  Older children and adults 
can acquire passive immunity through a gamma globulin injection of antibodies into the 
blood. An injection of antibodies is sometimes used to prevent you from contracting a 
disease you are exposed to, such as hepatitis, when you have not been immunized 
against that disease. 
 

13.6 When there are Issues with the Immune System 
 

 13.6.1 Allergy 
Your immune system usually protects you from pathogens. However, the immune system 
can develop problems, responding to harmless foreign substances as though they were 
pathogens. An allergy is a disease in which the immune system creates an inflammatory 
response to a harmless antigen. Any antigen that causes an allergy is called an allergen. 
 Allergens may be inhaled or ingested, or they may come into contact with the skin. 
Common causes of allergies are ragweed pollen, dust mites, mold, animal dander, insect 
stings, poison ivy, latex, and certain food and medications.   Some symptoms of inhaled 
allergens may include coughing, sneezing, runny nose, congestion and itchy, watery 
eyes. Skin contact may cause an itchy rash.  

The symptoms of allergies can range from mild to severe. Mild allergy symptoms are often 
treated with antihistamines. These are drugs that reduce or eliminate the effects of the 
histamines that cause allergy symptoms. Recall that histamines trigger the inflammatory 
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response. The most severe allergic reaction is called anaphylaxis. This is a life-
threatening response caused by a massive release of histamines. It requires emergency 
medical treatment. 
 

 13.6.2 Autoimmune Diseases 

                                                       
Figure 13.16   Rheumatoid Arthritis is an autoimmune disease, which means the body's 
immune system mistakenly attacks healthy tissue.  Credit: License: CC BY-NC 3.0 via ck12.org 
 
Autoimmune diseases occur when the immune system fails to recognize the body’s own 
molecules as self and attacks the body’s cells as though they were foreign invaders. 
Relatively common autoimmune diseases include rheumatoid arthritis, type 1 
diabetes mellitus, multiple sclerosis, and systemic lupus erythematosus. These are 
described in the table below. They are currently incurable, but treatment can help relieve 
the symptoms and prevent some of the long-term damage. Medicine currently available 
for treating autoimmune diseases sometimes suppresses immunity in general. 

Common Autoimmune Diseases 

Autoimmune 
Disease 

Object of Immune 
Attack 

Results of Immune 
Attack Treatment(s) 

Rheumatoid 
arthritis Tissues inside joints. Inflammation of joints, 

causing joint pain, damage,  
Anti-inflammatory 
drugs.  

Type 1 diabetes 
Insulin-
producing cells of 
the pancreas. 

Can’t produce insulin, which 
causes too much sugar to 
be in the blood.  Causes 
tissue and organ damage. 

Insulin injections. 

Multiple sclerosis Myelin in the brain 
and spinal cord. 

Loss of nerve function, 
causing muscle weakness, 
fatigue, visual problems, 
pain, and more. 

Corticosteroid drugs 
and hormones that 
control the immune 
system. 
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Autoimmune 
Disease 

Object of Immune 
Attack 

Results of Immune 
Attack Treatment(s) 

Systemic lupus 
erythematosus 

Joints, heart, lungs, 
or other organs. 

Inflammation of joints or 
organs, causing joint or 
organ damage pain. 

drugs that suppress the 
immune system. 

 

The causes of autoimmune diseases are not known for certain. One way autoimmunity 
may develop is through molecular mimicry. This occurs when a person is infected with 
pathogens bearing antigens similar to the person’s own molecules. When the immune 
system mounts an attack against the pathogens, it also attacks body cells with the similar 
molecules. Some people inherit genes that increase their risk for an autoimmune disease. 
Female sex hormones may also increase the risk. This may explain why autoimmune 
diseases are more common in females than in males and why they usually begin after 
puberty.  
 

 13.6.3  Immunodeficiency 
 

Immunodeficiency occurs when the immune system is not working properly. As a result, 
it cannot fight off pathogens that a normal immune system would be able to resist. Most 
commonly, immunodeficiency diseases occur when T or B cells (or both) do not work as 
well as they should, or when your body doesn't produce enough antibodies. 

Severe combined immunodeficiency, SCID, is a rare genetic disorder where both T 
and B cells do not function properly.   It is also known as the bubble boy 
disease because its victims are extremely vulnerable to infection diseases and some 
have become famous for living in a sterile environment.  Current treatment involves bone 
marrow transplantation. (watch video on “boy in the bubble”’s life).   

More often, immunodeficiency is acquired during a person’s lifetime. Immunodeficiency 
may occur for a variety of reasons: 

• The immune system naturally becomes less effective as people get older.  This is why 
older people are generally more susceptible to disease. 

• The immune system may be damaged by other disorders, such as obesity or drug 
abuse. 

• Certain medications can suppress the immune system. This is an intended effect of 
drugs given to people with transplanted organs. In many cases, however, it is an 
unwanted side effect of drugs used to treat other diseases. 

• Certain diseases can also attack and damage the immune system and interfere with 
its ability to defend the body. 

• Some pathogens attack and destroy cells of the immune system. An example is the 
Human Immunodeficiency Virus (HIV), the most common cause of immunodeficiency 
in the world today. 
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 13.6.4  HIV and AIDS 
HIV, or human immunodeficiency virus, is the virus that causes AIDS.  AIDS stands for 
acquired immune deficiency syndrome. It is a late stage in the progression of an HIV 
infection. 

HIV spreads through direct contact of either mucous membranes or body fluids containing 
HIV.  Body fluids that can contain HIV include blood, semen, vaginal fluid, preseminal 
fluid, and breast milk. Transmission of the virus can occur through sexual contact or use 
of contaminated hypodermic needles. HIV can also be transmitted through a mother’s 
blood to her baby during late pregnancy or birth or through breast milk after birth. In the 
past, HIV was transmitted through blood transfusions. Because donated blood is now 
screened for HIV, the virus is no longer transmitted this way. 

 
Figure 13.17 Methods of HIV Transmission   Credit: CK-12 Foundation; License: CC BY-NC 
3.0 

 

HIV destroys helper T cells. Recall that helper T cells are needed for normal humoral 
and cell-mediated immunity. When HIV enters a person’s bloodstream, proteins on the 
surface of the virus allow it to fuse with the host’s helper T cells. The virus injects its own 
RNA into the host’s helper T cells and uses the T cells’ “machinery” to make copies of 
itself. The copies of the virus bud off from the host’s cells, destroying the cells in the 
process. Copies of the virus go on to infect other helper T cells throughout the body. 
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Figure 13.18 HIV Infects and Destroys T Helper Cells credit: CK-12 Foundation; License: CC 
BY-NC 3.0 

During the first several weeks after HIV infection, the immune system tries to fight off the 
virus. However, the immune system is unable to completely destroy the virus, and it 
continues to multiply.  There are two ways the HIV evades the immune system. 

• The virus undergoes frequent mutations that keep changing the antigens on its coat. 
This prevents antigen-specific lymphocytes from developing that could destroy the 
virus. 

• The virus uses the host’s cell membranes to form is own coat. This covers up viral 
antigens, so they cannot be detected by the host’s immune system. 

 
Over the next several years, helper T cell levels continuously decline while copies of the 
virus keep increasing. As the number of helper T cells declines, so does the ability of the 
immune system to make an immune response. The HIV-infected person starts showing 
symptoms of a failing immune system, such as frequent infections. 
 
Treatment with antiviral medications can slow down the spread of the virus, although they 
do not eliminate the virus altogether. The medications usually lengthen the time between 
infection with HIV and the development of symptoms. There is currently no cure for HIV 
infection or AIDS and no vaccine to prevent infection, although this is a field of intense 
study by biomedical scientists. 

AIDS results from years of damage to the immune system by HIV. AIDS is diagnosed 
when helper T cells fall to a very low level and the infected person develops one or more 
opportunistic diseases. 

Opportunistic diseases are infections and tumors that are rare in people with a healthy 
immune system, but common in immunodeficient people. The diseases are called 
opportunistic because they take advantage of the “opportunity” to infect a person with a 
damaged immune system that can’t fight back.  Opportunistic diseases are often the 
direct cause of death of people with AIDS. 

AIDS was first identified in 1981. Since then, it has killed more than 25 million people 
worldwide, many of them children. The hardest hit region is sub-Saharan Africa, where 
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antiviral medications are least available. The worldwide economic toll of AIDS is also 
enormous. 

The numbers of people who die of AIDS each year in the United States has dropped 
significantly since the 1900’s, mostly due to anti-viral treatments, but AIDS remains a 
serious public health crisis.  HIV/AIDS has been described as a disease of poverty. 
Individuals with poor access to health care are less likely to see a doctor early in their HIV 
infection, and may be more likely to transmit the infection. HIV is now the leading cause 
of death for African American women between 24 and 35 years old. 

For patients who have access to drugs, infection with the virus has ceased to be a death 
sentence. In 1995, combinations of drugs called highly active anti-retroviral therapy 
(HAART) were developed. For some patients, drugs can reduce the amount of virus to 
undetectable levels. But some amount of virus always hides in the body's immune cells 
and attacks again if the patient stops taking his or her medication. Researchers are 
working on developing a drug to wipe out this hidden virus. 

Years ago, a diagnosis of an HIV infection was a death sentence. Not today. With the 
proper medical treatment, an individual can live many more productive years.  
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KEY TERMS 
 

active immunity immunity developed from an individual’s own immune system 
 

acute inflammation inflammation occurring for a limited time period; rapidly developing 
 

adaptive immune response slow but specific and effective immune response 
controlled by lymphocytes 

 
antibody antigen-specific  protein secreted by plasma cells; immunoglobulin 

 
antigen molecule recognized by the receptors of B and T lymphocytes 

 
antigen presentation binding of processed antigen to the major histocompatibility 

complex molecule 
 

antigen processing internalization and digestion of antigen in an antigen-presenting cell 
 

antigen receptor two-chain receptor by which lymphocytes recognize antigen 
 

antigenic determinant (also, epitope) one of the chemical groups recognized by a single 
type of lymphocyte antigen receptor 

 
B cells lymphocytes that act by differentiating into an antibody-secreting plasma cell 

 
barrier defenses defenses that physically prevents pathogens from entering the body to 

establish an infection 
 

bone marrow tissue found inside bones; the site of all blood cell differentiation and 
maturation of B lymphocytes 

 
chronic inflammation inflammation occurring for long periods of time 

 
cisterna chyli bag-like vessel that forms the beginning of the thoracic duct 

 
clonal expansion growth of a clone of selected lymphocytes 

 
clone group of lymphocytes sharing the same antigen receptor 

 
complement enzymatic cascade of constitutive blood proteins that have antipathogen 

effects, including the direct killing of bacteria 
cytokine soluble, short-range, cell-to-cell communication molecule 

 
cytotoxic T cells (Tc) T lymphocytes with the ability to induce apoptosis in target cells 

 
erythroblastosis fetalis disease of Rh factor-positive  newborns in Rh-negative mothers 

with multiple Rh-positive children; resulting from the action of maternal antibodies 
against fetal blood 

 
helper T cells (Th) T cells that secrete cytokines to enhance other immune responses, 
involved in activation of both B 

and T cell lymphocytes 
 

high endothelial venules vessels containing unique endothelial cells specialized to allow 
migration of lymphocytes from the blood to the lymph node 
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histamine vasoactive mediator in granules of mast cells and is the primary  cause of allergies 
and anaphylactic shock 
 
immune system series of barriers, cells, and soluble mediators that combine to response to 

infections of the body with pathogenic organisms 
 

immunoglobulin protein antibody; occurs as one of five main classes 
 

immunological memory ability of the adaptive immune response to mount a stronger 
and faster immune response upon re-exposure to a pathogen 

 
inflammation basic innate immune response characterized by heat, redness, pain, and 
swelling 

 
innate immune response rapid but relatively nonspecific immune response 

 
interferons early induced proteins made in virally infected cells that cause nearby cells to 
make antiviral proteins 

 
lymph fluid contained within the lymphatic system 

 
lymph node one of the bean-shaped organs found associated with the lymphatic vessels 

 
lymphatic capillaries smallest of the lymphatic vessels and the origin of lymph flow 

 
lymphatic system network of lymphatic  vessels, lymph nodes, and ducts that carries lymph 

from the tissues and back to the bloodstream. 
 

lymphatic trunks large lymphatics that collect lymph from smaller lymphatic vessels and 
empties into the blood  

 
lymphocytes white blood cells characterized by a large nucleus and small rim of cytoplasm 

 
lymphoid nodules unencapsulated patches of lymphoid tissue found throughout the body 

 
macrophage ameboid phagocyte found in several tissues throughout the body 

 
major histocompatibility complex (MHC) gene cluster whose proteins present antigens 
to T cells 

 
mast cell cell found in the skin that contains cytoplasmic granules with vasoactive 

mediators such as histamine 
memory T cells long-lived immune cell reserved for future exposure to an pathogen 

 
MHC class I found on most cells of the body, it binds to the CD8 molecule on T cells 

 
MHC class II found on macrophages, dendritic cells, and B cells, it binds to CD4 molecules 
on T cells 

 monocyte precursor to macrophages and dendritic cells seen in the blood 
 
mucosa-associated lymphoid tissue (MALT) lymphoid nodule associated with the mucosa 

 
natural killer cell (NK) cytotoxic lymphocyte of innate immune response 
naïve lymphocyte mature B or T cell that has not yet encountered antigen for the first time 
neutralization inactivation of a virus by the binding of specific antibody 
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neutrophil phagocytic white blood cell recruited from the bloodstream to the site of infection 
via the bloodstream 

 
opsonization enhancement of phagocytosis by the binding of antibody or antimicrobial 
protein 

 
passive immunity transfer of immunity to a pathogen to an individual  that lacks immunity  

to this pathogen usually by the injection of antibodies 
 

perforin molecule in NK cell and cytotoxic T cell granules that form pores in the membrane 
of a target cell 

 
phagocytosis movement of material from the outside to the inside of the cells via vesicles  

 
plasma cell differentiated B cell that is actively secreting antibody 

 
primary lymphoid organ site where lymphocytes mature and proliferate; red bone marrow 
and thymus gland 

 
regulatory T cells (Treg) (also, suppressor T cells) class of CD4 T cells that regulates other 
T cell responses 

 
right lymphatic duct drains lymph fluid from the upper right side of body into the right 
subclavian vein 

 
secondary adaptive response immune response observed upon re-exposure to a 

pathogen, which is stronger and faster than a primary response 
 

secondary lymphoid organs sites where lymphocytes  mount adaptive immune 
responses; examples include lymph nodes and spleen 

 
sensitization first exposure to an antigen 

 
severe combined immunodeficiency disease (SCID) genetic mutation that affects 

both T cell and B cell arms of the immune response 
 

spleen secondary lymphoid organ that filters pathogens from the blood (white pulp) 
and removes degenerating or damaged blood cells (red pulp) 

 
T cell lymphocyte  that acts by secreting molecules that regulate the immune system or by 

causing the destruction of foreign cells, viruses, and cancer cells 
 

T cell tolerance process during T cell differentiation where most T cells that recognize 
antigens from one’s own body are destroyed 

 
thoracic duct large duct that drains lymph from: lower limbs, left thorax, left upper limb, 

and left side of head 
 

thymocyte immature T cell found in the thymus 
thymus primary lymphoid organ; where T lymphocytes proliferate and mature 
tissue typing typing of MHC molecules between a recipient and donor for use in 
transplantation procedures 

 
tonsils lymphoid nodules associated with the nasopharynx 
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type I hypersensitivity immediate response mediated by mast cell degranulation  caused 

by the crosslinking  of the antigen-specific IgE molecules on the mast cell surface 
 

type II hypersensitivity cell damage caused by the binding of antibody and the 
activation of complement, usually against red blood cells 

 
type III hypersensitivity damage  to tissues caused  by the deposition  of antibody-

antigen  (immune) complexes followed by the activation of complement
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Chapter 14 The Respiratory System 

14.1   Introduction to the Respiratory System 

Each day, you breathe about 20,000 times, and, by the time you're 70 years old, you'll 
have taken at least 600 million breaths. 

The primary functions of the human respiratory system are to obtain oxygen for the 
cells of the body and to eliminate the carbon dioxide that cells produce. The respiratory 
system brings oxygen, O2, from the environment into the body and releases carbon 
dioxide, CO2, into the atmosphere. Other functions of the respiratory system include 
sound production and olfaction (sense of smell). 

14.2   Structures of the Respiratory System 

Figure 14.1 illustrates the path air will flow from the nose down to the lungs.  The 
respiratory tract begins with the nose.  The nasal cavity filters, warms, and moistens the 
inhaled air. The nose hairs and mucus produced by the epithelial cells in the nose catch 
airborne particles and prevent them from reaching the lungs.   

Figure 14.1 The Respiratory System. Air enters the nose, moves down the pharynx, trachea 
and bronchi where it enters the lungs. Bronchi divide until they become microscopic and lose their 
cartilage.  They are then known as bronchioles which divide to form alveoli. Credit: 
Womenshealth.gov, [public domain] 
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Behind the nasal cavity, air next passes through the pharynx, a long tube that is shared 
with the digestive system. Both food and air pass through the pharynx. A tongue-like 
cartilage structure called the epiglottis (Figure 14.2) closes over the air passageway 
when food is swallowed, to prevent choking or inhaling food. It is found just below the 
point at which the pharynx splits into the larynx and the esophagus.   
 
 

                                                           
 
Figure 14.2 Location of the Epiglottis epiglottis guards entrance into the larynx and trachea  
Credit: (a) Alan Hoofring (Illustrator), National Cancer Institute, [Public domain], via Wikimedia 
Commons 
 
The entry into the larynx is guarded by the vocal cords which are two bands of tissue 
that extend across the opening of the larynx. The larynx is also called the voicebox, and 
vocalization is generated here.  Air from the lungs is needed to pass through the vocal 
folds to produce speech.  The vocal folds vibrate to produce different sounds. The glottal 
opening seen between the vocal folds in Figure 14.3 allows air to enter and leave the 
larynx. 
 
 

 

Figure 14.3 Larynx Vocal Cords: (a) Vocal Folds drawing of vocal folds in an open and closed 
position. Credit: Public Domain via Wikimedia Commons  (b) Endoscopy of larynx original 
uploader was Samir at English Wikipedia. [CC BY-SA 3.0 
(http://creativecommons.org/licenses/by-sa/3.0/)]
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The trachea, or wind pipe, is a long tube that travels down through your neck, and into the 
thoracic cavity.  You can feel the trachea when you run your hand up and down along the front of 
your neck.  The “bumps” you feel are the C-shaped cartilages that support the trachea and prevent 
it from collapsing, which would close this airway.   In the chest, the trachea divides into the right 
and left bronchi (bronchus, singular) which enter the right and left lungs, respectively. The 
bronchi have cartilage in their walls which also helps to keep them open. These bronchi continue 
to branch, finally forming microscopic bronchioles, which are the first air passageways that do 
not contain cartilage.  The smooth muscle in the walls of the bronchioles take over the job of 
keeping this airway open.  The bronchioles end in grape-like clusters of tiny sacs 
called alveoli, where most of gas exchange occurs.  An oily secretion known as surfactant is 
needed to keep the alveoli open.  The average adult's lungs contain about 600 million of these 
spongy, air-filled sacs that are surrounded by capillaries. 
 
When you inhale, the alveoli fill with air.  When you exhale, the alveoli collapse.  Surfactant is 
necessary to reinflate the alveoli.    One of the last steps in fetal development is the production of 
surfactant.   Years ago, one of the most common causes of death in premature newborns was 
that surfactant was not yet present causing Respiratory Distress Syndrome.  The premature 
baby could not reinflate the alveoli and therefore could not breathe.  Since the 1990s, medical 
intervention has saved the lives of premature newborns by providing them with surfactant. 
 

Figure 14.4 Bronchi, Bronchioles and Alveoli  cartilage supporting trachea and bronchi can be 
seen as blue bands. Credit: Artwork by Holly Fischer [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
 
 

14.3   Divisions of the Respiratory System 
Much of the respiratory tract is involved in conducting air down to the alveoli, which is the 
site where gas exchange occurs.  This portion of the tract, warms and humidifies the air 
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so that the delicate alveoli of the lungs will not be damaged by the cold, dry air.  It also 
purifies the air by capturing substances on the sticky mucous lining. 
 

The portion of the respiratory tract involved with conducting the air downward, is known 
as the Conducting Portion of the Respiratory Tract.  Much of this is lined by respiratory 
epithelium composed of pseudostratified, ciliated columnar epithelium (Figure 14.5). This 
epithelium produces mucus to trap particles and microorganisms to prevent them from 
reaching the lungs. The beating motion of the respiratory epithelium cilia sweeps mucus 
and trapped substances towards the throat to be swallowed, or coughed out.  Some 
glands within the respiratory epithelium produce enzymes that kill bacteria entering the 
respiratory tract.  There are also immune cells that protect against microbes trying to cross 
the epithelium.  The blood vessels located just beneath the epithelium helps to warm and 
humidify the incoming air.  
 
 

                            
 

 
 

Figure 14.5 Respiratory Epithelium in the conducting portion of the respiratory tract.  It produces 
mucus that traps particles, and then the cilia sweeps the mucus toward the pharynx for 
swallowing. Credit: Blausen.com staff (2014).;Medical gallery of Blausen Medical 2014;. 
WikiJournal of Medicine 1 (2). DOI:10.15347/wjm/2014.010. ISSN 2002-4436. [CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0)] via Wikimedia Commons 

Most of the respiratory tract is involved with conducting air to the alveoli.  The Respiratory 
Portion of the Respiratory Tract begins when alveoli first appear on the tiniest of 
bronchioles.  Respiration, or gas exchange, only occurs in alveoli, where the extremely 
thin walled structure allows gases to easily pass through.  Each alveolus is surrounded 
by capillaries; so the oxygen leaving the alveolus enters the bloodstream while carbon 
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dioxide leaving the capillaries enters the alveoli.  There are about 500 million alveoli in 
the adult lung. 

                                   
 

 
 

 

Figure 14.6 Alveoli: Site of Gas Exchange Alveoli are surrounded by capillaries that receive 
oxygen from the alveoli, and carbon dioxide leaves the blood and diffuses into the alveoli. credit: 
GFDL  via Wikimedia commons or CC-BY-SA-3.0 

14.4  Gas Exchange in the Alveoli 

In the lungs, the exchange of gases (O2 and CO2) between the alveoli and the blood 
occurs by simple diffusion. Recall that diffusion is the movement of substances from an 
area of higher concentration to an area of lower concentration. The difference between 
the high concentration of O2 in the inhaled air that has reached the alveoli, and the low 
O2 concentration of the deoxygenated blood in the capillaries is enough to cause 
O2 molecules to diffuse across the thin walls of the alveoli and capillaries into the blood. 
CO2 concentration is greater in the blood, so it moves out of the blood and into the alveoli.   
 

                               
Figure 14.7 Gas Exchange between Alveolus and Capillary alveoli are tiny sacs in the lungs 
where gas exchange takes place. Credit: delldot, modified by CK-12 Foundation; License: CC 
BY-NC 3.0 Source: http://commons.wikimedia.org/wiki/File:Fluid-filled_alveolus1.svg; 
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Once the O2 enters the blood, it binds to the hemoglobin molecules within red blood cells.  
The oxygenated blood then leaves the lungs and returns to the heart to be pumped 
through the aorta and around the body. The oxygenated blood travels to the capillaries 
throughout the body where gas exchange again occurs, but this time between the blood 
and the body cells.  The oxygen concentrations in body cells are low, while the blood that 
leaves the lungs is 97 percent saturated with oxygen. Therefore, O2 diffuses from the 
blood capillaries into the body cells.  Similarly, CO2 levels are high in the body cells and 
low in the blood, so the CO2 diffuses into the bloodstream. 

The exchange of gases from the lungs into the blood is called external respiration. The 
exchange of gases between the blood and the cells of the body is called internal 
respiration.   

You may recall another “respiration” term from an earlier chapter, was cellular 
respiration, the process where glucose is broken down when oxygen is present, 
producing the maximal amount of ATP.   The breaking down of glucose results in the 
production of carbon dioxide.   The reason this is called “cellular respiration” shold now 
be clear, since the gases involved in external and internal respiration directly relate to 
cellular respiration.  In fact, the reason we breathe, and have external and internal 
respiration, is to allow cellular respiration to occur to generate energy for our body! 

Most of the CO2 in blood is temporarily transformed into the bicarbonate ion (HCO3-). A 
small amount of carbon dioxide also dissolves in the plasma to form carbonic acid 
(H2CO3). Carbonic acid and bicarbonate ion together act as buffers, playing an important 
role in regulating the pH of the blood. 

14.5  Breathing  

Breathing in, or inhaling, requires contraction of the diaphragm muscle which is found 
below the lungs (Figure 14.8). Contraction of the diaphragm causes the diaphragm to 
flatten, and the internal size of the chest cavity to increase.  This causes a decrease in 
the pressure within the lungs, which causes air to rush into the lungs (inhalation).  
Relaxation of the diaphragm causes the diaphragm to push upward, reducing the size of 
the thoracic cavity.  That causes the pressure in the lungs to increase and air is exhaled.  
When we are at rest, breathing out, or exhaling, is a passive process, since no muscular 
contractions are necessary (diaphragm relaxes).   In addition, the lungs have a natural 
elasticity, and, as they recoil from the stretch of inhalation, it helps air flow out of the lungs 
until the pressures in the chest and the atmosphere reach equilibrium.  For deeper 
breathing, other muscles become involved to help either enlarge the thoracic cavity 
(deeper inhalation), or help decrease its size (more air is exhaled).  
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Figure 14.8   Breathing At rest, breathing is primarily caused by contraction and relaxation of 
the diaphragm muscle (green line).  When contracted, it flattens out causing the thoracic cavity 
to enlarge.  A bigger space lowers internal pressure and air flows in (inspiration/inhalation).  
When the diaphragm relaxes, it pushes upward, causing the thoracic cavity to become smaller.  
This increases internal pressure, causing air to flow out (expiration/exhalation).   credit: By John 
Pierce - CC0, https://commons.wikimedia.org/w/index.php?curid=4850963 

 

 
14.6 Control of Breathing by the Nervous System 

Breathing is generally unconsciously controlled, but can also be under voluntary control.  
The diaphragm, and other respiratory muscles, are voluntary muscle, so we can decide 
to hold our breath, or breath faster or slower.  However, when we don’t think about it, 
breathing is controlled by the autonomic nervous system.  How quickly you breathe, and 
how deep is each breath is controlled by the brainstem: the medulla oblongata and the 
pons.  For example, if carbon dioxide levels increase in the blood such as occurs when 
you exercise, the medulla oblongata sends nerve impulses to the diaphragm, causing it 
to contract more frequently and, in that way, increase the rate of breathing.  
 

 

Without breathing, the body’s oxygen levels drop dangerously low within minutes, leading 
to permanent brain damage followed by death. It is not possible to kill ourselves by holding 
our breath. If we do not inhale, the level of carbon dioxide builds up leading to a loss of 
consciousness at which time the autonomic nervous system takes over and initiates 
breathing. 

Also controlled by the autonomic nervous system is the smooth muscle that surrounds 
bronchioles.  We do not have voluntary control over smooth muscle.  When this muscle 
constricts around the bronchioles, the size of the air passageway becomes smaller, which 
allows less air to flow in and out of the lungs.  Bronchoconstriction is under the control of 
the parasympathetic system.  Bronchodilation is under the control of the sympathetic 
nervous system, which increases air flow.  At times of rest, less air is needed, so there is 
bronchoconstriction.  This is normal, but the bronchoconstriction can become excessive 
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during a severe allergic reaction or asthma, creating difficulty getting adequate air to 
breathe.   Rescue inhalers used in asthma provide medication that will dilate the bronchi 
and bronchioles.  People with severe allergies carry epi-pens, which can deliver 
epinephrine, the sympathetic neurotransmitter, which will cause bronchodilation. 

14.7 Respiratory Volumes  

Respiratory volumes refer to the different amounts of air we breathe in and out at different 
times. Respiratory volume is dependent on a variety of factors, including sex, age, weight, 
and how physically active you are.  Measuring the different types of respiratory volumes 
can provide important clues about a person’s respiratory health (Figure 14.9). 
 
Tidal volume (TV) is the amount of air that normally enters the lungs during quiet 
breathing.   Try breathing normally, in and out.  Then stop and see if you can breathe out 
more air.  You can, and this extra air you can exhale is known as the expiratory reserve 
volume (ERV).   We also have an Inspiratory reserve volume (IRV) when you inhale 
normally, you can inhale deeply past that point.  This is the extra volume that can be 
brought into the lungs during a forced inspiration.  Residual volume (RV) is the air left in 
the lungs if you exhale as much air as possible.  Vital capacity (VC) is the amount of air 
you can move into or out of your lungs, when breathing maximally, such as after intense 
exercise.  This is the maximal amount of air your body has available to use during periods 
of exercise.   If you are not active, your vital capacity will be lower.  With exercise and 
training, your vital capacity can increase.  Your Total Lung Capacity (TLC) is the total 
possible amount of air your lungs can hold, which is a combination of your vital capacity 
plus residual volume. 

 
Figure 14.9  Respiratory Volumes Tidal Volume is the basic breathing at rest.  The extra air 
you can take in is your Inspiratory Reserve Volume.  The extra air you can breathe out is the 
Expiratory Reserve Volume.  The total amount of air you can inhale and exhale when 
breathing deeply is called Vital Capacity.  There is a small amount of air that remains in our 
lungs which we cannot exhale.  This is the Residual Volume.  The total amount of air in our 
lungs including the “dead space” of the residual volume, is known as Total Lung Capacity. 
Credit: LungVolume.jpg:Vihsadas at en.wikipedia derivative work: rscottweekly 
(LungVolume.jpg) [CC BY-SA 3.0], from Wikimedia Commons 
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14.8  Gas Exchange and Homeostasis  
Carbon dioxide levels in the body must be controlled since an increase or decrease in its 
level affects the pH of body fluids.   If you are not breathing enough, carbon dioxide levels 
will increase in the blood, resulting in respiratory acidosis.  This causes a decrease in 
blood pH, and you become acidic.  On the other hand, when a person hyperventilates 
(increased respiration), this causes more carbon dioxide to leave the body resulting in 
respiratory alkalosis.  The decrease in carbon dioxide causes the blood pH to increase, 
and you become more basic.  Acute acidosis or alkalosis can become life threatening. 
 
 

14.9  Cigarette Smoking  
 

Cigarette smoking can cause serious health issues related to the respiratory tract, 
including  emphysema and lung cancer.  Even secondhand smoke, that is being in the 
same air space as someone else who is smoking, carries risk and should be avoided. 
 
Some of the effects of cigarette smoking include a loss of cilia from the respiratory 
epithelium.  This loss allows substances to travel deep into the lung, increasing the rates 
of   lung infections. The lining of the air passageways thicken, making it more difficult to 
breathe.  If smoking is stopped before cancerous changes occur, many of the effects of 
smoking can be reversed. 
 

        
The Effects of Second-Hand Tobacco Smoke 
 

The burning of a tobacco cigarette creates chemical compounds in the smoke, 
which is inhaled by the smoker. Second-hand smoke, which is a combination 
of cigarette smoke and the smoke that is exhaled by the smoker, has been 
demonstrated by numerous scientific studies to cause disease. Some of these 
chemicals lead to the development of health conditions including cancer, liver 
toxicity, cardiac arrhythmias, pulmonary edema, and neurological and 
immunological issues.   
 
Tobacco and second-hand smoke are carcinogenic. Exposure to second-
hand smoke can cause lung cancer in individuals who are not tobacco users 
themselves. It is estimated that the risk of developing lung cancer is increased 
by up to 30 percent in nonsmokers who live with an individual who smokes in 
the house. Children are especially affected by second- hand smoke. Children 
who live with an individual who smokes inside the home have more respiratory 
infections, which are associated with hospitalizations, and higher risk of 
sudden infant death syndrome (SIDS). Second-hand smoke in the home has 
also been linked to a greater number of ear infections in children, as well as 
more severe cases of asthma.  
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14.10  Health Conditions Affecting the Respiratory System 
 
Lung cancer is the most common cause of cancer-related death in men and the second 
most common in women and is responsible for 1.3 million deaths worldwide every year. 
The most common symptoms are shortness of breath, coughing (including coughing 
up blood), and weight loss. 
 
The most common cause of lung cancer is exposure to tobacco smoke. Less than 10 
percent of cases of lung cancer occur in non-smokers. Other causes of lung cancer 
include exposure to radon gas, asbestos, and air pollution.  Asbestos is a mineral that 
was once used as a fire retardant in buildings. The inhalation of asbestos fibers can cause 
a variety of lung diseases including lung cancer.  
 
 

Emphysema is a chronic lung disease characterized by a loss of elasticity of the lung 
tissue, causing the lung to become hard and stiff. Eventually, the walls of the alveoli break 
down, and the alveoli become larger. The amount of oxygen that can enter the blood with 
each breath is reduced because the large alveoli cannot function efficiently; much of the 
oxygen that gets into the large alveoli cannot be absorbed into the blood; so the oxygen 
is unused. Symptoms include shortness of breath on exertion (such as climbing stairs) 
and an expanded chest. Damage to the alveoli, which can be seen in Figure 14.10, is 
irreversible. Smoking is a leading cause of emphysema. 
 

                                      
 
Figure 14.10  Emphysema The inside of a lung showing the characteristics of emphysema due 
to smoking. Instead of alveoli, the cut surface shows multiple cavities lined by heavy black 
carbon deposits. Credit: CDC/Dr. Edwin P. Ewing, Jr; 
Source: http://commons.wikimedia.org/wiki/Image:Centrilobular_emphysema_865_lores.jpg; 
License: CC BY-NC 3.0 
 
Bronchitis is inflammation of the bronchi. Acute bronchitis is usually caused by viruses 
or bacteria and may last several days or weeks. Acute bronchitis is characterized by 
coughing and mucus production, which causes symptoms that include shortness of 
breath and wheezing. Chronic bronchitis is not necessarily caused by infection and is 
generally part of a syndrome called chronic obstructive pulmonary disease (COPD).  
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Chronic Obstructive Pulmonary Disease (COPD) is a lung disease characterized by 
long-term breathing problems and poor airflow. The main symptoms include shortness of 
breath and cough with sputum production (saliva plus mucus).  COPD is a progressive 
disease, meaning it worsens over time.  Eventually everyday activities, such as walking 
or getting dressed, become difficult.  Chronic bronchitis and emphysema are considered 
different forms of COPD.    
 
Tobacco smoking is the most common cause of COPD.   In the developing world, one of 
the common sources of air pollution is poorly vented heating and cooking fires.  Long-
term exposure to these irritants causes an inflammatory response in the lungs, resulting 
in narrowing of the small airways and breakdown of lung tissue.   In contrast to asthma, 
the airflow reduction does not improve much with the use of a bronchodilator.  
 
Most cases of COPD can be prevented by reducing exposure to risk factors.  This 
includes decreasing rates of smoking and improving indoor and outdoor air quality.  While 
treatment can slow worsening, there is no cure for COPD.  
 
Pneumonia is an illness in which the alveoli become inflamed and flooded with fluid. Gas 
exchange across the alveoli membranes becomes difficult. Pneumonia can result from a 
variety of causes including infection with bacteria, viruses, fungi, or parasites, and 
chemical or physical injury to the lungs. Symptoms of pneumonia include coughing, chest 
pain, fever, and difficulty breathing. Treatment depends on the cause of pneumonia; 
bacterial pneumonia is treated with antibiotics. 
 
Pneumonia is a common illness that occurs in all age groups, and it is a leading cause of 
death among the elderly and people who are chronically and terminally ill. Vaccines to 
prevent certain types of pneumonia are available. 

           
Figure 14.11 Disease Related Changes in Alveoli Pneumonia and emphysema are caused 
by damage to the alveoli of the lungs.  Credit: Alila Sao Mai, 2011; 
Source: http://www.shutterstock.com; License: CC BY-NC 3.0 
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Asthma is a chronic condition in where the airways narrow and become inflamed, as 
shown in Figure 14.11.  Asthma narrows the airways since there are spasms of 
surrounding muscles (bronchoconstriction).  There is also excessive production of mucus, 
which clogs the airways. The airway constriction responds to medicines called 
bronchodilators, which relax the muscles, causing opening of the air passageways. The 
feeling of asthmatic breathlessness is described as only being able to breathe through a 
straw.  
 
Asthma often happens in response to triggers, such as exposure to an allergen such as 
mold, dust, or pet hair. It can also be caused by cold air, moist air, exercise, or, emotional 
stress. In children, the most common triggers are viral illnesses such as those that cause 
the common cold. This airway narrowing causes symptoms such as wheezing, shortness 
of breath, chest tightness, and coughing. Some people with asthma, especially children, 
can become very frightened by the symptoms, which may cause even more distress and 
difficulty breathing. Between asthma attacks, most patients feel well, but can have mild 
symptoms such as shortness of breath after exercise. The symptoms of asthma, which 
can range from mild to life threatening, can usually be controlled with a combination of 
medicines and environmental changes. 
 
Public attention in the developed world has recently focused on asthma because of the 
increasing numbers of cases; asthma affects up to one in four children who live in cities. 
 

 
 
Figure 14.12 Asthma muscular spasms cause bronchoconstriction, narrowing the air 
passageway. Mucus also blocks air flow. License: CC-BY-NC 3.0Credit: 
USFG; http://commons.wikimedia.org/wiki/Image:Asthma_before-after.png  
 

 
Tuberculosis (TB) is a common and deadly infectious disease caused by the bacterium 
Mycobacterium tuberculosis. TB most commonly attacks the lungs, but can also affect 

Chapter 14ǀ The Respiratory System               Textbook: Introduction to Human Biology

14.12

http://commons.wikimedia.org/wiki/Image:Asthma_before-after.png
https://dr282zn36sxxg.cloudfront.net/datastreams/f-d%3Abe15ccbf021a4f9fe9859cb4995f6b7e7ac8de5e2b9d4a2625727e6b%2BIMAGE_TINY%2BIMAGE_TINY.1


other areas of the body.  Tuberculosis is spread through the air when people who have 
active TB in their lungs cough, spit, or sneeze.  Active infection occurs more often in 
smokers and in people with HIV/AIDS.  
 
Over one-third of the world's population has been exposed to the TB bacterium. Not 
everyone who is infected develops the disease; so TB infection without symptoms (called 
a latent infection) is most common and people with latent TB do not spread the disease. 
However, one in ten latent infections will progress to active TB disease, which, if left 
untreated, kills more than half of its victims. 
 
Drug-resistant strains of TB have made controlling this new epidemic more difficult.  For 
example, between 2000 and 2004, about 20 percent of TB cases were resistant to 
standard antibiotic treatments.
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KEY TERMS 
alar cartilage    cartilage that supports the apex of the nose and helps shape the 
nares; it is connected to the septal cartilage and connective tissue of the alae 

alveolar duct  small tube that leads from the terminal bronchiole to the respiratory 
bronchiole and is the point of attachment for alveoli 

alveolar macrophage immune system cell of the alveolus that removes debris and 
pathogens 

alveolar sac cluster of alveoli 
alar cartilage cartilage that supports the apex of the nose and helps shape the nares; 
it is connected to the septal cartilage and connective tissue of the alae 
alveolar duct small tube that leads from the terminal bronchiole to the respiratory 
bronchiole and is the point of attachment for alveoli 
alveolar macrophage immune system cell of the alveolus that removes debris and 
pathogens 
alveolar sac cluster of alveoli 
Alveolus  small, grape like sac that performs gas exchange in the lungs 

anatomical dead space air space present in the airway that never reaches the alveoli and 
therefore never participates in gas exchange 
apex tip of the external nose 
apneustic center network of neurons within the pons that stimulate the neurons in the 
dorsal respiratory group; controls the depth of inspiration 
atmospheric pressure amount of force that is exerted by gases in the air surrounding any given surface 

Bohr effect relationship between blood pH and oxygen dissociation from hemoglobin 

Boyle’s law relationship between volume and pressure as described by the formula: 
P1V1 = P2V2 

bridge portion of the external nose that lies in the area of the nasal bones 
bronchial tree collective name for the multiple branches of the bronchi and bronchioles of the 
respiratory system 
bronchiole branch of bronchi that are 1 mm or less in diameter and terminate at alveolar sacs 
bronchoconstriction decrease in the size of the bronchiole due to contraction of the muscular 
wall 
bronchodilation increase in the size of the bronchiole due to contraction of the muscular wall 

bronchus tube connected to the trachea that branches into many subsidiaries and provides a 
passageway for air to enter and leave the lungs  
carbaminohemoglobin bound form of hemoglobin and carbon dioxide 
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carbonic anhydrase enzyme that catalyzes the reaction causing carbon dioxide and water to 
form carbonic acid 

cardiac notch indentation on the surface of the left lung that allows space for the heart 

central chemoreceptor one of the specialized receptors that are located in the brain that 
sense changes in hydrogen ion, oxygen, or carbon dioxide concentrations in the brain  
chloride shift facilitated diffusion that exchanges bicarbonate (HCO3 ) with chloride (Cl ) 
ions 

conducting zone region of the respiratory system that includes the organs and structures that 
provide  passageways for air and are not directly involved in gas exchange 

cricoid cartilage portion of the larynx composed of a ring of cartilage with a wide 
posterior region and a thinner anterior region; attached to the esophagus  

Dalton’s law statement of the principle that a specific gas type in a mixture exerts its own 
pressure, as if that specific gas type was not part of a mixture of gases  

dorsal respiratory group (DRG) region of the medulla oblongata that stimulates the 
contraction of the diaphragm and intercostal muscles to induce inspiration 

epiglottis leaf shaped piece of elastic cartilage that is a portion of the larynx that swings to 
close the trachea during swallowing 
expiration (also, exhalation) process that causes the air to leave the lungs 
expiratory reserve volume (ERV) amount of air that can be forcefully exhaled after a 
normal tidal exhalation 
external nose region of the nose that is easily visible to others 
external respiration gas exchange that occurs in the alveoli 

forced breathing (also, hyperpnea) mode of breathing that occurs during exercise or by 
active thought that requires muscle contraction for both inspiration and expiration 
glottis opening between the vocal folds through which air passes when producing speech 

Henry’s law statement of the principle that the concentration of gas in a liquid is directly 
proportional to the solubility and partial pressure of that gas 

hilum concave structure on the mediastinal surface of the lungs where blood vessels, 
lymphatic vessels, nerves, and a bronchus enter the lung  

hyperpnea increased rate and depth of ventilation due to an increase in oxygen demand that 
does not significantly alter blood oxygen or carbon dioxide levels  

hyperventilation increased ventilation rate that leads  to abnormally low blood carbon 
dioxide levels and high 

(alkaline) blood pH 
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inspiration (also, inhalation) process that causes air to enter the lungs 

inspiratory capacity (IC) sum of the TV and IRV, which is the amount of air that can 
maximally be inhaled past a tidal expiration 
inspiratory reserve volume (IRV) amount of air that enters the lungs due to deep inhalation 
past the tidal volume 
internal respiration gas exchange that occurs at the level of body tissues 
intra alveolar pressure (intrapulmonary 
pressure) pressure of the air within the alveoli 
intrapleural pressure pressure of the air within the pleural cavity 

laryngeal prominence region where the two laminae of the thyroid cartilage join, 
forming a protrusion known as “Adam’s apple”  

laryngopharynx portion of the pharynx bordered by the oropharynx superiorly and esophagus 
and trachea inferiorly; 

serves as a route for both air and food 

larynx cartilaginous structure that produces the voice, prevents food and beverages from 
entering the trachea, and regulates the volume of air that enters and leaves the lungs 
lingual tonsil lymphoid tissue located at the base of the tongue 
lung organ of the respiratory system that performs gas exchange 

meatus one of three recesses (superior, middle, and inferior) in the nasal cavity attached to the 
conchae that increase the surface area of the nasal cavity  

naris (plural = nares) opening of the nostrils 

nasal bone bone of the skull that lies under the root and bridge of the nose and is connected to 
the frontal and maxillary bones 
nasal septum wall composed of bone and cartilage that separates the left and right nasal 
cavities 
nasopharynx portion of the pharynx flanked by the conchae and oropharynx that serves as an 
airway 

oropharynx portion of the pharynx flanked by the nasopharynx, oral cavity, and 
laryngopharynx that is a passageway for both air and food  

oxygen–hemoglobin dissociation curve graph that describes the relationship of partial 
pressure to the binding and disassociation of oxygen to and from heme  
oxyhemoglobin (Hb–O2) bound form of hemoglobin and oxygen 

palatine tonsil one of the paired structures composed of lymphoid tissue located anterior to 
the uvula at the roof of isthmus of the fauces 
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paranasal sinus one of the cavities within the skull that is connected to the conchae that serve 
to warm and humidify incoming air, produce mucus, and lighten the weight of the skull; 
consists of frontal, maxillary, sphenoidal, and ethmoidal sinuses 

parietal pleura outermost layer of the pleura that connects to the thoracic wall, mediastinum, 
and diaphragm 

partial pressure force exerted by each gas in a mixture of gases 

peripheral chemoreceptor one of the specialized receptors located in the aortic arch and 
carotid arteries that sense changes in pH, carbon dioxide, or oxygen blood levels 

pharyngeal tonsil structure composed of lymphoid tissue located in the nasopharynx 
 
pharynx region of the conducting zone that forms a tube of skeletal muscle lined with 
respiratory epithelium; located between the nasal conchae and the esophagus and trachea 

pleural cavity space between the visceral and parietal pleurae 
 
pleural fluid substance that acts as a lubricant for the visceral and parietal layers of the pleura 
during the movement of breathing 

pneumotaxic center network of neurons within the pons that inhibit the activity of 
the neurons in the dorsal respiratory group; controls rate of breathing 

pulmonary artery artery that arises from the pulmonary trunk and carries deoxygenated, 
arterial blood to the alveoli 

pulmonary surfactant substance composed of phospholipids and proteins that reduces 
the surface tension of the alveoli; made by type II alveolar cells 

pulmonary ventilation exchange of gases between the lungs and the atmosphere; breathing 
 
quiet breathing breathing that occurs at rest and does not require the cognitive thought of 
the individual 

residual volume (RV) amount of air that remains in the lungs after maximum exhalation 
 
respiratory bronchiole specific type of bronchiole that leads to alveolar sacs 
 
respiratory cycle one sequence of inspiration and expiration 
 
respiratory epithelium ciliated lining of much of the conducting zone that is 
specialized to remove debris and pathogens, and produce mucus 
respiratory membrane alveolar and capillary wall together, which form an air-blood barrier 
that facilitates the simple diffusion of gases 

respiratory rate total number of breaths taken each minute 
 
respiratory volume varying amounts of air within the lung at a given time 
 
root region of the external nose between the eyebrows 
 
thoracic wall compliance ability of the thoracic wall to stretch while under pressure 
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thyroid cartilage largest piece of cartilage that makes up the larynx and consists of two 
laminae 

tidal volume (TV) amount of air that normally enters the lungs during quiet breathing 
 
total lung capacity (TLC) total amount of air that can be held in the lungs; sum of TV, ERV, 
IRV, and RV 
total pressure sum of all the partial pressures of a gaseous mixture 

trachea tube composed of cartilaginous rings and supporting tissue that connects the lung 
bronchi and the larynx; 
provides a route for air to enter and exit the lung 

trachealis muscle smooth muscle connecting the ends of the C shaped cartilage in the 
trachea 

transpulmonary pressure pressure difference between the intrapleural and intra-alveolar 
pressures 

true vocal cord one of the pairs of folded, white membranes that have a free inner edge 
that oscillates as air passes through to produce sound 

type I alveolar cell squamous epithelial cells that are the major cell type in the alveolar 
wall 

type II alveolar cell cuboidal epithelial cells that are the minor cell type in the alveolar 
wall; secrete pulmonary surfactant 

ventilation movement of air into and out of the lungs; consists of inspiration and expiration 
 
ventral respiratory group (VRG) region of the medulla oblongata that stimulates the 
contraction of the accessory muscles involved in respiration to induce forced inspiration and 
expiration 

vestibular fold part of the folded region of the glottis composed of mucous membrane; 
supports the epiglottis during swallowing 

visceral pleura innermost layer of the pleura that is superficial to the lungs and extends into 
the lung fissures 

vital capacity (VC) sum of TV, ERV, and IRV, which is all the volumes that 
participate in gas exchange 
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Chapter 15a The Digestive System 

Figure 15.1: The Digestive System.  License: CC BY-NC 3.0 via ck12.org 

15.1   Overview of the Digestive System 

Food is the source of nutrients our cells need for the body to build and maintain itself. 
The role of the digestive system, also known as the “Gastro-Intestinal (GI) Tract” or 
the “Alimentary Canal”, is to extract the nutrients from our foods.  

Nutrients include vitamins and minerals essential to our health, as well as the 
macromolecules: proteins, carbohydrates and lipids.  These macromolecules are usually 
ingested (eaten) in their polymer form and need to be broken down into smaller subunits. 
This process of breaking larger molecules down is known as digestion.  Once the 
nutrients are digested into their simplest form, they are absorbed from the tubular 
passageway of the digestive tract into the bloodstream.   This process is known as 
absorption.  Whatever is not absorbed is eliminated as solid waste from the body in the 
feces.   These four steps, of ingestion, digestion, absorption and elimination are the 
functions of the digestive system. 

As food travels through the digestive tract, two forms of digestion occur.  The first, 
mechanical digestion, reduces the food into smaller pieces.  For example, chewing on 
a steak cuts the steak proteins into smaller pieces of steak protein.  The steak protein is 
still in its macromolecular form.  Breaking the steak protein down into its amino acid 
monomer form requires the second type of digestion, known as chemical digestion. 
This involves digestive enzymes that break apart chemical bonds.   Starch in our diet is 
a carbohydrate macromolecule.  Digestive enzymes break this down to glucose.  The 
protein macromolecules are broken down to amino acids.  The lipid macromolecule in our 
diet is fat, and that is broken down to glycerol and fatty acids.  
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The interior of the GI tract, where the food is travelling through and is being digested, is 
actually outside of your body.  You can imagine it like a pipe travelling through you.  
Anything inside the pipe is not actually in your body.  The wall of the digestive tract “pipe” 
is a moist, mucous membrane, known as the mucosa.  Anything crossing that membrane 
is entering your body proper.  For example, the microbes in the foods you have eaten are 
blocked from entering your body by this barrier wall.  It will also only allow nutrients to 
cross through if they have been fully digested, down to the monomer forms such as 
monosaccharides or amino acids.  The mucous membrane secretes digestive enzymes 
into the ingested foods to help the digestive process.  When digestion is complete, the 
nutrients from the food are absorbed.  That means the nutrients cross the mucosa, leaving 
the interior of the digestive tract, and enter the bloodstream within the body proper.   
 

 

 

 

 

Substances that enter the mouth must move along the tubular path of the digestive tract.  
To allow this movement to occur, the organs of the GI tract are surrounded by two layers 
of muscle that contract in a wave-like pattern that propels food along the pathway.  This 
movement is known as peristalsis.   Another form of movement in the GI tract is churning 
movements caused by the muscle surrounding the stomach.  This form of movement 
allows mixing of the food with enzymes that will help digestion occur. 

                    

Figure 15.2 Peristalsis pushes food through the GI tract. Credit: Sunshineconnelly at 
en.wikibooks [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], from Wikimedia 
Commons 

15.2   Organs of the Digestive System – Structure and Function 

Organs that make up the digestive system are shown in Figure 15.3. In addition to the 
organs that form the long tube that travels from the mouth to the anus, there are also 
accessory organs that are important to the functioning of the GI tract.  In an adult, the 
passageway is more than 9 meters (30 feet) long in adults. 
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The GI tract can be divided into upper and lower regions. The upper GI tract includes the 
mouth, esophagus, and stomach. The lower GI tract includes the small and large 
intestines. Food enters the mouth, passes through the upper and lower GI tracts, and 
then, whatever has not been extracted through absorption, exits the body as feces 
through the anus.  The accessory organs are the liver, gallbladder and pancreas. 

                                                
Figure 15.3 Organs of the Digestive System, which includes the organs of the tubular GI tract 
as well as the accessory organs. Credit: Mariana Ruiz; License: CC BY-NC 3.0, via Wikipedia 
 

 

 15.2.1 The Upper GI Tract – The Mouth, Esophagus and Stomach    
The mouth is the beginning of the digestive tract and both mechanical and chemical 
digestion occur here.  Structures in the mouth include the tongue, hard and soft palettes, 
uvula, teeth and gingivae (gums).  These structures can be seen in on Figure 15.4a. 
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Figure 15.4 The Oral Cavity  (a) structures of the oral cavity   (b) differences in type of teeth.  
Some are better suited for tearing the food apart; others for grinding the food. Credit: (a) 
Blausen.com staff. "Blausen gallery 2014". Wikiversity Journal of Medicine. 
DOI:10.15347/wjm/2014.010. ISSN 20018762. - CC BY 3.0,  (b)  Credit: Public Domain; lic: CC 
BY-NC 3.0 
 

 

Figure 15.5 Teeth  (a) These jaws are from a child who still had primary teeth intact.  The 
secondary, permanent teeth can be seen developing in the gums. (b) permanent tooth, anatomy  

The mouth plays an important role in mechanical digestion. The teeth help digest food 
mechanically by breaking it into smaller pieces. Human teeth have different shapes which 
allow them to break apart the food in different ways.  The incisors and canines at the 
front of the mouth are thin and sharp, and they tear food apart. The molars and pre-
molars towards the back of the mouth are larger and broader, and they grind food into 
smaller pieces as you chew (Figure 15.4b). 

Humans have two sets of teeth that develop over their lifetime.  The primary, or 
deciduous teeth, are the first to develop.  There are twenty in total.  The secondary teeth 
develop later in the gingivae (gums), and as they grow, they erode the roots of the primary 
teeth which eventually fall out.  Then the secondary, or permanent teeth, erupt into the 
oral cavity.  There are 32 permanent teeth. 
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Credit: (a) Henry Vandyke Carter [Public domain], via Wikimedia Commons (b) Blausen.com staff. 
"Blausen gallery 2014". Wikiversity Journal of Medicine. DOI:10.15347/wjm/2014.010. ISSN 
20018762. - Own work, CC BY 3.0,  
 
 
The teeth have roots that are embedded in the bones of the jaw, the maxilla and the 
mandible.  The portion of the tooth that projects into the oral cavity is the crown.  The 
crown is covered by enamel, which is a mineralized tissue.  In fact, enamel is harder 
than bone and is the hardest tissue in the body.  There are nerves and blood vessels that 
travel in the canals within the root of the tooth. 
 
The sight, smell and taste of food stimulates the release of digestive enzymes by the 
three salivary glands that secrete into the oral cavity (Figure 15.6). Saliva from the 
salivary glands moistens the food and makes it easier to chew and swallow.   It also 
dissolves some food particles which allows the taste buds on the tongue to taste the food.  
The muscular tongue helps mix the food with the salivary enzymes.  The major 
salivary enzyme is amylase, which begins the chemical digestion of carbohydrates.  
There is also some lipase in the saliva, which begins the enzymatic breakdown of lipids.  
The saliva also produces lysozyme, an anti-microbial enzyme that helps kill microbes 
ingested with your food. 

 
Figure 15.6 Salivary Glands  The three salivary glands release their secretions into the oral 
cavity.(1) is pointing to the parotid gland.  (2) points to the submandibular gland and (3) points to 
the sublingual gland. Credit: [public domain]; SEER.Cancer.gov   
 
 

When you swallow, the lump of chewed food, now called a bolus, passes into the 
pharynx.  As food is pushed to the back of the mouth by the tongue, it sets off an automatic 
response that causes the epiglottis to close off the passageway into the respiratory 
system. This prevents accidental inhalation of food when you swallow. 
 

The pharynx is a common passageway for air and for food.  The upper part of this tube 
is the nasopharynx, which is a passageway for air, alone.  You may have experienced 
drinking something and then, accidentally, snorting the liquid up your nose.  Food does 
not normally travel upward into the nasopharynx. The correct sequence is for the food to 
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enter the oral cavity and pass to the back of the cavity into the oropharynx. The bolus 
of food continues down the oropharynx into the laryngopharynx and passes down into 
the esophagus (Figure 15.7).   

 

                          

Figure 15.7 Parts of the Pharynx  credit:   Arcadian [Public domain], via Wikimedia 

 

The esophagus is a narrow tube that is about 25 centimeters (10 inches) long in adults. 
It begins at the pharynx, descends through the thoracic cavity of the chest, passes 
through the diaphragm into the abdominal cavity (Figure 15.9a), and ends at the opening 
to the stomach. The function of the esophagus is to pass food from the mouth to the 
stomach, which takes only a few seconds. The esophagus does not produce digestive 
enzymes and does not have other known digestive functions. 
 
Food moves through the esophagus due to peristalsis. At the end of the esophagus, a 
muscle that encircles the tube, called a sphincter muscle, controls the entrance to the 
stomach.  When the smooth muscle of the sphincter is contracted, as it usually is, the 
entrance from esophagus to stomach is closed off.  When the sphincter muscle relaxes, 
the passageway opens to allow food into the stomach.  The muscle then quickly constricts 
again, closing the passageway to prevent the food, and stomach acid, from passing back 
into the esophagus.  If backflow of acid occurs into the esophagus, it creates a painful 
condition known as gastroesophageal reflux disease (GERD), which can damage the 
esophagus.  Other names for this is gastric reflux, “heartburn” or “agita”. 
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Figure 15.8 Esophageal Sphincter The sphincter is at the border between the esophagus and 
the stomach.  When the sphincter remains open, the acid can reflux into the esophagus.  Credit: 
BruceBlaus - Own work, CC BY-SA 4.0 
 
 

 

We will see that sphincter muscles are found at the borders between the rest of the 
digestive organs.  In addition to this sphincter between the esophagus and stomach, there 
are also sphincters closing off the passage between the stomach and small intestines, 
between the small intestines and the large intestines, and at the anus, separating the 
content in the large intestines from the outside world. 

The stomach is a sac-like organ located between the end of the esophagus and the 
beginning of the small intestine. In the stomach, food is further digested both 
mechanically and chemically. Churning movements of the stomach’s thick muscular walls 
break down food mechanically. The churning movements also mix the food with fluids 
secreted by the stomach. These fluids include hydrochloric acid and digestive enzymes. 
Hydrochloric acid gives the stomach a very acidic environment, approximately pH 1.5-2. 
This helps destroy any microorganisms that have entered the stomach in foods or 
beverages. An acidic environment is also needed for the stomach’s digestive enzymes to 
work.  The cells in the wall of the stomach are protected from the acid by its mucosal 
lining that has a layer of mucus that coats the surface of the stomach wall.  Anything that 
reduces the mucus secretion in the stomach, or increases the acid secretion, places the 
cells of the stomach at risk of damage and formation of a peptic (gastric) ulcer.  An ulcer 
is a hole, or break in the lining of the wall.   Ulcers were once thought to be primarily 
caused by stress, and were treated with psychotherapy.    In fact, most of these patients 
actually needed antibiotics, since one of the most common causes of peptic ulcers is a 
bacterial infection by the bacterium, Helicobacter pylori (H. pylori).  A second common 
cause of stomach ulcers is the use of nonsteroidal anti-inflammatory drugs (NSAIDs), 
such as aspirin, ibuprofen, and naproxen.   
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Figure 15.9 Stomach (a) a normal stomach is shown, Note the esophagus passing through the 
diaphragm to reach the stomach.  The muscular wall is also shown. Credit: NIH / National Cancer 
Institute [Public domain] (b) stomach with a peptic (gastric) ulcer.  Credit: BruceBlaus (Own work) 
[CC BY-SA 4.0 (http://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons 
 

  
Mucosa  

Ulcers: When the Mucosal Barrier Breaks Down 
 

As effective as the mucosal barrier is, it is not a “fail-safe” mechanism. 
Sometimes, gastric juice eats away at the superficial lining of the stomach 
mucosa, creating erosions, which mostly heal on their own. Deeper and larger 
erosions are called ulcers. 
Why does the mucosal barrier break down? A number of factors can interfere with 
its ability to protect the stomach lining. The majority of all ulcers are caused by 
either excessive intake of non-steroidal anti-inflammatory drugs (NSAIDs), 
including aspirin, or Helicobacter pylori infection. 
Antacids help relieve symptoms of ulcers such as “burning” pain and indigestion.  
When ulcers are caused by NSAID use, switching to other classes of pain 
relievers allows healing. When caused by H. pylori infection, antibiotics are 
effective. 
A potential complication of ulcers is perforation:  Perforated ulcers create a hole 
in the stomach wall, resulting in peritonitis (inflammation of the peritoneum). 
These ulcers must be repaired surgically
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Digestive enzymes secreted in the stomach help break down proteins into smaller 
molecules called peptides. The main digestive enzyme in the stomach is pepsin. 
 

 

 
 

Also produced in the stomach is a secretion that is essential to life called intrinsic factor.  
This factor is required for absorption of vitamin B12.  Without vitamin B12, we become 
highly anemic.  This vitamin is also necessary for normal functioning of the brain and 
nervous system, and it is involved in the metabolism of every cell in our body. Without 
vitamin B12, a person will die.   

Water, alcohol, salt, and simple sugars can be absorbed through the lining of the stomach.   
Most other substances need further digestion in the small intestine before they can be 
absorbed. The stomach stores the food until the small intestine is ready to receive it. It 
may hold up to four liters of food when fully expanded. When the small intestine is empty, 
a sphincter opens between the stomach and the small intestine. This allows the partially 
digested food, now called chyme, to enter the first part of the small intestine, known as 
the duodenum.  Only small amounts of chyme enters the small intestine at one time.  This 
prevents the stomach acid mixed in with the chyme from eating away at the wall of the 
small intestine and causing a duodenal ulcer. 

 15.2.2 Lower GI Tract: The Small and Large Intestines and Anus 

 
                    

Figure 15.10 Three Sections of the Small Intestine The duodenum is the first segment of the 
small intestine, followed by the jejunum and then the ileum.   credit: Blausen.com staff. "Blausen 
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gallery 2014". Wikiversity Journal of Medicine. DOI:10.15347/wjm/2014.010. ISSN 20018762. - 
Own work, CC BY 3.0,  

 

 
 
 

The small intestine is a narrow tube about 7 meters (23 feet) long in adults. It is the site 
of most chemical digestion and virtually all absorption. The small intestine consists of 
three parts: the duodenum, jejunum and ileum (Figure 15.11)..  The inside lining of the 
small intestine is covered with finger-like projections, known as villi (singular, villus) 
(Figure 15.11). The length of the small intestine, and foldings of the surface, such as the 
villi, provides an enormous surface area for food to complete digestion and to be 
absorbed.  If completely flattened out, the surface of the intestines would be 
approximately equal to the size of a tennis court. 

Figure 15.11 Wall of the Small Intestine lined by Villi the wall structure is exposed and the tiny, 
finger like villus in (a) (surrounded by a small box), is enlarged to see detail in (b).   Within the 
villus is a capillary bed and lymphatic capillaries to absorb nutrients into the blood. (c) actual 
microscopic enlarged image of villi Credit: (a,b) are licensed under Science Learning Hub – 
Pokapū Akoranga Pūtaiao, University of Waikato, www.sciencelearn.org.nz. (c) By OpenStax 
College [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 

Within the villi are blood capillaries that absorb nutrients in the digested food.  When 
looking at the image of the small intestine in Figure 15.11, note that the lumen is the 
internal passageway that came from your mouth.  The food inside this lumen has been 
digested.  Anything that stays inside that lumen will be eliminated in the feces.  To get the 
nutrients out of the lumen into the blood, the nutrients must cross that single epithelial cell 
layer of the villus where it can then meet up with the capillaries.  In addition to the blood 
capillaries within each villus that absorb almost all the nutrients, there is also a lymphatic 
capillary known as a lacteal.  Some of the absorbed fats are too large to directly enter 
the blood capillaries; so they enter the lacteal instead, since it is extremely leaky and easy 
to cross.  Once the fats are in the lacteal, they travel through the lymph until they drain 
into the bloodstream.  In this way, fats also enter the blood. 
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The duodenum is the first and shortest section of the small intestine. Most chemical 
digestion is completed here, and many digestive enzymes are active in the duodenum 
(see Table 15.1). Some are produced by the duodenum itself. Others are produced by 
the pancreas which secretes into the duodenum.  The pancreatic duct directly connects 
the pancreas to the duodenum, providing many digestive enzymes as well as secretions 
to neutralize the acid.  Duodenal ulcers are more common than stomach ulcers, and can 
be caused when the acid from the stomach is not properly neutralized.  It is most 
commonly caused by H. pylori, the same bacterium that causes stomach ulcers. 
 

 

          

The jejunum is the second part of the small intestine, where most nutrients are absorbed 
into the blood. As discussed above, the mucosa is covered with millions of microscopic, 
fingerlike villi, and nutrients cross it to enter the bloodstream, either by directly entering 
blood capillaries or by entering the lacteal.  The ileum is the third section of the small 
intestine, where a few remaining nutrients are absorbed. The ileum is also lined with villi 
that increase the surface area for absorption.  From the small intestine, any remaining 
food waste passes through a sphincter, known as the ileocecal valve, into the large 
intestine. 

      Small Intestine 
Small Intestine: Lactose Intolerance 
 

Lactose intolerance is a condition characterized by indigestion caused by dairy 
products. It occurs when the absorptive cells of the small intestine do not produce 
enough lactase, the enzyme that digests the milk sugar lactose. In most mammals, 
lactose intolerance increases with age. In contrast, some human populations, most 
notably Caucasians, are able to maintain the ability to produce lactase as adults. 
In people with lactose intolerance, the lactose in chyme is not digested. Bacteria 
in the large intestine ferment the undigested lactose, a process that produces gas. 
In addition to gas, symptoms include abdominal cramps, bloating, and diarrhea. 
Symptom severity ranges from mild discomfort to severe pain; however, symptoms 
resolve once the lactose is eliminated in feces. 
The hydrogen breath test is used to help diagnose lactose intolerance. Lactose-
tolerant people have very little hydrogen in their breath. Those with lactose 
intolerance exhale hydrogen, which is one of the gases produced  by the bacterial 
fermentation of lactose in the colon. After the hydrogen is absorbed from the 
intestine, it is transported through blood vessels into the lungs. There are a number 
of lactose-free dairy products available in grocery stores. In addition, dietary 
supplements are available. Taken with food, they provide lactase to help digest 
lactose.
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 A Deeper Look –  
Chemical digestion could not take place without the help of digestive 
enzymes. An enzyme is a protein that speeds up chemical reactions in the 
body. Digestive enzymes speed up chemical reactions that break down 
large food molecules into small molecules. 
 

 

 

Digestive enzymes are released, or secreted, by the organs of the digestive 
system. These enzymes include proteases that digest proteins, lipases that 
digest lipids, amylase that digests carbohydrates and nucleases that 
digest nucleic acids. 

 Table 15.1 The Role of Enzymes and Hormones in the Digestive 
System 

Enzyme What It Digests Where It Is Made 

Amylase carbohydrates pancreas 

Trypsin proteins pancreas 

Lipase lipids pancreas, duodenum 

Maltase carbohydrates duodenum 

Peptidase proteins duodenum 

The endocrine system also plays an important role in digestion. 
The  hormones that affect digestion are made by cells lining the stomach 
and small intestine. These hormones cross into the blood where they can affect 
other parts of the digestive system. These hormones include: 

• Gastrin, which signals the secretion of gastric acid. 
• Cholecystokinin, which signals the secretion of pancreatic enzymes. 
• Secretin, which signals secretion of water and bicarbonate from the pancreas. 
• Ghrelin, which signals when you are hungry. 
• Gastric inhibitory polypeptide, which stops or decreases gastric secretion. It also 

causes the release of insulin in response to high blood glucose levels. 

The large intestine (Figure 15.12) is a relatively wide tube that connects the small 
intestine with the anus, and it is about 1.5 meters long.   In other words, the large intestine 
is shorter, but wider, than the small intestine.  The large intestine takes the remains of 
digested food—that is, food in which all the nutrients and minerals have been removed—
and prepares it for elimination.  It is the portion of the digestive system that absorbs water, 
ions and vitamins from the indigestible remains of food. The large intestine consists of 
three parts: the cecum, colon, and rectum. 
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Large Intestine 

Colorectal Cancer 
Each year, approximately 140,000 Americans are diagnosed with colorectal 
cancer, and another 49,000 die from it, making it one of the most deadly 
malignancies. People with a family history of colorectal cancer are at increased 
risk. Smoking, excessive alcohol consumption, and a diet high in animal fat and 
protein also increase the risk. Despite popular opinion to the contrary, studies 
support the conclusion that dietary fiber and calcium do not reduce the risk of 
colorectal cancer. 
 

 
 

 

Colorectal cancer may be signaled by constipation or diarrhea, cramping, 
abdominal pain, and rectal bleeding. Bleeding from the rectum may be either 
obvious or occult (hidden in feces). Since most colon cancers arise from benign 
mucosal growths called polyps, cancer prevention is focused on identifying these 
polyps. The colonoscopy is both diagnostic and therapeutic. Colonoscopy not only 
allows identification of precancerous polyps, the procedure also enables them to 
be removed before they become malignant. Screening for fecal occult blood tests 
and colonoscopy is recommended for those over 50 years of age. 

 

Figure 15.12 The Large Intestine waste from the small intestine passes through the ileocecal 
valve, which is a sphincter muscle.  The waste travels into the cecum and continues up the 
ascending colon, across the transverse colon, down the descending colon, moved to the back of 
the body through the sigmoid colon and enters the rectum.  Waste exits through the anus when 
the anal sphincter relaxes and opens.  Credit: Blausen.com staff. "Blausen gallery 2014". 
Wikiversity Journal of Medicine. DOI:10.15347/wjm/2014.010. ISSN 20018762. - Own work, CC 
BY 3.0,  
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The cecum is the first part of the large intestine, where the liquid waste enters from 
the small intestine. From the cecum there is a small out pocket known as the appendix.  
This structure is filled with lymphatic cells and helps with immunity in the digestive system.  
When it becomes inflamed it needs to be removed, since it can burst and spread fecal 
content into the abdominal cavity.  The waste does not pass into the appendix, but instead 
enters the ascending colon, then travels from the right to the left side of the body in the 
transverse colon, descends in the descending colon, travels to the back of the body in 
the sigmoid colon and then enters the rectum.  As the waste passes through the colon, 
the excess ions and water are absorbed, which helps solidify the waste.  Also absorbed 
are vitamins that are produced by the E. coli bacteria in the large intestine.  These 
vitamins include vitamin K, biotin, and pantothenic acid (B5).  The remaining solid waste 
is called feces which contains indigestible food substances such as fiber.  It also contains 
some mucus, bacteria and bile pigments which gives the feces a brown color.  The odor 
is due to the bacteria and its products. 
Feces accumulate in the rectum, which is the third part of the large intestine. As the 
rectum fills, the feces become compacted. The feces are stored in the rectum until 
eliminated from the body. Defecation requires relaxation of the internal and external anal 
sphincters which opens the anal passageway to let feces through to exit the body. The 
external anal sphincter is voluntary (skeletal) muscle, allowing an individual to control 
when defecation occurs. It normally takes 12 to 24 hours for wastes to enter the cecum, 
move through the colon, accumulate in the rectum, and pass from the body as feces. 

 15.2.3 Accessory Organs of the Digestive System 

In the lower GI tract, additional organs play important roles in digestion. Food does not 
pass through these accessory organs, but they make or store substances needed for 
digestion. The accessory organs are the pancreas, liver, and gallbladder.(Figure 15.13) 
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Figure 15.13 Accessory Organs of the Digestive System liver, gallbladder and pancreas.  
Bile is produced in the liver, and travels through a duct to the gallbladder, where it is stored.  
The bile is secreted into the small intestine when lipids are present. Credit:  
Vishnu2011derivative work: Vishnu2011 (talk) - Biliary_system.svg, Public Domain,  

The pancreas (Figure 15.14) is a gland found below the stomach, and is nestled into the 
curvature of the duodenum of the small intestine.  It has both exocrine and endocrine functions.  
The endocrine production of insulin and glucagon were discussed in the endocrine system 
chapter.  For the digestive system, the focus is on the exocrine pancreas, which is the part that 
produces secretions that will drain through the pancreatic duct to enter the duodenum of the small 
intestine.  This “pancreatic juice” contains enzymes capable of digesting all the different types 
of macromolecules.  It also contains bicarbonate, an alkaline (basic) buffer, that helps neutralize 
the acid from the highly acidic stomach. This is important because digestive enzymes that work 
in the duodenum need a neutral environment. 
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Figure 15.14  The Pancreas  The exocrine pancreas produces the digestive enzymes that enter 
the pancreatic duct and are carried to the small intestine.  The pancreatic islets produce hormones 
and are part of the endocrine pancreas.  Credit: By OpenStax College [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 

The liver is a large organ on the right side of the body just below the diaphragm.  It 
produces bile that is carried by ducts to the gallbladder, where it is stored and 
concentrated.  When eating a fatty meal, the bile is secreted from the gallbladder into the 
duodenum of the small intestine.   In the duodenum, bile emulsifies the fats, meaning it 
breaks up large globules of lipids into smaller globules that are easier for the digestive 
enzyme to break down.  Bile also helps to reduce the acidity of food entering the 
duodenum.     

The liver is responsible for many other functions within the body, in addition to its role in 
digestion. In fact, the liver is vital to life, as the name “liver” indicates.  In addition to 
producing bile, the liver is involved in numerous activities, including: 

- detoxification of ingested substances 
- storage of nutrients such as glycogen, iron, vitamin B12, and fat-soluble vitamins 

(A and D) 
- converting nutrients into other molecules needed by the body 
- production of plasma proteins such as fibrinogen and albumin, and 
- along with the spleen, filtering out old red blood cells from the circulation.  
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The liver plays an important role in filtering of blood and in the detoxification of substances 
that we eat.  After a meal, the food that has been absorbed into the bloodstream first 
travels through the hepatic portal vein to the liver.  In this way, the liver has the “first 
chance” to modify blood content before the food you ate enters general circulation.  The 
liver is involved in getting rid of foreign substances and toxins, such as excess sugar, 
alcohol or drugs you have taken into your body. The toxins are usually excreted in bile or 
urine. Breaking down toxins is referred to as drug metabolism and is usually done using 
specialized enzymes produced in the liver.  The liver can also remove many different 
types of microorganisms, such as bacteria, fungi, viruses, and parasites, from the blood. 
Infections and parasites can come from contaminated water and food and then find their 
way into your gut and bloodstream. Luckily, the blood then goes to the liver for filtering. 
 

 

 

 

Another important function of the liver is to help maintain normal blood glucose levels. If 
the body needs more glucose in the blood, it breaks down stored glycogen into glucose.  
If the blood has too much glucose, the liver pulls glucose molecules out of the 
bloodstream and converts it into glycogen, which is then stored away. 

The liver also performs several roles in lipid metabolism including cholesterol synthesis 
and the production of triglycerides (fats). The liver produces coagulation factors needed 
for clotting (fibrinogen, prothrombin and other factors).  It also produces the albumin that 
is needed in blood to maintain osmotic pressure. 

15.3   Bacteria inside the Large Intestine  

Trillions of bacteria normally live in the large intestine, which, when added together, 
weighs about 2 pounds.  Some of these bacteria are harmful to the body if they grow out 
of control.  However, most of these bacteria are helpful. Friendly bacteria live mostly in 
the large intestine and part of the small intestine. The acidic environment of the stomach 
does not allow bacterial growth. 

Bacteria in our intestines play important roles in our health, including:  
• producing several vitamins including vitamins B12 and K 
• blocking the growth of harmful bacteria.  
• breaking down toxins before they can poison the body. 
• breaking down substances in food that cannot be digested, such as fiber and some 

starches and sugars. Bacteria produce enzymes that digest carbohydrates in cell 
walls. These bacteria allow us to get nutrition we could not otherwise get. These help 
us digest plant foods like spinach. 

• producing substances that help prevent colon cancer. 
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Figure 15.15  Probiotics Yogurt contains active cultures of "good" bacteria. Foods that contain 
these beneficial bacteria are sometimes called "probiotic."  License: CC BY-NC 3.0 via ck12.org 

15.4   Digestive System Diseases and Disorders  

Issues affecting Specific Organs: 
Esophagus: Stomach acid may also damage the lining of the esophagus. This can occur 
when the sphincter between the stomach and esophagus does not close properly. This 
lets acid from the stomach reflux into the esophagus. The acid may cause esophagitis, 
or inflammation of the esophagus. A common symptom of esophagitis is heartburn, which 
is a painful, burning sensation in the throat or chest. Esophagitis can be treated with 
medication and changes in diet. It is important to treat the condition because it sometimes 
leads to cancer of the esophagus if not treated. 

Stomach: A layer of mucus normally protects the lining of the stomach from damage by 
hydrochloric acid. An infection by bacteria, Helicobacter pylori can weaken this mucus 
layer, allowing acid to get through to the delicate mucous membranes underneath. The 
acid may cause gastritis (inflammation) or stomach ulcers (break in the wall of the 
stomach), both of which can be treated with antibiotics.  
Small intestine: issues occur mainly in the duodenum, because stomach acid enters the 
duodenum when chyme leaves the stomach and enters the small intestine. If an infection 
by Helicobacter pylori weakens the mucous layer in the duodenum, the stomach acid can 
damage it and cause an ulcer. Symptoms and treatment of duodenal ulcers are similar to 
those of stomach ulcers. 

Other bacteria may also cause infections in the small intestine, including Salmonella 
and E. coli. These bacteria can enter the body in contaminated foods or beverages. 
Symptoms of bacterial infections include abdominal pain, cramping, vomiting, and 
diarrhea. Such infections typically clear up on their own without medical treatment. 

Celiac disease affects the small intestine, and is an immune reaction to a food protein 
called gluten, which is found in grains. Symptoms of the disease include abdominal pain, 
diarrhea, and bloating. The symptoms can be prevented by eating a gluten-free diet, but 
there is no cure for the disease. 

Large Intestine: Inflammatory bowel disease is inflammation of the large intestine and, 
in some cases, other parts of the GI tract.  Inflammation is a normal reaction of the 
immune system to injury or infection that causes swelling, redness, and pain. The two 
main forms of inflammatory bowel disease are Crohn’s disease and ulcerative colitis. Both 
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have similar symptoms including abdominal pain, diarrhea, and weight loss. Crohn’s 
disease is caused by the immune system reacting to the body’s own tissues, but the 
cause of ulcerative colitis is not known. Ulcerative colitis is confined to the colon and 
sometimes can be cured with surgery. Crohn’s disease may occur anywhere in the GI 
tract and has no known cure, although treatment can control the symptoms. 

Irritable bowel syndrome (IBS) is a disorder in which the large intestine is easily irritated, 
though it does not cause inflammation. It is one of the most common gastrointestinal 
disorders. The cause of IBS is unknown, but it may be due to excessive bacteria in the 
intestine. Symptoms of the disorder include abdominal pain, cramping, constipation, and 
diarrhea. Symptoms can often be controlled with medication, stress management, and 
changes in diet. However, there is no cure for IBS. 

Colitis is inflammation of the colon. It has many possible causes, ranging from bacterial 
infections to immune reactions against the body’s own tissues. Symptoms of colitis 
include pain and tenderness in the abdomen. Treatment of colitis may include medication, 
surgery, and changes in diet. 

 Appendicitis is an inflammation of the appendix. It is most common in children and teens. 
The appendix is a small finger-like pouch that extends from the cecum. Inflammation of 
the appendix is usually caused by a bacterial infection. Symptoms include abdominal 
pain, loss of appetite, fever, and vomiting. Appendicitis is most often treated with surgery 
to remove the infected appendix. Without treatment, an infected appendix can be fatal. 

Accessory organs of digestion: An inherited disease that affects the pancreas is cystic 
fibrosis (CF).  The body produces abnormally thick and sticky mucus which blocks the 
duct to the duodenum so that digestive enzymes do not reach the small intestine. As a 
result, proteins and lipids cannot be digested properly. People with CF may take digestive 
enzymes by mouth to improve their digestion. The disease has no known cure.   Most of 
the severe symptoms of CF involve the respiratory system. 

Hepatitis is inflammation of the liver that is usually caused by a viral infection. Several 
different viruses can cause hepatitis. Some of the viruses spread through contaminated 
foods or beverages, and others spread through sexual contact. Symptoms of hepatitis 
include fever, headache, vomiting, and abdominal pain. Another symptom is jaundice, 
which is the yellowing of the skin and eyes caused by elevated levels of bilirubin. If the 
symptoms are mild, the disease may clear up without treatment. If the symptoms are 
more severe, the disease may damage the liver.  Medications are available to treat 
hepatitis. Some types of hepatitis can also be prevented with vaccines. 

Gallstones are crystals that form in the bile in the gallbladder. There are many possible 
reasons why gallstones form, including abnormal body chemistry and too much fat in the 
diet. Gallstones start out as small as a grain of sand but may grow to the size of a golf 
ball. There may be one large stone or many small ones. If gallstones block the duct that 
carries bile to the duodenum, they may cause inflammation of the gallbladder and severe 
abdominal pain. Generally, the best way to treat these problems is to surgically remove 
the gallstones or the entire gallbladder.  There are other treatments such as ultrasound 
shock waves to shatter the stones. 

General Issues: 
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Allergies:  Food allergies are disorders that occur when the immune system reacts to 
substances in food as though they were harmful “foreign invaders.” Foods that often 
cause allergies are nuts, eggs, milk, and shellfish. Symptoms of food allergies may 
include tingling in the mouth, vomiting, and diarrhea. In some people, a food allergy can 
trigger a severe allergic reaction called anaphylaxis. Emergency treatment is critical for 
anaphylaxis. Untreated, anaphylaxis can cause a coma or death. The life-threatening 
symptoms of anaphylaxis include constriction of air passageways. 

 

 

 

 

 

 

 

Foodborne illness (food poisoning):  Harmful bacteria can enter your digestive 
system in food and make you sick. The bacteria, or the toxins they produce, may cause 
vomiting or cramping.  Foodborne illnesses can also be caused by viruses and parasites. 
The most common foodborne illnesses happen within a few minutes to a few hours.  As 
a rule, you probably should not eat bad tasting food, but many contaminated foods can 
still taste good.  Salmonella is an example of a bacteria that causes foodborne illnesses, 
and is found in raw and undercooked meat, poultry, dairy products, and seafood.  There 
are many other examples as well.  Most of these bacterial illnesses can be prevented with 
proper cooking of food and washing of hands. 

Common foodborne viruses include norovirus and hepatitis A virus. Norovirus, which 
causes inflammation of the stomach and intestines, has been a recent issue on cruise 
ships, infecting hundreds of passengers and crew on certain voyages. Hepatitis A causes 
inflammation of the liver, which is treated with rest and diet changes. Parasites are tiny 
organisms that live inside another organism. Giardia is a parasite spread through 
contaminated water. Food preparers who are infected with parasites can also 
contaminate food if they do not thoroughly wash their hands after using the bathroom and 
before handling food. Trichinella is a type of roundworm parasite. People may be infected 
with this parasite by consuming raw or undercooked pork or wild game. 

Food Intolerance (food sensitivity), is different from a food allergy. A food intolerance 
happens when the digestive system is unable to break down a certain type of food. This 
can result in stomach cramping, diarrhea, tiredness, and weight loss. Food intolerances 
are often mistakenly called allergies. Lactose intolerance is a food intolerance. A person 
who is lactose intolerant does not make enough lactase, the enzyme that breaks down 
the milk sugar, lactose. 
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KEY TERMS 
 
Key Terms Definitions 
Absorption  passage of digested products from the 

intestinal lumen through mucosal cells 
and into the bloodstream or lacteals 

accessory digestive organ includes teeth, tongue, salivary glands, 
gallbladder, liver, and pancreas 

accessory duct   duct that runs from the pancreas into 
the duodenum 

acinus  cluster of glandular epithelial cells in the 
pancreas that secretes pancreatic juice in 
the pancreas 

alimentary canal  continuous muscular digestive tube that 
extends from the mouth to the anus 

anal canal  final segment of the large intestine 
appendix (vermiform appendix) coiled tube attached to the cecum 
ascending colon first region of the colon 
bacterial flora bacteria in the large intestine 
bile alkaline solution produced by the liver and 

important for the emulsification of lipids 
bile canaliculus small duct between hepatocytes that 

collects bile 
bilirubin main bile pigment, which is responsible 

for the brown color of feces 
body mid-portion of the stomach 
bolus mass of chewed food 
brush border fuzzy appearance of the small intestinal 

mucosa created by microvilli 
cardia (also, cardiac region) part of the stomach 

surrounding the cardiac orifice  (esophageal 
hiatus) 

cecum pouch forming the beginning of the large 
intestine 

cementum  bone-like tissue covering the root of a 
tooth 

central vein  vein that receives blood from hepatic 
sinusoids 

chemical digestion  enzymatic breakdown of food 
chief cell  gastric gland cell that secretes 

pepsinogen 
chylomicron large lipid-transport compound made up of 

triglycerides, phospholipids, cholesterol, 
and proteins 

chyme  soupy liquid created when food is mixed 
with digestive juices 

circular fold  (also, plica circulare) deep fold in the 
mucosa and submucosa of the small 
intestine 
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Key Terms Definitions 
colon  part of the large intestine between the 

cecum and the rectum 
common bile duct  structure formed by the union of the 

common hepatic duct and the gallbladder’s 
cystic duct 

common hepatic duct  duct formed by the merger of the two 
hepatic ducts 

crown  portion of tooth visible superior to the gum 
line 

   cuspid  (also, canine) pointed tooth used for 
tearing and shredding food 

cystic duct  duct through which bile drains and enters 
the gallbladder 

deciduous tooth  one of 20 “baby teeth” 
defecation  elimination of undigested substances from 

the body in the form of feces 
deglutition  three-stage process of swallowing 
dens  tooth 
dentin  bone-like tissue immediately deep to the 

enamel of the crown or cementum of the 
root of a tooth 

dentition  set of teeth 
descending colon  part of the colon between the transverse 

colon and the sigmoid colon 
duodenum  first part of the small intestine, which 

starts at the pyloric sphincter and ends at 
the jejunum 

enamel  covering of the dentin of the crown of a 
tooth 

enteroendocrine cell  gastric gland cell that releases hormones 
esophagus  muscular tube that runs from the pharynx 

to the stomach 
external anal sphincter  voluntary skeletal muscle sphincter in the 

anal canal 
fauces  opening between the oral cavity and the 

oropharynx 
feces  semisolid waste product of digestion 
flatus  gas in the intestine 
fundus  dome-shaped region of the stomach above 

and to the left of the cardia 
gallbladder  accessory digestive organ that stores and 

concentrates bile 
gastric emptying  process by which mixing waves gradually 

cause the release of chyme into the 
duodenum 

gastric gland  gland in the stomach mucosal epithelium 
that produces gastric juice 

gastric pit  narrow channel formed by the epithelial 
lining of the stomach mucosa 
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Key Terms Definitions 
gastrin  peptide hormone that stimulates secretion 

of hydrochloric acid and gut motility 
gingiva  gum 
haustrum  small pouch in the colon created by tonic 

contractions of teniae coli 
hepatic artery  artery that supplies oxygenated blood to 

the liver 
hepatic lobule  hexagonal-shaped structure composed of 

hepatocytes that radiate outward from a 
central vein 

hepatic portal vein  vein that supplies deoxygenated nutrient-
rich  blood to the liver 

hepatic sinusoid  blood capillaries between rows of 
hepatocytes that receive blood from the 
hepatic portal vein and the branches of 
the hepatic artery 

hepatic vein  vein that drains into the inferior vena cava 
hepatocytes  major functional cells of the liver 
hepatopancreatic sphincter  (also, sphincter of Oddi) sphincter 

regulating the flow of bile and pancreatic 
juice into the duodenum 

hydrochloric acid (HCl)  digestive acid secreted by parietal cells in 
the stomach 

ileocecal sphincter  sphincter located where the small intestine 
joins with the large intestine 

ileum  end of the small intestine between the 
jejunum and the large intestine 

incisor  midline, chisel-shaped tooth used for 
cutting into food 

ingestion  taking food into the GI tract through the 
mouth 

internal anal sphincter  involuntary smooth muscle sphincter in 
the anal canal 

intestinal gland  (also, crypt of Lieberkühn) gland in the 
small intestinal  mucosa that secretes 
intestinal  juice 

intestinal juice  mixture of water and mucus that helps 
absorb nutrients from chyme 

intestinal phase  phase of gastric secretion that begins 
when chyme enters the intestine 

intrinsic factor  glycoprotein required for vitamin B12 
absorption in the small intestine 

jejunum  middle part of the small intestine between 
the duodenum and the ileum 

labial frenulum  midline mucous membrane fold that 
attaches the inner surface of the lips to the 
gums 

labium  lip 
lacteal  lymphatic capillary in the villi 
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Key Terms Definitions 
large intestine  terminal portion of the alimentary canal 
laryngopharynx  part of the pharynx that functions in 

respiration and digestion 
left colic flexure  (also, splenic flexure) point where the 

transverse colon curves below the inferior 
end of the spleen 

lingual frenulum  mucous membrane fold that attaches the 
bottom of the tongue to the floor of the 
mouth 

lingual lipase  digestive enzyme from glands in the 
tongue that acts on triglycerides 

lipoprotein lipase  enzyme that breaks down triglycerides  in 
chylomicrons into fatty acids and 
monoglycerides 

liver  largest gland in the body whose main 
digestive function is the production of bile 

lower esophageal sphincter  smooth muscle sphincter that regulates 
food movement from the esophagus to 
the stomach 

main pancreatic duct  (also, duct of Wirsung) duct through 
which pancreatic juice drains from the 
pancreas 

major duodenal papilla  point at which the hepatopancreatic 
ampulla opens into the duodenum 

mass movement  long, slow, peristaltic wave in the large 
intestine 

mastication  chewing 
mechanical digestion  chewing, mixing, and segmentation that 

prepares food for chemical digestion 
micelle  tiny lipid-transport compound 

composed of bile salts and 
phospholipids with a fatty acid and 
monoacylglyceride core 

microvillus  small projection of the plasma membrane 
of the absorptive cells of the small 
intestinal mucosa 

mixing wave  unique type of peristalsis that occurs in 
the stomach 

molar  tooth used for crushing and grinding food 
motility  movement of food through the GI tract 
mucosa  innermost lining of the alimentary canal 
mucosal barrier  protective barrier that prevents gastric 

juice from destroying the stomach itself 
muscularis  muscle (skeletal or smooth) layer of the 

alimentary canal wall 
myenteric plexus  (plexus of Auerbach) major nerve supply 

to alimentary canal wall; controls motility 
oral cavity  (also, buccal cavity) mouth 
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Key Terms Definitions 
oral vestibule  part of the mouth bounded externally by 

the cheeks and lips, and internally by the 
gums and teeth 

oropharynx  part of the pharynx continuous with the 
oral cavity that functions in respiration and 
digestion 

pancreas  accessory digestive organ that secretes 
pancreatic juice 

pancreatic amylase  enzyme secreted by the pancreas that 
completes the chemical digestion of 
carbohydrates in the small intestine 

pancreatic juice  secretion of the pancreas containing  
digestive enzymes and bicarbonate 

pancreatic lipase  enzyme secreted by the pancreas that 
participates in lipid digestion 

parietal cell  gastric gland cell that secretes hydrochloric 
acid and intrinsic factor 

parotid gland  one of a pair of major salivary glands 
located inferior and anterior to the ears 

pepsinogen  inactive form of pepsin 
peristalsis  muscular contractions and relaxations that 

propel food through the GI tract 
permanent tooth  one of 32 adult teeth 
pharynx  throat 
portal triad  bile duct, hepatic artery branch, and 

hepatic portal vein branch 
premolar  (also, bicuspid) transitional tooth used for 

mastication, crushing, and grinding food 
propulsion  voluntary process of swallowing and the 

involuntary process of peristalsis that 
moves food through the digestive tract 

pulp cavity  deepest portion of a tooth, containing nerve 
endings and blood vessels 

pyloric sphincter  sphincter that controls stomach emptying 
pylorus  lower, funnel-shaped part of the stomach 

that is continuous with the duodenum 
rectal valve  one of three transverse folds in the rectum 

where feces is separated from flatus 
rectum  part of the large intestine between the 

sigmoid colon and anal canal 
retroperitoneal  located posterior to the peritoneum 
right colic flexure  (also, hepatic flexure) point, at the 

inferior surface of the liver, where the 
ascending colon turns abruptly to the 
left 

root  portion of a tooth embedded in the alveolar 
processes beneath the gum line 
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Key Terms Definitions 
ruga  fold of alimentary canal mucosa and 

submucosa in the empty stomach and other 
organs 

saliva  aqueous solution of proteins and ions 
secreted into the mouth by the salivary 
glands 

salivary amylase  digestive enzyme in saliva that acts on 
starch 

salivary gland  an exocrine gland that secretes a digestive 
fluid called saliva 

salivation  secretion of saliva 
segmentation  alternating contractions and relaxations 

of non-adjacent segments of the 
intestine that move food forward and 
backward, breaking it apart and mixing it 
with digestive juices 

serosa  outermost layer of the alimentary canal 
wall present in regions within the 
abdominal cavity 

sigmoid colon  end portion of the colon, which terminates 
at the rectum 

small intestine  section of the alimentary canal where most 
digestion and absorption occurs 

soft palate  posterior region of the bottom portion of 
the nasal cavity that consists of skeletal 
muscle 

stomach  alimentary canal organ that contributes 
to chemical and mechanical digestion of 
food from the esophagus before 
releasing it, as chyme, to the small 
intestine 

sublingual gland  one of a pair of major salivary glands 
located beneath the tongue 

submandibular gland  one of a pair of major salivary glands 
located in the floor of the mouth 

submucosa  layer of dense connective tissue in the 
alimentary canal wall that binds the 
overlying mucosa to the underlying 
muscularis 

submucosal plexus  (plexus of Meissner) nerve supply that 
regulates activity of glands and smooth 
muscle 

tenia coli   one of three smooth muscle bands that 
make up the longitudinal muscle layer of 
the muscularis in all of the large 
intestine except the terminal end 

tongue  accessory digestive organ of the mouth, the 
bulk of which is composed of skeletal 
muscle 
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Key Terms Definitions 
transverse colon part of the colon between the ascending 

colon and the descending colon 
upper esophageal sphincter skeletal muscle sphincter that regulates 

food movement from the pharynx to 
the esophagus 

Valsalva’s maneuver voluntary contraction of the diaphragm 
and abdominal wall muscles and closing 
of the glottis, which increases intra-
abdominal pressure and facilitates 
defecation 

villus projection of the mucosa of the small 
intestine 
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Chapter 15b The Digestive System - Nutrition 
Food and Nutrients 

What you eat plays an important role in your health. Eating a variety of the right types of 
foods promotes good health and provides energy for growth and activity. This is because 
healthy foods are rich in nutrients. Nutrients are substances the body needs for energy, 
building materials, and control of body processes. There are six main classes of 
nutrients: carbohydrates, proteins, lipids, water, vitamins, and minerals. These six 
classes are categorized as macronutrients or micronutrients depending on how much of 
them the body needs. 

Macronutrients 
Nutrients the body needs in relatively large amounts are called macronutrients. They 
include carbohydrates, proteins, lipids, and water. All macronutrients except water can be 
used by the body for energy. (The energy in food is measured in a unit called a Calorie.) 
The exact amount of each macronutrient that an individual needs depends on many 
factors, including gender and age. Recommended daily intakes by teens of three 
macronutrients are shown in Table 15b.1(source) below. Based on your gender and age, 
how many grams of proteins should you eat each day? 

Gender/Age Carbohydrates 
(g/day) 

Proteins 
(g/day) 

Water(L/day) 
(includes water in food) 

Males 9–13 years 130 34 2.4 

Males 14-18 years 130 52 3.3 

Females 9-13
years 

130 34 2.1 

Females 14-18 
years 

130 46 2.3 

• Carbohydrates include sugars, starches, and fiber. Sugars and starches are used by
the body for energy. One gram of carbohydrates provides 4 Calories of energy. Fiber,
which is found in plant foods, cannot be digested but is needed for good health. Simple
carbohydrates are small carbohydrates found in foods such as fruits and milk. These
carbohydrates include lactose, fructose and glucose. Complex carbohydrates are
much larger molecules. Starch, which is a complex carbohydrate found in vegetables
and grains, is made of thousands of glucose units bonded together.

• Dietary proteins are broken down during digestion to provide the amino acids needed
for protein synthesis. Any extra proteins in the diet not needed for this purpose are
used for energy or stored as fat. One gram of proteins provides 4 Calories of energy.
Eating protein provides the amino acids for your cells to produce your own antibodies,
muscle fibers and enzymes (as well as many other types of proteins).
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• Lipids provide the body with energy and serve other vital functions, such as protecting
neurons and providing the membranes that surround all cells. One gram
of lipids provides 9 Calories of energy. You need to eat small amounts of lipids for
good health. However, large amounts can be harmful, especially if they contain
saturated fatty acids from animal foods.

• Water is essential to life because biochemical reactions take place in water. Most
people can survive only a few days without water.

Micronutrients 
Nutrients the body needs in relatively small amounts are called micronutrients. They 
include vitamins and minerals. Vitamins are organic compounds that are needed by the 
body to function properly. Several vitamins are described in the Table below. Vitamins 
play many roles in good health, ranging from maintaining good vision to contributing to 
the formation of  blood clots. Vitamin B12 is produced by bacteria in the large intestine. 
Vitamin D is synthesized by the skin when it is exposed to UV light. Most other vitamins 
must be obtained from foods like those listed in the Table 15b.2(source)  below. 

Vitamin Function Good Food Sources 

A good vision carrots, spinach 

B12 normal nerve function meat, milk 

C making connective tissue oranges, red peppers 

D healthy bones and teeth salmon, eggs 

E normal cell membranes vegetable oils, nuts 

K blood clotting spinach, soybeans 

Minerals are chemical elements that are essential for body processes. They include 
calcium, which helps form strong bones and teeth, and potassium, which is needed for 
normal nerve and muscle function. Good sources of minerals include leafy, green 
vegetables, whole grains, milk, and meats. 

Vitamins and minerals do not provide energy, but they are still essential for good health. 
The necessary amounts can usually be met with balanced eating. However, people who 
do not eat enough of the right foods may need vitamin or mineral supplements.
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Types of Nutrients 

 
Figure 15b .1 Protein.There are many different nutrients that are present in this meal. 
For example, the steak is a source of protein. The french fries are a source 
of carbohydrates. Both these nutrients help supply the body with energy. 

 

 Nutrients 
Carbohydrates, proteins, and lipids contain energy. When your body digests food, it 
breaks down the molecules of these nutrients. This releases the energy so your body can 
use it. 

 Carbohydrates 
Carbohydrates are nutrients that include sugars, starches, and fiber. There are two 
types of carbohydrates: simple and complex. Pictured below are some foods that are 
good sources of carbohydrates (Figure 15b.2, below). 

Up to the age of 13 years, you need about 130 grams of carbohydrates a day. Most of 
the carbohydrates should be complex. They are broken down by the body more slowly 
than simple carbohydrates. Therefore, they provide energy longer and more steadily. 

 

 

Figure 15b.2 Different Types of 
Carbohydrates. Credit: CK-12.org, Apple: 
Olle Svensson; Bread: Stacy Spensley; 
Squash: Pamela Carls; Image copyright 
Elena Elisseeva, 2013  

Source: Apple: part of Figure 15b.2;  

Bread: part of Figure 15b.2;Squash: part of 
Figure 15b.2;http://www.shutterstock.com  
License: CC BY 2.0;Used under license 
from Shutterstock.com 
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 Simple Carbohydrates 
Sugars are small, simple carbohydrates that are found in foods such as fruits and milk. The sugar 
found in fruits is called fructose. The sugar found in milk is called lactose. These sugars are broken 
down by the body to form glucose (C6H12O6), the simplest sugar of all. 

Where does glucose come from? Recall that glucose is the product of photosynthesis, so some 
organisms such as plants are able to make their own glucose. As animals cannot 
photosynthesize, they must eat to obtain carbohydrates. Through the process of cellular 
respiration, glucose is converted by cells into energy that is usable by the cell (ATP). 

 

 Complex Carbohydrates 
Starch is a large, complex carbohydrate made of thousands of glucose units (monomers) joined 
together. Starches are found in foods such as vegetables and grains. Starches are broken down 
by the body into sugars that provide energy. Breads and pasta are good sources of complex 
carbohydrates. 

Fiber is another type of large, complex carbohydrate that is partly indigestible. Unlike sugars and 
starches, fiber does not provide energy. However, it has other important roles in the body. For 
example, fiber is important for maintaining the health of your gastrointestinal tract. Eating foods 
high in fiber also helps fill you up without providing too many calories. Most fruits and vegetables 
are high in fiber. Between the ages of 9 and 13 years, girls need about 26 grams of fiber per day, 
and boys need about 31 grams of fiber per day. Some examples are pictured below (Figure 15b.3 
, below). 

 

Figure 15b.3 Fiber Content in Different 
Foods.  Credit: CK-12.org, Broccoli: Liz West; Peas: 
Kari Söderholm; Pears: Richard North; Avocado: 
Jaanus Silla;Image copyright Elena Elisseeva,2013 
Source: Broccoli:; Peas: part of Figure 15b.3/; Pears: 
part of Figure 15b.3;Avocado: part of Figure 15b.3;   
License: CC BY 2.0;Used under license from 
Shutterstock.com 
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 Proteins 
Proteins are nutrients made up of smaller molecules called amino acids. Recall that there are 
20 different amino acids arranged like "beads on a string" to form proteins. These 
amino acid chains then fold up into a three-dimensional molecule, giving the protein a specific 
function. Proteins have several important roles in the body. For example, proteins make up 
antibodies, muscle fibers and enzymes that help control cell and body processes. You need to 
make sure you have enough protein in your diet to obtain the necessary amino acids to make 
your proteins. 

If you eat more than you need for these purposes, the extra protein is used for energy. Between 
the ages of 9 and 13 years, you need about 34 grams of proteins a day. Seafood and eggs are 
other good sources of protein. The image below shows how many grams of protein you need 
each day (Figure 15b.4, below). It also shows some foods that are good sources of protein. 

 
Figure 15b.4 Protein Content in Different Foods: Credit: CK-12.org Milk: Mark Skipper; 
Chicken: Flickr:TheCulinaryGeek; Beans: U.S. Department of Agriculture; Image copyright Elena 
Elisseeva, 2013 Source: Milk: part of Figure 15b.4 Chicken: part of Figure 15b.4;  Beans: part of 
Figure 15b.4 ;http://www.shutterstock.com 
License: Milk, Chicken: CC BY 2.0; Beans: Public Domain;Used under license from 
Shutterstock.com 
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 Lipids 
Lipids are nutrients, such as fats that store energy. Lipids also have several other roles in the 
body. For example, lipids protect nerves and make up the membranes that surround cells. 

Fats are one type of lipid. Stored fat gives your body energy to use for later. It’s like having money 
in a savings account: it’s there in case you need it. Stored fat also cushions and protects internal 
organs. In addition, it insulates the body. It helps keep you warm in cold weather. 

There are two main types of fats, saturated and unsaturated. 

1. Saturated fats can be unhealthy, even in very small amounts. They are found mainly in animal 
foods, such as meats, whole milk, and eggs. So even though these foods are good sources 
of proteins, they should be eaten in limited amounts. Saturated lipids increase cholesterol 
levels in the blood. Too much cholesterol in the blood can lead to heart disease. 
 

2. Unsaturated fats are found mainly in plant foods, such as vegetable oil, olive oil, and nuts. 
Unsaturated lipids are also found in fish, such as salmon. Unsaturated lipids are needed in 
small amounts for good health. Most lipids in your diet should be unsaturated. 
 

Another type of lipid is called trans fat. Trans fats are manufactured and added to certain foods 
to keep them fresher for longer. Foods that contain trans fats include cakes, cookies, fried foods, 
and margarine. Eating foods that contain trans fats increases the risk of heart disease. 

Beginning with Denmark in 2003, many nations now limit the amount of trans fat that can be in 
food products or ban these products all together. On January 1, 2008, Calgary became the first 
city in Canada to ban trans fats from restaurants and fast food chains. Beginning in 2010, 
California banned trans fats from restaurant products, and in 2011, from all retail baked goods. 
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Vitamins and Minerals  

 
Figure 15b.5 Sources of Vitamin C. credit: CK-12.org, CC-BY-SA 

 

Citrus fruits are more than just a good source of vitamin C. Citrus fruits also contain an 
impressive list of other essential nutrients including carbohydrates (sugars and fiber), 
potassium, folate, calcium, thiamin, niacin, vitamin B6, phosphorus, magnesium, copper, 
riboflavin, pantothenic acid, and a variety of phytochemicals. In addition, citrus contains 
no fat or sodium and no cholesterol. 

Vitamins and Minerals 

Unlike the major macronutrients, micronutrients—including vitamins and minerals—do 
not provide energy. Nonetheless, adequate amounts of micronutrients are essential for 
good health. The needed amounts generally can be met with balanced eating. However, 
many people do not eat enough of the right foods to meet their requirements. They may 
need vitamin or mineral supplements to increase their intake of micronutrients. 
 

 Vitamins 
Vitamins are organic compounds that are needed by the body to function properly. There 
are 13 vitamins that humans need. They are described in the Table 15b.3 below, which 
also includes recommended daily vitamin intakes for teens. 

Vitamins play many roles in good health, ranging from helping maintain vision to helping 
form red blood cells. Many vitamins are components of enzymes. For example, vitamin K 
is a component of enzymes involved in blood clotting. Several vitamins, including vitamins 
C and E, act as antioxidants. An antioxidant is a compound that neutralizes chemicals 
called free radicals. Free radicals are produced naturally during cellular activities and may 
cause some types of cancer. Neutralizing free radicals makes them harmless. 
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Some vitamins, including vitamin B6, are produced by bacteria that normally live in the 
intestines, where they help digest food. Vitamin D is synthesized in the skin when it is 
exposed to UV radiation in sunlight. Most other vitamins must be obtained from foods 
because the body is unable to synthesize them. Good food sources of vitamins are listed 
in the Table 15.3, below. They include whole grains, vegetables, fruits, milk, and nuts. 

Consuming inadequate amounts of vitamins can cause deficiency diseases. For example, 
consuming inadequate amounts of vitamin D causes soft bones. In children this is called 
rickets. It can cause permanent bone deformities. Consuming too much of some vitamins 
can also be dangerous. Overdoses of vitamins can cause problems ranging from diarrhea 
to birth defects and even death. 

Vitamins are either fat-soluble or water-soluble. This determines whether they can 
accumulate in the body and lead to overdoses. 
• Vitamins A, D, E, and K are fat soluble. Excess intakes of these vitamins are stored in fatty 

tissues of the body. Because they are stored in the body, they can build up to toxic levels, 
especially if they are taken improperly in supplements. 

• Vitamin C and all the B vitamins are water soluble. Excess amounts of these vitamins are 
excreted in the urine; so they are unlikely to reach toxic levels in the body. 

 
Table 15b.3 Vitamins(source) 

Vitamin (Chemical 
Name) 

Functions in the Body Good Food 
Sources 

Recommended 
Daily Intakes for 
Ages 14–18 yr 

Vitamin A 

(Retinoids) 

Needed for 
good vision, reproduction, 
and fetal development. 

Carrots, 
spinach, milk, 
and eggs. 

Males: 900 μg 

Females: 700 μg 

Vitamin B1 

(Thiamine) 

Helps break down 
macronutrients and is 
essential for proper 
functioning of nerves. 

Whole wheat, 
peas, 
beans, fish, 
peanuts, and 
meats. 

Males: 1.2 mg 

Females: 1.0 mg 

Vitamin B2 

(Riboflavin) 

Helps the body process 
amino acids and fats and 
acts as an antioxidant. 

Milk, liver, green 
leafy 
vegetables, 
almonds, and 
soybeans. 

Males: 1.3 mg 

Females: 1.0 mg 

Vitamin B3 

(Niacin) 

Helps 
release energy from 
macronutrients and is 
needed for healthy skin 
and nerves. 

Beets, beef liver, 
pork, 
turkey, fish, 
sunflower seeds, 
and peanuts. 

Males: 16 mg 

Females: 14 mg 
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Vitamin (Chemical 
Name) 

Functions in the Body Good Food 
Sources 

Recommended 
Daily Intakes for 
Ages 14–18 yr 

Vitamin B5, 

(Pantothenic Acid) 

Helps form 
critical enzymes for 
synthesis of 
macronutrients. 

Whole grains, 
legumes, eggs, 
and meat. 

Males: 5 mg* 

Females: 5mg* 

Vitamin B6 

(Pyridoxine) 

Forms enzymes needed 
for amino acid synthesis 
and energy storage. 

Cereals, yeast, 
liver, fish, 
avocadoes, 
nuts, and green 
beans. 

Males: 1.3 mg 

Females: 1.2 mg 

Vitamin B7 

(Biotin) 

Enables synthesis of fatty 
acids, helps store energy, 
and keeps level of blood 
sugar stable. 

None. Males: 25 μg* 

Females: 25 μg* 

Vitamin B9 

(Folate) 

Needed to make red 
blood cells. 

Liver, green 
leafy 
vegetables, 
dried beans, and 
peas. 

Males: 400 μg 

Females: 400 μg 

Vitamin B12 

(Cyanocobalamin) 

Needed for normal 
functioning of the nervous 
system and the formation 
of blood. 

Meat, liver, milk, 
shellfish, and 
eggs. 

Males: 2.4 μg 

Females: 2.4 μg 

Vitamin C 

(Ascorbic Acid) 

Needed to make many 
biological chemicals and 
acts as an antioxidant. 

Citrus fruits such 
as oranges, red 
peppers, 
broccoli, and 
kiwi. 

Males: 75 mg 

Females: 65 mg 

Vitamin D 

(Ergocalciferol and 
Cholecalciferol) 

Helps maintain blood 
levels of calcium and is 
needed for 
healthy bones and teeth. 

Salmon, tuna, 
eggs, and 
mushrooms. 

Males: 5 μg 

Females: 5 μg 

Vitamin E 

(Tocopherol) 

Acts as an antioxidant 
and protects cell 
membranes from LDL 
cholesterol damage. 

Vegetable oils, 
nuts, green leafy 
vegetables, 
whole grains, 
and fish. 

Males: 15 mg 

Females: 15 mg 
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Vitamin (Chemical 
Name) 

Functions in the Body Good Food 
Sources 

Recommended 
Daily Intakes for 
Ages 14–18 yr 

Vitamin K 

(Naphthoquinone) 

Helps transport calcium 
and contributes to blood 
clot formation. 

Kale, spinach, 
Brussels 
sprouts, milk, 
eggs, and soy 
products. 

Males: 75 μg* 

Females: 75 μg* 

• Recommended daily intakes are not established; figures given are adequate daily intakes. 
 

Table 15b.4 Minerals (source) 

Mineral  
Name 
(Symbol) 

Functions in the Body Good Food 
Sources 

Recommended 
Daily Intakes 
(mg) for Ages 
14–18 yr 

Calcium 

(Ca) 

Needed for nerve and muscle action, 
builds bone and teeth, and helps 
blood clot. 

Milk, soy milk, green 
leafy vegetables, and 
sardines. 

Males: 1300* 

Females: 1300* 

Chloride 

(Cl) 

Helps maintain water and pH 
balances and helps form stomach 
acid. 

Table salt and most 
processed foods. 

Males: 2300* 

Females: 2300* 

Magnesium 

(Mg) 

Needed to form several enzymes. Whole grains, green 
leafy vegetables, 
nuts, and seeds. 

Males: 410 

Females: 360 

Phosphorus 

(P) 

Component of bones, teeth, lipids, 
and other important molecules in the 
body. 

Meat, poultry, and 
whole grains. 

Males: 1250 

Females: 1250 

Potassium 

(K) 

Needed for muscle and nerve 
function and helps maintain salt-
water balance in body fluids. 

Meats, grains, 
orange juice, 
potatoes, and 
bananas. 

Males: 4700* 

Females: 4700* 
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 Minerals 
Dietary minerals are chemical elements that are essential for body 
processes. Minerals are inorganic, meaning they do not contain carbon. Minerals needed 
by humans in relatively large amounts (greater than 200 mg/day) are listed 
in Table 15b.4, below. Minerals not listed in the table are called trace minerals because 
they are needed in very small amounts. Trace minerals include chromium, iodine, iron, 
molybdenum, selenium, and zinc. 

 
• Recommended daily intakes are not established; figures given are adequate daily intakes. 
Minerals play many important roles in the body. Most are found in the blood and 
cytoplasm of cells, where they control basic functions. For example, calcium and 
potassium regulate nerve and muscle activity. Several minerals, including zinc, are 
components of enzymes. Other minerals, including calcium, form the bulk of teeth and 
bones. 

Minerals cannot be synthesized by the body. Good food sources of minerals are listed 
in the Table 15b.4 above. They include dairy products, green leafy vegetables, and 
legumes. Mineral deficiencies are uncommon, but inadequate intakes of a few minerals 
may lead to health problems. For example, an inadequate intake of calcium may 
contribute to osteoporosis, a disease in which bones become brittle and break easily. 

Some minerals may be toxic in excess, but overdoses of most minerals are uncommon. 
Overdoses are more likely when mineral supplements are taken. Salt (sodium chloride) 
is added to many foods; so the intake of sodium may be too high in many people. Too 
much sodium in the diet can cause high blood pressure in some individuals. 

Sodium 

(Na) 

Needed for muscle and nerve 
function and helps maintain salt-
water balance in body fluids. 

Table salt and most 
processed foods. 

Males: 1500* 

Females: 1500* 

Sulfur 

(S) 

Necessary component of 
many proteins. 

Whole grains, meats, 
seafood, and eggs. 

Males: 1300* 

Females: 1300* 
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 Other Micronutrients 
Recently, new micronutrients called phytochemicals have been found in plants. They 
occur primarily in colorful fruits and vegetables like those shown in the Figure 
15b.6,  below. Thousands of phytochemicals have been discovered, and some have 
already been shown to lower the risk of certain diseases. For example, the phytochemical 
lutein helps reduce the risk of macular degeneration, an eye disease that leads to 
blindness. Lutein is found in many yellow and orange fruits and vegetables. Several 
phytochemicals, including some found in berries, have proven to be powerful 
antioxidants. 

 
Figure 15b.6 Good sources of phytochemicals. credit: CK-12.org, CC-BY-SA 

 

Balanced Eating – Advanced 

 
Figure 15b.7 Credit: CK-12.org, License: CC BY-NC 3.0 
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 Balanced Eating 
Balanced eating is a way of eating that promotes good health. It includes eating several 
medium-sized meals regularly throughout the day. It also includes eating the right 
balance of different foods to provide the body with all the nutrients it needs. The Daily 
Intakes Table, in  The Digestive System: Nutrients, Energy, and Building Materials 
(Advanced) concept, lists macronutrient needs for young people, and you just read 
about foods that provide each of these macronutrients. How much of these foods should 
you eat to get the right balance of nutrients? Two tools for choosing foods that provide 
balanced nutrition are MyPyramid and nutrition labels on food packages. 
 

 MyPyramid 
MyPyramid was developed by the U.S. Food and Drug Administration. It shows how much 
you should eat each day of foods in different food groups. Figure 15b.8 below.  

 

 
Figure 15b.8 Mypyramid Is A Visual Guideline For Balanced Eating. Credit: Courtesy of 
MyPyramid.gov; Source: ; License: CC BY-NC 3.0 via CK-12.org 
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Guidelines for Using MyPyramid 
1. The six colored bands represent six food groups: 

a. Orange = Grains—At least half should be whole grains. 

b. Green = Vegetables—Choose a variety of vegetables including dark green 
and orange vegetables, dry beans, and peas. 

c. Red = Fruits—Include a variety of fruits, and consume whole fruits instead 
of fruit juices. 

d. Yellow = Oils—Choose mainly unsaturated nut and vegetable oils. 

e. Blue = Milk—Dairy products should be low-fat or fat-free choices. 

f. Purple = Meat and Beans—Choose fish and low-fat meats as well as 
beans, peas, nuts, and seeds. 

2. The width of each band shows the proportion of food that should come from each 
food group. 

3. The figure climbing stairs reminds you to balance food with exercise; 30–60 
min/day of moderate-to-vigorous activity is recommended for most people. 

 

Each food group represented by a colored band in MyPyramid is a good source of 
nutrients. The wider the band, the more you should eat from that food group. For example, 
the orange band is widest, so the largest proportion of foods should come from the grains 
group. The white tip of MyPyramid represents foods that should be eaten only in very 
small amounts or very infrequently. They include foods, such as ice cream and potato 
chips, that contain few nutrients and may contribute excess kilocalories to the diet. 

The figure “walking” up the side of MyPyramid in Figure15b.8 above represents the role 
of exercise in balanced eating. Daily exercise helps you burn any extra energy that you 
consume in foods. The more active you are, the more energy you use. Light activities 
typically use only a few hundred kilocalories per hour. Strenuous activities, such as 
running, may use over 900 kilocalories per hour. 

Harvard University recently developed an alternative healthy eating pyramid, which is 
shown in the Figure 15b.9 below. It differs from MyPyramid in that it places more 
emphasis on exercise and a greater focus on eating fruits, vegetables, and healthy plant 
oils. It moves red meats and starchy, low-nutrient foods, such as white bread and white 
rice, to the category of foods to eat in very limited amounts.  
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Figure 15b.9 Healthy Eating Pyramid. Credit: CK-12 Foundation; License: CC BY-NC 3.0 

 

 MyPlate 
In June 2011, the United States Department of Agriculture replaced MyPyramid 
with MyPlate. MyPlate depicts the relative portions of various food groups.  

 
Figure 15b.10 MyPlate  is a visual guideline for balanced eating that replaced MyPyramid in 
2011. Source: http://www.choosemyplate.gov/; License: CC BY-NC 3.0, via CK-12.org. 

Chapter 15aǀ The Digestive System – Anatomy & Physiology               Textbook: Introduction to Human Biology

15.42

http://creativecommons.org/licenses/by-nc/3.0/
https://www.ck12.org/c/biology/agriculture
http://www.choosemyplate.gov/
http://creativecommons.org/licenses/by-nc/3.0/
https://dr282zn36sxxg.cloudfront.net/datastreams/f-d%3A34cc914d4daa7530e18d8c01edd1f1de7f3371ad304239bcec066449%2BIMAGE_TINY%2BIMAGE_TINY.1
https://dr282zn36sxxg.cloudfront.net/datastreams/f-d%3A8b2e8b56bea91b77a184e66db7dea2fd74fd0071b9e489e47e11b63f%2BIMAGE_THUMB_POSTCARD_TINY%2BIMAGE_THUMB_POSTCARD_TINY.1


The following guidelines accompany MyPlate: 

1. Balancing Calories. 
a. Enjoy your food, but eat less. 
b. Avoid oversized portions. 

 
2. Foods to Increase. 

a. Make half your plate fruits and vegetables. 
b. Make at least half your grains whole grains. 
c. Switch to fat-free or low-fat (1%) milk. 

3. Foods to Reduce. 
a. Compare sodium in foods like soup, bread, and frozen meals―and 

choose the foods with lower numbers. 
b. Drink water instead of sugary drinks. 

 

 Food Labels 
Packaged foods are required by law to carry a nutrition facts label, like the one 
in Figure 15.b11 below, that shows the nutrient content and ingredients in the food. 

  
Figure 15b.11. A Nutrition Facts Label.Credit: CK-12 Foundation; License: CC BY-NC 3.0 

Reading nutrition facts labels can help you choose foods that are high in nutrients such 
as protein and low in nutrients such as fat. Nutrition facts labels can also help you choose 
foods that are nutrient dense. Nutrient density is the ratio of nutrient content, measured 
in grams, to total energy content in kilocalories. 
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Table 15b.5 Consider the following two foods: 

Food A Food B 
Protein: 15 g Protein: 10 g 
Energy: 300 kcal Energy: 120 kcal 
Nutrient Density: Nutrient Density: 
15g/300 kcal = 0.05 g/kcal 10g/120 kcal = 0.08 g/kcal 

 

In terms of protein, Food B is more nutrient dense than Food A is because Food B 
provides more protein per kilocalorie. Eating nutrient-dense foods helps you to get 
enough of each nutrient without taking in too many kilocalories. 

Reading the ingredients lists on food labels can also help you choose healthy foods for 
balanced eating. At the top of the list, look for ingredients such as whole grains, 
vegetables, and fruits. These are the foods you need the most of in a balanced diet. Avoid 
foods that contain processed ingredients such as white flour or white rice. Processing 
removes nutrients. As a result, processed foods generally supply fewer nutrients than 
whole foods do, even when they have been enriched or fortified with added nutrients. 
 

 Weight Gain and Obesity 
Any unneeded energy in food, whether it comes from carbohydrates, proteins, or lipids, 
is stored in the body as fat. An extra 3,500 kilocalories of energy results in the storage of 
one pound (0.45 kg) of fat. People who consistently consume more food energy than they 
need gain weight. People who continue to store fat and gain weight may eventually 
become obese. 

Obesity occurs when the body mass index is 30.0 kg/m2 or greater. Body mass index 
(BMI) is a simple way to estimate the percentage of fat in the body. It is calculated by 
dividing an individual’s weight (in kilograms) by the square of the individual’s height (in 
meters). For example, a man who weighs 88 kilograms and is 1.7 meters tall has this 
BMI: 

88 kg ÷ (1.7 m)2 = 30.4 kg/m2. 

Compare this BMI with the BMI values in the Table 15b.6 below. The man’s BMI is 
greater than 29.9 kg/m2; so he would be considered obese.
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Table 15b.6 Body Mass Index(BMI) and Weight Status 

BMI Value (kg/m2) Weight Status 

<18.5 Underweight 

18.5–24.9 Normal weight 

25.0–29.9 Overweight 

>29.9 Obese 

 

People who are obese are at greater risk of many serious health problems including 
metabolic syndrome. Metabolic syndrome is a cluster of conditions that together greatly 
increase the risk of cardiovascular disease. The conditions include type 2 diabetes, 
high blood pressure, and high blood levels of LDL cholesterol and triglycerides. A wide 
range of other disorders may also be related to obesity, including menstrual disorders in 
females, certain types of cancer, osteoarthritis, and depression. In addition, people who 
are obese have a lower life expectancy. 

From 1980 to 2002, the number of obese adults in the U.S. doubled. By 2004, almost 
one-third of U.S. adults aged 20 years or older were obese. The prevalence of obesity in 
the U.S. is the highest in the developed world. Given its prevalence and serious health 
risks, obesity is now a leading public health problem in this country. 

The combination of eating too much and moving too little generally causes obesity. The 
best way to lose weight and avoid obesity is to eat less and exercise more. However, 
many factors may play a role in obesity, making it difficult for most people to eat wisely 
and lose weight. These factors may be genetic or environmental. 

Several genes have been identified that control appetite and may contribute to some 
cases of obesity. An important environmental factor that contributes to obesity is the 
availability of high-fat, high-Calorie fast foods. Other environmental factors that may 
influence eating habits and contribute to obesity include stress, cultural traditions, and 
food advertisements. Some people who are obese have an eating disorder called binge 
eating. Eating disorders are discussed in the Eating Disorders - Advanced concept. 
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Eating Disorders - Advanced 

                            
Figure 15b.12 Anorexia Nervosa. License: CC BY-NC 3.0, via CK-12.org 

 

Can you eat too little? 

Anorexia nervosa is a disorder where being too thin is seen as the opposite. It has serious 
health concerns and can easily lead to death. 

 
Eating Disorders 

Eating disorders are psychiatric illnesses that involve abnormal patterns of eating. A 
person with an eating disorder has a compulsion to eat in a way that causes physical, 
mental, and emotional health problems. Typically, the person has an obsession with food 
and weight. Eating disorders are more common in females. One reason may be society’s 
focus on female appearance. The most common eating disorders are binge eating 
disorder, anorexia nervosa, and bulimia nervosa. 
 

 Binge Eating Disorder 
Binge eating disorder is characterized by compulsive overeating. People with the disorder 
typically eat very large quantities of food in a short period of time. They may use food as 
a way to deal with painful emotions or stress. Many people with the disorder are 
overweight or obese. The disorder is rapidly increasing in prevalence and is now the most 
common eating disorder in the U.S. The rise in binge eating disorder is one reason for 
the dramatic increase in obesity in this country. 
 

Anorexia Nervosa 
Anorexia nervosa is characterized by greatly restricted food intake and low 
body weight (BMI less than 17.5 kg/m2). People with anorexia nervosa usually have a 
distorted body image. They think they are too fat when they are actually too thin. They 
have an obsessive fear of gaining weight and voluntarily starve themselves. They may 
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also exercise excessively to help keep their weight low. Females with anorexia nervosa 
usually stop having menstrual periods. The disorder mainly affects teenage girls and is 
extremely serious. At least 10 percent of people with anorexia nervosa die from factors 
related to the disorder. 
 

Bulimia Nervosa 
Bulimia nervosa is characterized by cycles of binge eating followed by purging to 
eliminate the food from the body. Purging may be achieved through intentional vomiting 
or excessive use of laxatives. People with this disorder typically have normal weight or 
weight slightly greater than normal. Repeated purging can lead to dehydration. Excessive 
vomiting can damage the teeth and organs of the digestive system. Bulimia nervosa 
occurs most often in teenage girls and young women. 
 

Causes and Treatment 
People with eating disorders usually have other mental health problems as well, most 
commonly depression. Both depression and eating disorders may have the same 
underlying physiological cause: low levels of the brain chemical serotonin. The process 
of eating causes serotonin to be released and may lead to a temporary “high.” The 
process of purging may also have this effect in people with bulimia nervosa. 

Environmental factors play a role in most cases of eating disorders, as they do with 
depression and other mental health problems. Childhood abuse may be one of these 
environmental factors. Many people with eating disorders report having been abused as 
children. 

Eating disorders can be treated with psychiatric therapy or psychological counseling. 
Medications may also be prescribed. Treatment usually includes resolving underlying 
emotional problems as well as treating depression or other mental health disorders that 
are also present. In patients with anorexia nervosa, weight gain is also an important goal 
of treatment.  
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KEY TERMS 
 
Term Definition 
absorptive state also called the fed state; the metabolic state occurring during 

the first few hours after ingesting food in which the body is 
digesting food and absorbing the nutrients 
 

anabolic hormones hormones that stimulate the synthesis of new, larger 
molecules 
 

anabolic reactions reactions that build smaller molecules into larger molecules 
 

basal metabolic rate 
(BMR) 

amount of energy expended by the body at rest 
 

bile salts salts that are released from the liver in response to lipid 
ingestion and surround the insoluble triglycerides to aid in 
their conversion to monoglycerides and free fatty acids 
 

biosynthesis reactions reactions that create new molecules, also called anabolic 
reactions 
 

body mass index (BMI) relative amount of body weight compared to the overall 
height; a BMI ranging from 18–24.9 is considered normal 
weight, 25–29.9 is considered overweight, and greater than 
30 is considered obese 
 

calorie amount of heat it takes to raise 1 kg (1000 g) of water by 1 °C 
 

catabolic hormones hormones that stimulate the breakdown of larger molecules 
 

catabolic reactions reactions that break down larger molecules into their 
constituent parts 
 

chylomicrons vesicles containing cholesterol and triglycerides that 
transport lipids out of the intestinal cells and into the 
lymphatic and circulatory systems 
 

gluconeogenesis process of glucose synthesis from pyruvate or other 
molecules 
 

glycogen form that glucose assumes when it is stored 
 

insulin hormone secreted by the pancreas that stimulates the uptake 
of glucose into the cells 
 

ketone bodies alternative source of energy when glucose is limited, 
created when too much acetyl CoA is created during fatty 
acid oxidation 
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Term Definition 
lipogenesis synthesis of lipids that occurs in the liver or adipose tissues 

 
lipolysis breakdown of triglycerides into glycerol and fatty acids 

 
metabolic rate amount of energy consumed minus the amount of energy 

expended by the body 
 

metabolism sum of all catabolic and anabolic reactions that take place in 
the body 
 

minerals inorganic compounds required by the body to ensure proper 
function of the body 
 

monoglyceride 
molecules 

lipid consisting of a single fatty acid chain attached to a 
glycerol backbone 
 

monosaccharide smallest, monomeric sugar molecule 
 

polysaccharides complex carbohydrates made up of many monosaccharides 
 

salivary amylase digestive enzyme that is found in the saliva and begins the 
digestion of carbohydrates in the mouth 
 

sodium bicarbonate anion released into the small intestine to neutralize the pH of 
the food from the stomach 
 

triglycerides lipids, or fats, consisting of three fatty acid chains attached to 
a glycerol backbone 
 

vitamins organic compounds required by the body to perform 
biochemical reactions like metabolism and bone, cell, and 
tissue growth 
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Chapter 16  The Urinary System 

16.1   Introduction to the Urinary System 
The Urinary System plays an essential role in filtering the blood to rid it of waste and 
excess water.  The filtrate from the blood enters kidney tubules where it is converted into 
urine for excretion.  In fact, each day the kidneys filter all the blood in the body about 16 
times, producing approximately 180 liters of filtrate.  Obviously, most of that filtrate is 
returned to the blood, and only about 1.5 liters of the filtrate leaves the body as urine. 

The urinary system is composed of two kidneys, two ureters, one bladder and a single 
urethra.  These can be seen in Figure 16.1. 

Figure 16.1 Urinary System composed of the kidneys, ureters, bladder and urethra. Credit: 
Illu_urinary_system.jpg: Arcadian derivative work: Thstehle (Illu_urinary_system.jpg) [Public 
domain] via Wikimedia Commons 

Within the kidneys are little tufts of capillaries, known as glomeruli (singular = 
glomerulus).  It is here that fluid and substances dissolved in the blood filter out and 
enter kidney tubules. The kidney tubules begin next to the glomerulus, and continue along 
a complex path through the kidney. The kidney tubules that form the urine, along with the 
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glomerular capillaries, is known as the nephron (Figure 16.2).  Each kidney has about 1 
million nephrons, each capable of filtering blood and producing urine. 

Figure 16.2 The nephron glomerulus plus associated kidney tubules  credit: By BruceBlaus (Own 
work) [CC BY-SA 4.0 ], via Wikimedia Commons 

16.2   Functions of the Urinary System 
Removal of Nitrogenous Wastes: Among the substances removed are waste products 
that contain nitrogen which would become toxic if allowed to accumulate in our blood. 
There are three major nitrogenous waste products, urea, uric acid and creatinine.  Urea 
forms when amino acids are broken down.  When the nitrogen containing amine group is 
removed from the amino acid, it becomes ammonia, which is highly toxic.  The liver 
quickly changes the ammonia into urea, which is less toxic, but still toxic enough to be 
deadly if allowed to accumulate and remain within the body.   Uric acid forms from the 
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breakdown of nucleic acids.  High levels of uric acid in the blood can cause gout, a painful 
condition where crystals form within the joints.  Creatinine is the breakdown product of 
creatine phosphate, which is an energy molecule in muscle cells.  All of these nitrogenous 
waste products must be removed from the blood. 
Homeostasis of Fluids, Ions, and pH: The urinary system helps to adjust and maintain 
our body’s homeostasis by controlling the amount of water, ions, and other substances in 
the blood by excreting more, or less, of them into the urine.  For example, if we drink a lot 
of water, the body only keeps the amount it needs and the excess is removed by the 
urinary system and placed into the urine.  If we don’t drink any water all day, our urine 
becomes very concentrated to prevent losing more body water than necessary into the 
urine.  Returning body water from the kidney tubules back to the blood is very important 
since so much filters out.  We could not survive without quickly returning most of that 
water to the blood.  How much water is returned is fine-tuned and adjusted to maintain 
our proper blood pressure.  If pressure is a little low, returning a little more water to the 
blood will increase pressure.   If pressure is too high, let a little more water is excreted in 
the urine.  In this way, fluid homeostasis is maintained. 
 
Similarly, if we have too much sodium (salt) in our diet, the excess is removed in our urine.    
If we don’t have enough sodium in our diet, the kidneys prevent its loss into the urine. The 
kidneys also regulate blood concentrations of many other ions – including potassium, 
calcium, magnesium, and hydrogen—by controlling the amounts that are excreted in 
urine. 
 
Since the kidney can remove excess hydrogen ions, it helps to control the acid-base, pH, 
balance in the blood.  If the blood is too acidic, hydrogen ions are secreted into the urine.  
 
Endocrine Functions: Other functions of the kidney involve its role in the endocrine 
system.  When the kidneys sense that the level of oxygen in the blood is low, it secretes 
the hormone, erythropoietin, which stimulates the red bone marrow to produce more 
oxygen-carrying red blood cells.  It also secretes renin in response to low blood pressure, 
causing several actions that all help to raise blood pressure.  For example, renin causes 
the production of aldosterone from the adrenal gland (the adrenal cortex) which causes 
the kidney to reabsorb sodium into the blood.  Water follows salt, so water is also returned 
to the blood, preventing it from being lost into the urine.  Increased fluid in the blood 
vessels helps increase blood pressure. In addition, the kidney plays a role in converting 
an inactive form of vitamin D into its active form known as calcitriol. Calcitriol helps 
increase calcium levels which is important for bones, and many cellular activities. 
 
 

16.3   Urinary System Anatomy 
The kidneys are a pair of bean-shaped organs located just above the waist and are 
anchored onto the posterior wall of the abdominal cavity (Figure 16.3).  The right kidney 
is a little lower than the left one, since the liver is above it on the right side of the body.  
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The kidneys are retroperitoneal, meaning that they are behind the peritoneal membrane 
and are not completely covered by this serous membrane.  The kidneys are partially 
protected by the ribs (see Figure 16.3b).  They are also surrounded by fat which acts as 
a shock absorber, protecting the kidneys from impact. The surface of the kidney is 
covered by a tough, protective, connective tissue capsule.  The kidney has an indent in 
one side called the renal hilus.  The renal artery enters the kidney at the hilus.  The renal 
vein and the ureters leave the kidney, also at the hilus. 

Figure 16.3 Urinary System Anatomy The kidneys are slightly protected by the ribs (a) Anterior 
View . credit: Arcadian derivative work: Thstehle (Illu_urinary_system.jpg) [Public domain], (b) 
Posterior View. Credit:  CNX OpenStax [CC BY 4.0],both a and b via Wikimedia Commons  

On the superior surface of each kidney is the adrenal gland (Figure 16.3).  Aldosterone 
is a hormone produced in the adrenal cortex which directly affects the function of the 
kidney, stimulating it to reabsorb sodium into the blood (prevent losing sodium into the 
urine).  Water follows the sodium into the blood causing blood pressure to increase. 

When the kidney is cut open, the outer cortex and inner medulla is seen.  Two nephrons 
are illustrated in Figure 16.4, showing Bowman’s capsule surrounding the glomerular 
capillaries.  You can’t see the capillaries in this image since they are surrounded by the 
capsule, but you can see the blood vessels leading into and out of the capsule.   The 
glomerular capillaries surrounded by Bowman’s capsule can be better seen in Figure 
16.5.  This is the beginning of the nephron.  Fluid and dissolved substances that leave 
the glomerular capillaries filter into Bowman’s capsule, and drain next into the Proximal 
Convoluted Tubule (PCT).  The capsule and PCT are both located in the cortex of the 
kidney.  From the PCT, the tubule contents enter the Loop of Henle.  The loop of Henle 
dives down into the region of the medulla, and has a descending and ascending limb.   
From the ascending limb, the tubule re-enters the cortex and becomes convoluted once 
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again forming the Distal Convoluted Tubule (DCT). From the DCT, the remaining fluid 
and dissolved substances enters the Collecting Ducts.    The urine will then flow out of 
the kidney into the ureters, and will travel to the urinary bladder for storage until the time 
of micturition (urination). 

Figure 16.4 The Nephron within the Cortex and Medulla of the Kidney  glomerular capillaries 
within Bowman’s capsule and associated tubules.  The collecting duct is not part of the nephron. 
(a) Kidney Internal View credit: CNX OpenStax [CC BY 4.0 
], via Wikimedia Commons  (b) Nephron , credit: By Artwork by Holly Fischer [CC BY 3.0 ], via Wikimedia  

16.4   Blood Supply to the Kidney 
Blood capillaries play a vital role in the production of urine.  The blood to the kidneys 
comes from the renal artery.  Once inside the kidney the renal artery branches to form 
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smaller and smaller arteries.  As these branches travel up to the cortex of the kidney, they 
form tiny arterioles which lead into the glomerular capillaries (glomerulus).   
 

 
Figure 16.5  Flow of Blood Through the Nephron  blood flows from the afferent arteriole into 
the glomerular capillaries.  That blood is filtered while in the capillaries (see small arrows) and the 
filtrate enters Bowman’s capsule which surrounds the glomerulus.  The blood that has not filtered 
out of the glomerulus continues on into the efferent arteriole which branches into capillaries again 
to form the capillary network that surrounds the tubules.  The peritubular capillaries then combine 
and continue towards the renal vein.   By OpenStax College [CC BY 3.0  
(https://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
 
 
The arrangement of the blood vessels coming out of the glomerular capillaries is unusual, 
since the capillaries rejoin to form more arterioles, not venules, as you might expect.  
Since an arteriole leads into the glomerular capillaries, and another arteriole leads out of 
these capillaries, the arterioles are named the afferent arteriole and the efferent 
arteriole, respectively.  There are two advantages to having an arteriole instead of a 
venule at this point of blood flow.  First, an arteriole has more smooth muscle in its wall 
structure than does a venule.  This smooth muscle can constrict, which increases the 
pressure of blood in the glomerular capillaries.  As we shall discuss, the higher pressure 
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helps with filtration.  The second advantage of having an efferent arteriole, is it can now 
divide up into a second set of capillaries.  The capillaries formed from the efferent arteriole 
surround the tubules of the nephron and are known as peritubular capillaries.  The 
peritubular capillaries are there to accept water and substances being reabsorbed into 
the blood from the tubules.  Similarly, the tubules need capillaries nearby for purposes of 
secretion, which means that substances in the blood need to be transferred into the 
tubules. 

16.5   Urine Formation and Excretion 
As we have seen, the glomerular capillaries are surrounded by the beginning of the kidney 
tubule system.  The capillary walls are extremely leaky, and the pressure in these 
capillaries is higher than normally found, so water and many dissolved substances are 
easily forced out of the capillaries into the capsule.  This process is known as filtration, 
and it is not very selective, so that waste, as well as substances the body wants, all enter 
the tubules.  For example, glucose and other nutrients are filtered out of the blood into 
the kidney tubules, but they must return to the blood.  Also, a large volume of water leaves 
the blood and enters the tubules.  Most of that water must also be returned to the blood.  
The return of dissolved substances and water to the blood is known as reabsorption.  
Some substances that remain in the blood may also need to be sent to the urine.  In the 
process of secretion, these substances are transported out of the blood stream and into 
the tubules of the nephron.  Secreted substances and the substances that remain in the 
tubules is urine.  After this point, in the collecting ducts, the only other important 
adjustment to the urine is reabsorbing some of the water. 
 
As shown in Figure 16.6, each nephron filters blood and forms urine in steps 1-3 
(filtration, reabsorption and secretion).  From the nephron, the urine enters the collecting 
ducts and starts along its way to be stored in the bladder and then removed from the body 
as urine (step 4 is excretion): 
 
1. Filtration: substances pass from the blood (glomerular capillaries) to the tubules 

(Bowman’s capsule). When blood passes through capillaries of the glomerulus, high 
blood pressure forces some of the water and dissolved substances in the blood to 
cross the capillary walls into the Bowman’s capsule. 
 

2. Reabsorption: substances pass from the tubules (proximal convoluted tubule) to the 
blood (peritubular capillaries) Most reabsorption occurs in the proximal convoluted 
tubule, where some of the filtered substances and most of the water is reabsorbed and 
returned to the bloodstream, into the peri-tubular capillaries.   
 

3. Secretion: substances pass from the blood (peritubular capillaries) to the tubules 
(distal convoluted tubule).  Most secretion occurs in the distal convoluted tubule, where 
some substances that are still in the blood are removed and placed into the urine. 
Secreted substances include ions, drugs and toxins.  Among the secreted ions are 
hydrogen ions that helps regulate the pH of the blood.   
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4. Excretion: The fluid that remains in the collecting duct is urine which is excreted from 

the body 
 

 

                                           
Figure 16.6  Steps in the Formation of Urine 1. Filtration, 2. Reabsorption, 3. Secretion, credit: 
Madhero88 (Own work) [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia 
Commons 
 

 

Part of the formation of urine involves concentrating the urine.  Through a mechanism 
known as the countercurrent multiplier, a gradient of increasing concentration is created 
in the interstitial fluid outside the tubules which helps to draw more and more water out of 
the tubules and back into the blood.  The Loop of Henle is very involved in creating this 
gradient, which is needed to successfully concentrate urine. 
 

         
Video reviews structure of nephron, blood supply and formation of urine. 

 
 
From the collecting ducts of the kidneys, urine enters the renal pelvis (Figure 16.4) which 
is a widened region of the ureters.  The ureters are two muscular tubes that move the 
urine by peristalsis to the bladder, which is a hollow, sac-like organ that lies on the floor 
of the pelvis.  In the male, the prostate is just below the bladder (Figure 16.7a).  In the 
female, the bladder is just anterior to the uterus (Figure 16.7c).   
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The typical human bladder will hold between 300 and 500 mL (10.14 and 16.91 fl oz) 
before the urge to urinate occurs, but can hold considerably more. When the bladder is 
about half full, it sends a nerve impulse to the internal urethral sphincter, an involuntary 
smooth muscle, to relax and let urine flow out of the bladder and into the urethra. 
The urethra is a muscular tube that carries urine out of the body. This creates the 
sensation that you need to urinate.   Urination, also known as micturition, is under 
voluntary control since the urethra has an external urethral sphincter.  This second 
sphincter is formed of voluntary skeletal muscle, and normally only opens when you 
consciously allow it to relax.   Control of this voluntary urethral sphincter develops when 
the toddler’s nervous system has gained control of the lower body muscles.  
 
In males, the urethra passes through the prostate gland and the penis, and is about 8 
inches long.  In females, the urethra ends just past the body wall and is about 2 inches 
long.  The short length of the urethra makes the female more susceptible to urinary tract 
infections (UTI). 
 
 

           
 
Figure 16.7   Male and Female Urinary Systems (a) Male and (b) Female urinary tracts, anterior 
view.  (c) Female Urinary Tract Mid-Sagittal Section.  Credit:  (a) BruceBlaus -, CC BY-SA 4.0, 
(b) BruceBlaus (Own work) [CC BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0)], via 
Wikimedia Commons  (c) By OpenStax College [CC BY 3.0  
(https://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
 

16.6 Effect of Anti-Diuretic Hormone and Diuretics 
Antidiuretic hormone (ADH) is secreted by the posterior pituitary and affects the 
collecting ducts of the kidney.   ADH causes water pores (aquaporin) to insert into the 
walls of the collecting duct.  When the water pores are present, water can leave the duct 
of the kidney causing the urine to become concentrated (Figure 16.8).  ADH, therefore, 
helps raise blood pressure and restores the normal volume of fluid in the blood since the 
water that leaves the tubules then reenters the bloodstream.  When ADH is absent, the 
water pores are not present and the water remains in the collecting duct and ends up in 
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the urine.  The lack of ADH causes dilute, watery urine and blood pressure decreases as 
water is lost into the urine.   Infants do not have effective reabsorption of water which 
results in dilute urine and frequent urination. 
 
The word “diuretic” refers to substances that cause you to lose more water into the urine 
so that the urine is dilute.   For individuals with high blood pressure, diuretic medications 
are often prescribed, since taking water out of the blood and placing it into the urine will 
lower blood pressure.  Examples of common diuretic drugs are Lasix, hydrochlorothiazide 
(HCT) and diuril, which all work by inhibiting the reabsorption of sodium ions in the kidney 
tubules.  This means that sodium ions that filter from the blood into the tubules, will stay 
in the tubules, and will be lost into the urine.  Water follows sodium causing increased 
water loss into the urine, resulting in the lowering of blood pressure.  Other substances 
can act as a diuretic.  Alcohol, for example, inhibits the release of ADH, causing more 
water to be lost into the urine.  In addition, the disease, diabetes, causes high levels of 
glucose to be lost into the urine.  Water also follows sugar, causing more water lost into 
the urine. 
 
Anti-diuretic hormone, as its name implies, does the reverse of a diuretic, since it causes 
more water to leave the tubules and re-enter the blood.  In that process, the urine 
becomes concentrated.  The increased water returned to the blood will increase blood 
pressure. 

 
Figure 16.8  ADH and the Formation of Concentrated Urine  in the absence of ADH, water 
pores do not form and the water is trapped inside the collecting duct, and the urine will be dilute.  
When ADH is present, water pores insert into the walls of the collecting duct, so that water can 
escape, resulting in concentrated urine.  Credit: Ellerton, own work, CC BY 3.0 
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16.7  Composition and Urinalysis 
 
Urine is 95% water.  The substances dissolved in urine include the nitrogenous wastes, 
urea, uric acid, and creatine.  Also present are ions such as sodium, chloride, and 
potassium.  Other organic and inorganic compounds are also present. 
 
The most common medical test performed in a doctor’s office is urinalysis.  There is a 
lot of information gathered from an urinalysis.  Some of it involves general examination of 
the urine.  Its color and odor provides important clues to different medical conditions.   For 
example, a cloudy urine may indicate there is an infection.  Simple tests of the urine also 
provide information about whether there are substances in the urine that should not be 
there, such as glucose, blilirubin, bacteria, ketones or white blood cells.  Also, no more 
than trace amounts of proteins should be present.  If an excessive amount of protein is 
found in urine, it often indicates that the glomerulus is damaged and is allowing protein to 
leak into the filtrate.  Blood should also not be found in a sample of urine, but is normal if 
it appears during or after a menstrual cycle. 
 
 

16.8   Kidney Disease and Dialysis 
 
Urinary tract infections (UTI) caused by bacteria are extremely common issues, 
particularly in women.  This is attributed to the short length of the female urethra.  Very 
often the infection is in the bladder.  UTIs are treatable with antibiotics. 
 
Kidney stones are mineral crystals that form in urine inside the kidney. Kidney stones 
can form when substances in the urine, such as calcium, oxalate, and phosphorus, 
become highly concentrated. They may be extremely painful. If they block a ureter, they 
must be removed so urine can leave the kidney and be excreted. A kidney stone may not 
cause symptoms until it moves around within your kidney or passes into your ureter. A 
stone may stay in the kidney or travel down the urinary tract. Kidney stones vary in size. 
A small stone may pass on its own, causing little or no pain. A larger stone may get stuck 
along the urinary tract and can block the flow of urine, causing severe pain or bleeding. 
Uncontrolled diabetes may damage capillaries of nephrons. As a result, the kidneys lose 
much of their ability to filter blood, eventually causing kidney failure. 
 
A person can live a normal, healthy life with just one kidney. However, at least part of one 
kidney must function properly to maintain life.  Kidney failure is when there is less than 
15% of normal kidney functioning.  Signs of kidney failure include decreased urine output, 
fluid retention and swelling, drowsiness, shortness of breath, fatigue, confusion, nausea, 
chest pain or pressure.  In extreme cases this can lead to seizures or coma, and ultimately 
to death. 
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The only cure for kidney failure is a kidney transplant, but it can be treated with 
dialysis. Dialysis is a medical procedure in which blood is filtered through 
a machine (Figure 16.9).  This filtration process mimics the process that happens 
naturally in the kidney, removing wastes and balancing water and ion levels.  

 
Figure 16.9  Dialysis A dialysis machine filters a patient’s blood. Credit: ck12.org 

 

       
Excellent video explaining dialysis.  It also has great graphics showing filtration in the kidney. 
 
There have never been sufficient kidney donations to provide a kidney to each person 
needing one. Watch this video (http://openstaxcollege.org/l/TED) to learn about the 
TED (Technology, Entertainment, Design) Conference held in March 2011. In this video, 
Dr. Atala discusses a cutting-edge technique in which a new kidney is “printed.” The 
successful utilization of this technology is still several years in the future, but imagine a 
time when you can print a replacement organ or tissue on demand.
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KEY TERMS 
Term Definition 
Bladder Hollow, sac-like organ that stores urine until it is excreted from the 

body. 
Bowman’s 
capsule 

A cup-like sac at the beginning of the nephron in the kidney; performs 
the first step in the filtration of blood to form urine. 

Glomerulus A network of capillaries at the beginning of the nephron in the kidney; 
performs the first step of filtering blood. 

Nephron Structural and functional unit of the kidney; filters blood; forms urine. 
renal artery The blood vessel that brings blood into the kidneys. 
renal tubule Part of a nephron where some of the filtered substances are 

reabsorbed and returned to the bloodstream. 

Ureter Muscular, tube-like organ of the urinary system; moves urine by 
peristalsis from a kidney to the bladder. 

Urethra Muscular, tube-like organ of the urinary system; carries urine out of 
the body from the bladder; in males, it also carries sperm out of the 
body. 

urinary 
system 

Organ system that includes the kidneys and is responsible for filtering 
waste products and excess water from the blood and excreting them 
from the body. 

Urination Process in which urine leaves the body through a sphincter at the end 
of the urethra. 

urine  Liquid waste product of the body; formed by the kidneys and excreted 
by the other organs of the urinary system. 

antidiuretic 
hormone 

Hormone that stimulates the kidneys to conserve water by producing 
more concentrated urine. 

Erythropoietin A kidney hormone that stimulates bone marrow to produce red blood 
cells when more are needed. 

Homeostasis Process of maintaining a stable environment inside a cell or an entire 
organism. 

Urine Liquid waste product of the body; formed by the kidneys and excreted 
by the other organs of the urinary system. 

Dialysis Medical procedure in which blood is filtered through a machine in 
patients with kidney failure. 

kidney failure Loss of the ability of nephrons of the kidney to function fully. 
kidney stone Mineral crystal that forms in urine inside the kidney. 
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Chapter 17a The Reproductive System 

17.1   Overview of the Reproductive System 
For both the male and the female, the reproductive system’s primary function is to 
produce the cells that allow formation of a new being.  Therefore, both sexes have 
gonads which allow formation of these specialized cells, known as gametes.   For the 
male, the gonad is the testes and the gametes produced there are sperm.  For the 
female, the gonad is the ovaries, and the gametes are eggs.  To produce gametes, cells 
with the normal amount of DNA, 46 chromosomes, must reduce the number of 
chromosomes to 23 through the process of meiosis.  In this way, sperm, or 
spermatozoa, has 23 chromosomes, as does the egg, or oocyte.  When a sperm and 
an egg unite, they produce a new cell, called a zygote, with 46 chromosomes; half the 
DNA from the sperm and half coming from the egg. 

 Figure 17.1 Human Gametes male sperm is seen fertilizing female egg. Credit: Public domain, 
via Wikimedia Commons 

To support the production of these gametes, both the male and female have a system 
of organs and ducts, as well as sex hormones.   For the female, the reproductive organs 
also support fertilization and subsequent development of the embryo and fetus.  The 
process of fertilization, pregnancy and human development will be covered in the next 
chapter. 

17.2   The Male Reproductive Tract 

17.2.1  Male Reproductive Structures 

The male tract begins in the testes where the sperm are formed.  The sperm will travel 
through the duct system to exit from the body, moving from the testes, into the 
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epididymis, to the ductus deferens (vas deferens), and then drains into the urethra.  
The sperm travel through the urethra, to exit from the penis.  There are three accessory 
glands that contribute to semen, the sperm-filled fluid that exits the body.  These 
accessory glands are the seminiferous tubules, the prostate gland, and the bulbo-
urethral glands (Cowper’s gland).  All the structures of the male reproductive tract are 
shown in Figure 17.2.  Note that this image shows vas deferens that have been cut.  This 
demonstrates the surgical procedure known as a vasectomy used to prevent fertilization, 
thereby preventing pregnancy.  When cutting the vas deferens, sperm are prevented from 
exiting from the body.  The accessory glands will still produce the fluid, so the semen will 
still be produced, but will not contain sperm. 

                                    
Figure 17.2 Male Reproductive Tract showing the organs and accessory glands as well as the 
vas deferens having been cut in a vasectomy. Credit: K. D. Schroeder [CC BY-SA 3.0 
(http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons 

 

The testes (singular = testis), paired oval organs, is the site of sperm production.  The 
testes are located in the scrotal sac, outside of the body cavity.  This location is important 
in sperm production, since body temperature will not allow sperm to develop normally.  
Within the scrotal sac the testes are kept 2 to 4°C below core body temperature.  There 
are muscle layers that help maintain the proper temperature for sperm production. By 
contracting, the muscles can elevate the testes and wrinkle the skin in cold weather (or 
when in water), moving the testes closer to the body to help keep the testes warm.  The 
wrinkling decreases the surface area, to reduce the loss of body heat.  Alternatively, as 
the environmental temperature increases, the muscles relax, allowing the testes to lower, 
and be farther from the body core, promoting heat loss. 

Another important function of the testes is the production of the male sex hormone, 
testosterone.  This steroid hormone is necessary for sperm production.  In addition, 
testosterone is necessary for the male’s primary and secondary sexual characteristics.  
The primary characteristics are those that the male is born with, genitalia, reproductive 
organs and the accessory glands.  The secondary characteristics develop at puberty, 
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when testosterone levels are higher, causing the reproductive organs to mature and 
produce sperm. It is also necessary for functioning of all accessory organs.  

There are 100s of feet of tubules coiled within the testes, known as the seminiferous 
tubules.  Sperm develop in these tubules from stem cells known as spermatogonia 
(singular = spermatogonium).  The spermatogonia stem cells remain in the testes 
throughout the male’s lifetime, since males produce sperm into old age.  

The testes actually form in the abdominal cavity, near the kidneys.  During the seventh 
month of development in the male fetus, the testes descend and leave the 
abdominopelvic cavity through a passageway in the body wall, known as the inguinal 
canal, to enter the scrotal sac (Figure 17.3).   Cryptochidism is a clinical term used 
when one or both testes fail to descend into the scrotum prior to birth.  This is not an 
uncommon condition, but it usually resolves on its own within the first few months after 
birth.  If the testes do not descend on their own, this will be surgically repaired, since 
allowing the testes to remain in the higher heat of the abdominopelvic cavity will damage 
the sperm producing stem cells  

 
Figure 17.3 Descent of the Testes the testes descend through the inguinal canal into the 
scrotal sac.  This usually happens before birth.  Credit: modification of Kwanjin Park and Hwang 
Choi [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons 
 

When sperm leave the seminiferous tubules where they have formed, they enter the 
coiled epididymis (Figure 17.2) where they are stored until the time of ejaculation.  
During storage, they continue to mature and learn to swim in a straight line, rather than 
in circles.  At the time of ejaculation, the sperm enter the vas deferens and travel back 
up into the abdominopelvic cavity, passing through the inguinal canal.  Other structures 
also pass through the inguinal canal, including blood and lymphatic vessels as well as 
nerves.  All the structures entering and leaving the testes travel together in a bundled 
structure call the spermatic cord (Figure 17.4).  
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Figure 17.4 Spermatic Cord and Inguinal Canal vas deferens within the spermatic cord is seen 
crossing through the body musculature through the inguinal canal. credit Internet Archive Book 
Images [No restrictions], via Wikimedia Commons 
 
 
Sperm continue from the vas deferens into the urethra, and leave the body through this 
passageway.  The urethra begins in the urinary bladder and descends into the prostate 
gland.  It is within the prostate gland that the duct from the vas deferens joins into the 
urethra (Figure 17.5).  The urethra continues down into the penis and the sperm will exit 
from the end of this organ during ejaculation. The urethra is also the passageway that 
carries urine from the bladder.  These processes occur at different times, and sperm does 
not mix with the urine. 
 

Figure 17.5 Ducts Through Which Sperm Travel starting in the seminiferous tubules of the 
testes, sperm travel into the epididymis, to the ductus deferens (vas deferens) to the urethra 
within the prostate gland.  The urethra travels through the penis and sperm exit there. credit: By 
US Federal Government/National Cancer Institute. [Public domain], via Wikimedia Commons 
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The penis is an external genital organ with a long shaft and enlarged tip called the glans 
penis.  The glans penis is covered by a sheath, known as the prepuce, which is the 
tissue removed at the time of circumcision (Figure 17.5). 
 
The shaft of the penis contains erectile tissues that, when sexually excited, fills with blood 
resulting in an erection. When this occurs, the penis enlarges and stiffens.  During 
ejaculation, waves of smooth muscle contraction cause the semen to travel through the 
passageways resulting in the sperm exiting the body through the urethra.   
 
 17.2.2  Accessory Organs and Production of Sperm 
Semen is the fluid that carries sperm through the urethra and out of the body.  There are 
2-5 milliliters of fluid and between 40 million to 1 billion sperm in a single ejaculate.  In 
fact, a male producing less than 20 million sperm per ejaculate may have difficulty 
fertilizing an egg. 
 
The secretions of the accessory organs provide the fluid within semen.  The accessory 
organs include the seminal vesicles, prostate gland and the bulbo-urethral gland.  These 
secretions help nourish the sperm on their journey, and provide a protective environment 
to help them succeed on their path to the egg.  These secretions also help activate sperm, 
and stimulate contractions of the uterus that draw sperm towards the egg. 
 
The seminal vesicles produce about ¾’s of the fluid in the semen.  This thick secretion 
is slightly alkaline, helping to reduce the acidity of the female track which is hostile to 
sperm.  This secretion is also rich in fructose, which provides nourishment to the sperm, 
providing them with energy for the journey. The prostate gland has a milky secretion that 
is also slightly alkaline.  The fluid from the prostate protects sperm and helps them survive 
longer.  The bulbo-urethral gland provides only a small percentage of the seminal fluid.  
It secretes mucoproteins which help lubricate the end of the urethra.  It also helps 
neutralize any acidity from urine that might remain in the urethra. 
 

 17.2.3 Structure of the Human Sperm Cell 

 
Figure 17.6 Human Sperm details of sperm cell are illustrated  credit: ck12.org 
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A sexually mature male produces an astounding number of sperm—typically, hundreds 
of millions each day. Sperm production usually continues throughout the male’s lifetime, 
although the number and quality of sperm decline during later adulthood. 
 
A sperm originally looked like a typical body cell, but many changes cause it to develop 
into the mature sperm structure seen in Figure 17.6.  Changes include: the nucleus 
becoming more compact, the removal of most of the cell’s cytoplasm, the development 
of the tail, known as the flagellum, and the development of the acrosome organelle in the 
head region of the sperm.  The mature sperm contains a head, midpiece (connecting 
piece) and tail.  
 
The head of the sperm contains the compact nucleus and the acrosome.  The nucleus 
contains the 23 DNA chromosomes. The acrosome contains enzymes that will help 
break down the barrier that surrounds the egg cell.  The midpiece (connecting piece) 
contains mitochondria which produce the ATP necessary to power the flagellar tail.  When 
a sperm is mature, the tail can rotate like a propeller, so the sperm can propel itself 
forward. 
 
 
 17.2.4 Forming Sperm Cells 
 

The process of producing mature sperm is called spermatogenesis. Sperm are 
produced in the seminiferous tubules of the testes and complete maturation in 
the epididymis. The entire process takes about 9 to 10 weeks.  
 
The wall structure of the seminiferous tubules is formed of two cell types: (1) developing 
sperm (in various stages of spermatogenesis), and (2) Sertoli cells.  The stem cells 
responsible for producing new sperm are the spermatogonia, which are found lining the 
rim of the seminiferous tubule wall structure.  The Sertoli Cells, or Nurse Cells, support, 
protect and nourish the developing sperm. Sertoli cells are stimulated by the hormone, 
FSH, from the anterior pituitary.  Outside of the seminiferous tubules are the Leydig 
Cells, or Interstitial Cells, which produce the hormone, testosterone.  Leydig cells are 
stimulated by the hormone, LH, from the anterior pituitary. 
 
 Spermatogonia, the sperm producing stem cells, have the same number of 
chromosomes as any other cell of the body, which is 46 chromosomes.  Keep in mind the 
46 chromosomes aren’t all totally different one from the other.  Instead, the 46 
chromosomes are actually 23 pairs of chromosomes.    In other words, there are 23 
different chromosomes, and we receive two copies of each chromosome, one from our 
mother and one from our father.  Therefore, we have two copies of chromosome 1, two 
copies of chromosome 2, etc.  When sperm are produced, there is a reduction division so 
that each sperm cell receives only one copy of each chromosome.  This is known as 
meiosis, which results in sperm cells with only 23 chromosomes. 
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When spermatogonia divide to produce sperm, it first undergoes mitosis forming two 
genetically identical daughter cells.   One of the daughter cells remains a spermatogonium 
stem cell, while the other daughter cell follows the pathway of meiosis.  The initial step of 
mitosis is always necessary since it allows one daughter cell to remain as a stem cell, 
and in this way the stem cell population is maintained. 
 

 
Figure 17.7 Seminiferous Tubule. Cross section of a testis and seminiferous tubules.   Note 
the location of the spermatogonia stem cells, the Sertoli nurse cells, sperm cells, and the Leydig 
cells.  Credit: CK12.org 

 

A Deeper Look 
  – Sperm Development 
 
Spermatogonia lining the seminiferous tubule undergo mitosis to form primary 
spermatocytes, which are also diploid, meaning it has 46 chromosomes (23 pairs of 
chromosomes). The primary spermatocytes undergo the first meiotic division to 
form secondary spermatocytes, which are haploid, meaning it has 23 chromosomes (no 
pairs of chromosomes). The secondary spermatocytes complete meiosis to 
form spermatids. Spermatids then undergo the process of spermiogenesis, taking on 
the form of the mature sperm. 

 
 17.2.5 Male Sexual Development   
 
In the first few weeks of life, male and female embryos are essentially the same except 
for their chromosomes. Females have two X chromosomes, and males have an X and a 
Y chromosome. In male embryos, genes on the Y chromosome lead to the synthesis of 
testosterone. This begins around the sixth week of life. 
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Testosterone is a masculinizing hormone which stimulates the embryo’s reproductive 
organs to develop into male organs. For example, because of testosterone, the embryo 
develops testes and other male organs, including the penis.  If for some reason 
testosterone is not released in the developing embryo, or if the embryo is missing the 
receptors that allow the cells to respond to testosterone, the male will not masculinize 
and will be born with female external genitalia, though will not develop a uterus. This child 
will be a genetic male, but will appear to be a female, and is typically raised as a female.   
Often, the fact that the child is a male will not be discovered until medically tested when 
“she” does not develop breasts and has no menstrual cycle. 
 
All the reproductive organs are present by birth. However, they are immature and unable 
to function. The reproductive organs grow very little during childhood and do not mature 
until puberty.  Puberty is the period during which humans become sexually mature. In 
the United States, boys generally begin puberty at about age 12. Puberty starts when the 
hypothalamus, a gland in the brain, stimulates the nearby pituitary gland to secrete 
hormones that target the testes. The main pituitary hormone responsible for puberty in 
males is luteinizing hormone (LH). It stimulates the Leydig Cells in the testes to produce 
testosterone. Testosterone promotes protein synthesis and growth. It brings about most 
of the physical changes of puberty, including male pattern of facial and body hair, 
enlargement of the larynx and thickening of the vocal cords, which deepens the voice, 
heavier bones, as well as more muscle mass and strength.  Testosterone is also needed 
to maintain sex drive. Typically, a male spends about six years going through puberty. 
 
 
Pubertal Changes in Males credit: CK12.org 

• Changes in Males During Puberty 
o Testes grow larger 
o Other reproductive structures grow 
o Pubic hair grows 
o Bone density increases 
o Muscle mass and strength increase 
o Adam’s apple grows 
o Shoulders widen 
o Penis grows longer 
o Sperm production begins 
o Facial and body hair grow 
o Long bones grow 
o Bones in the face grow 
o Apocrine sweat glands develop 
o Voice deepens 
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KEY TERMS 
Term Definition 
acrosome Part of the head of sperm that produces enzymes that help the 

head penetrate an egg. 

 
ejaculation Muscle contractions that propel sperm from the epididymes and 

out through the urethra in males. 
 

epididymis (plural, epididymes): One of two male reproductive organs where 
sperm mature and are    stored until they leave the body. 

gamete Part of the head of sperm that produces enzymes that help the 
head penetrate an egg. 

meiosis Process in cell division during which chromosome number is 
halved in order to produce gametes. 
 

penis Male reproductive organ containing the urethra, through which 
sperm and urine pass out of the body. 
 

prostate gland Gland that secretes substances that become part of semen. 

 
reproductive 
system 

System of organs that produces gametes and secretes sex 

hormones. 

 

scrotum Sac of skin that holds the testes. 

 

semen Fluid containing sperm and gland secretions that nourish sperm 
and carry them through the urethra and out of the body. 
 

seminal vesicles Gland that secretes substances that become part of semen. 

 

seminiferous 
tubules 

The functional units of the testes. 

 

Sperm Male gamete, or reproductive cell. 

 

spermatogonia Diploid, sperm-producing cells located in the seminiferous 

tubules. 
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Term Definition 
testis (plural, 
testes): 

Male reproductive organ that produces sperm and secretes 

testosterone. 

 

testosterone Male sex hormone secreted by the testes. 

 

vas deferens Tubes that transport sperm from the epididymis in anticipation of 

ejaculation. 
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Chapter 17b The Reproductive System 

17.3  The Female Reproductive Tract 
The female’s gonads are the ovaries which produce the reproductive gamete cells 
known as eggs, or ova (singular = ovum). Unlike the male who maintains a population 
of stem cells throughout his lifetime, female stem cells, known as oogonia, are gone 
before she is born, and all the egg cells she will have for her lifetime have already been 
produced.  Considering that she is born with close to 2 million eggs, it is not a concern. 
Females need only a single egg for fertilization, unlike the males who require multiple 
millions of sperm to fertilize that one egg. 

The oogonia all begin meiosis prior to birth,  and then stop developing until later in life. 
After puberty, one egg each month will continue developing and meiosis is only completed 
when the egg is fertilized.  

The female’s sex hormone, estrogen, plays an important role during puberty, causing the 
reproductive organs and breasts to develop.  Under the influence of hormones from the 
anterior pituitary, FSH and LH, the ovary develops a monthly cycle typically causing one 
egg to mature and be released from the ovary.  The ovary also produces the hormones 
estrogen and progesterone on a monthly cycle, which affects the lining of the uterus, 
leading to menstruation. 

The menstrual cycle prepares the uterus each month to accept an embryo, should 
fertilization occur.  The female reproductive system supports the growth and development 
of the fetus and facilitates the birth at the end of the pregnancy.   If the egg is not fertilized, 
the uterine lining is flushed away in the menstrual flow, and the uterus prepares again, in 
the next month, for the arrival of a fertilized egg. 

Figure 17.8  Human Ovum  egg, or female reproductive cell.  This very large, round cell has a 
haploid nucleus in the center with 23 chromosomes (not visible).  The egg is surrounded by the 
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zona pellucida, a protective barrier that a sperm must penetrate to fertilize the egg. Credit: By 
ZEISS Microscopy from Germany (Oocyte with Zona pellucida) [CC BY-SA 2.0 
(https://creativecommons.org/licenses/by-sa/2.0)], via Wikimedia Commons 

 17.3.1  Female Reproductive Structures 
The female reproductive structures are found within the pelvic cavity of the body.  The 
egg develops in the ovary, and then ruptures out of the ovary to travel within the oviduct 
(uterine tubes/fallopian tubes) to the uterus.  It will leave the body through the vagina.  
Externally the female reproductive structures are known as the vulva.  The various 
structures can be seen in Figure 17.9.  
 

 

Figure 17.9  Female Reproductive Structures. Organs of the female reproductive system 
include the ovaries, fallopian tubes, uterus, vagina and vulva.  Credit: By BruceBlaus. 
Blausen.com staff. "Blausen gallery 2014". Wikiversity Journal of Medicine. 
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The two ovaries are small, egg-shaped organs that lie on either side of the uterus. They 
produce eggs and secrete estrogen and progesterone. Each egg is located inside a 
structure called a follicle.  Follicular cells surround the egg and help it mature. 
 
The oviduct (uterine tube/fallopian tube) is not directly connected to the ovary, but 
does directly connect into the lumen of the uterus.  When the egg ruptures out of the 
ovary during ovulation, the waving, finger-like end of the oviduct sweeps the egg into this 
passageway.     
 
Fertilization of the egg occurs in the oviduct.  The egg, whether or not it is fertilized, is 
swept by cilia down the oviduct until it enters the uterus. 
 
The uterus is a muscular organ shaped like an upside-down pear. It has an inner lining 
called the endometrium, a middle layer of muscle known as the myometrium and an outer 
layer known as the perimetrium.  The endometrium is partly lost during the menstrual 
cycle and is the site where the developing embryo implants and grows during pregnancy.  
The myometrium is composed of smooth muscle, and the amount of muscle greatly 
increases if fertilization occurs.  This is a strong, thick layer that protects the developing 
fetus from harm, and its contractions force the baby through the cervix at the time of birth.  
The cervix is the narrowed, bottom end of the uterus which leads directly into the vagina. 
 
The vagina is a tube-like structure about 9 centimeters (3.5 inches) long that continues 
downward to the exterior of the body.  It has muscular walls lined with mucous 
membranes. The vagina is the site that receives sperm during sexual intercourse.  It also 
provides a passageway for menstrual flow, or for a baby, to leave the body.  Unlike the 
male, there is no connection between this reproductive pathway and the urethra which 
carries urine. 
 
The external female reproductive structures are referred to collectively as the vulva. They 
include the labia (singular, labium), which are the “lips” of the vulva. The labia protect 
the vagina and urethra, both of which have openings in the vulva. 
 
 17.3.2  The Ovarian Cycle 
 

The female is born with all the follicles she will have for her lifetime.  A follicle is formed 
of follicular cells that surround a single egg.  Each month one follicle matures and the egg 
ruptures out of the ovary in the process known as ovulation. Over the course of her 
lifetime, only about 400 eggs will ovulate.  This process of follicular maturation and 
ovulation are controlled by hormones that come from the anterior pituitary.  FSH, or 
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Follicle Stimulating Hormone, stimulates a follicle to grow and mature.  LH, or 
Luteinizing Hormone, stimulates the egg to ovulate. 
 
The growth of the follicle, ovulation, and secretion of female hormones, cycle over and 
over again every 28 days (average number that varies typically from 21 – 35 days).    
During the first half of the cycle, the hormone, estrogen, is secreted by the follicular cells.   
Ovulation is on day 14.  The follicular cells remain behind after the egg ruptures out, and 
continues to secrete hormones.  This eggless follicle is known as the corpus luteum.  
The corpus luteum secretes estrogen and progesterone during days 14-28.  If 
fertilization of the egg does not occur, the corpus luteum deteriorates during the last few 
days of the monthly cycle.  A new follicle will then begin to mature, and a new 28 day 
cycle begins.  

 
1. Primordial (unstimulated) follicles.  Each contains a primary oocyte (diploid cell) surrounded by 

one layer of follicle cells. 
2. FSH stimulates a follicle which will mature.  Follicular cells grow and secrete estrogen. 
3. Egg and follicle continue to grow. 
4. A surge of LH arrives from the anterior pituitary gland causing the egg to ovulate.  The primary 

oocyte completes the first part of meiosis, and divides into two daughter cells, each receiving half 
the chromosomes.  The egg enters the oviduct. 

5. The follicular cells that remain after ovulation become the corpus luteum, secreting estrogen and 
progesterone. 

6. If the egg is not fertilized the corpus luteum degenerates. 
 
Figure 17.10  Maturation of the Follicle, Ovulation and the Egg Entering the Oviduct In the 
ovary, each month a  follicle matures The follicle ruptures and the oocyte leaves the ovary 
during ovulation.  The fringelike end of the fallopian tube sweeps the oocyte inside of the tube, 
where it begins its journey to the uterus. Credit: GNU Free Documentation License
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 17.3.3  The Menstrual Cycle (Cycle of the Uterus) 
The cycle of the ovary discussed above has a direct effect on the cycle of the uterus.  The 
hormones made in the ovary directly cause monthly changes in the inner lining of the 
uterine wall, including menstruation or the female’s “period”.   This inner lining is known 
as the endometrium, and part of this layer sloughs off during menstruation. 
 
The monthly cycle of the endometrium begins with menses, which is the period of 
menstruation.  This can last anywhere from 1-7 days. The flow is composed of 
endometrial layer shedding, mixed with the deteriorated, unfertilized egg, and a small 
amount of blood.  Days 7-14 is known as the proliferative phase when estrogen from 
the ovaries stimulates the endometrium to regrow and prepare for the arrival of a fertilized 
egg. Days 14-28 is known as the secretory phase when both progesterone and estrogen 
from the ovary stimulates the endometrium to become very glandular and secretory.  The 
glands of the endometrium produce secretions that will nourish the fertilized egg until it 
can implant into the wall of the uterus and connect to the maternal blood supply.  When 
the fertilized egg does implant, it is into the endometrial layer.  If there is no fertilization of 
the egg, estrogen and progesterone levels decline, causing the arteries that supply the 
endometrium to constrict.  As a result, the endometrial layer becomes necrotic, since it is 
deprived of oxygen.  Part of the endometrium will slough off, and so the cycle begins 
again with menstruation; day 1 of the cycle. The menstrual flow leaves the body through 
the vagina over a period of several days.  The changes in the endometrial lining can be 
seen in Figure 17.11. 
As shown in Figure 17.11, below, the menstrual cycle occurs in several phases. The 
timing of the ovarian and uterine cycles, and the hormones affecting the ovary (FSH and 
LH) and the uterus (estrogen and progesterone) are lined up over the 28 day cycle.  The 
ovarian cycle begins with the development of the new follicle due to FSH stimulation, and 
the uterine cycle begins with menstruation, due to low levels of estrogen and 
progesterone.  Note that estrogen levels are low since they are made by the new follicle 
that is just starting to mature in the ovary and as it matures the levels of estrogen increase.  
That increase causes the wall of the endometrium to regrow, and so on.  It should be 
clear that the cyclic change in the endometrium of the uterus is totally dependent of the 
cycle of the ovarian follicles! 
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Figure 17.11  The Menstrual Cycle.  cycle occurs in the phases shown here.  Credit: Chris 73 / 
Wikimedia Commons [GFDL 1.3 (www.gnu.org/licenses/fdl-1.3.html) or CC BY-SA 3.0 
(https://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons 
 
17.3.4  Female Sexual Development 
 

At puberty, increased levels of estrogen cause the female to develop secondary sexual 
characteristics, which are listed on the table below.  Sexual development usually happens 
in the same order for most females. The first observable change is typically the beginning 
of breast development. This happens by age 10 in the majority of girls in the U.S.   The 
appearance of pubic hair and a growth spurt in height also usually begins during the first 
year of puberty. Menarche, the first menstrual flow, occurs relatively late in puberty, 
typically between the ages of 12 and 13 in U.S. girls.  After menarche, a female generally 
keeps growing for another year or two and attains her adult height. 
 
Physical Changes in Females During Puberty credit: CK12.org 

• Changes in Reproductive Organs 
o Ovaries and follicles grow 
o Other reproductive structures grow 
o Breasts develop 
o Pubic hair grows 
o Body fat increases 
o Pelvis widens 
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o Ovaries and follicles grow 
o Other reproductive structures grow 
o Uterus grows and endometrium thickens 
o Menstrual cycle begins 
o Apocrine sweat glands develop 
o Long bones grow and mature 
o Underarm hair grows  

 
As in males, there is a wide range of ages during which particular changes of female 
puberty normally occur. For example, menarche may occur as early as age 8 or as late 
as age 16. Differences in age at menarche and other changes of puberty are due to both 
genetic factors and environmental factors such as diet.  Also, extreme exercise can cause 
“amenorrhea”, which is the absence of menstrual flow. 
 
Unlike the male who produces sperm throughout his lifetime, female reproductive organs 
only function until she is in her 40’s or 50’s.  Menopause is the termination of the uterine 
cycles and typically occurs between the ages of 45-55.    With the severe reduction of 
estrogen, women become more susceptible to certain diseases.  After menopause, the 
rate of heart attacks dramatically increases and approaches the rate seen in men.  In fact, 
half of all deaths in women over the age of 50 is due to cardiovascular disease.  Prior to 
menopause, it is rare for a female to have a heart attack.  A second major issue is that, 
post-menopause, there is an increased rate of bone loss, and less efficient absorption of 
calcium, resulting in some women developing osteoporosis. 
 

 17.3.5    Female Reproductive System Accessory Organs 
 

The breasts are not directly involved in reproduction, and are considered accessory 
organs of the female reproductive system.  The function of the breasts is to supply milk 
to an infant in a process called lactation.  The external features of the breast include a 
nipple surrounded by a pigmented areola (Figure 17.12).  At puberty, the breast develops 
fat and other connective tissue structures, causing the breast to enlarge.  When the 
female is pregnant, the mammary glands develop, which will secrete milk.  The size of 
the breast does not affect the amount of milk produced.  
 
The milk drains into ducts leading to the nipple, providing nourishment to a baby after 
birth. A suckling baby causes the milk to be drawn through the lactiferous ducts and out 
the nipple.  There are 15-20 lactiferous ducts that open onto the surface of the nipple.   
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Figure 17.12  Anatomy of the Breast   During lactation, milk moves from the alveoli through 
the lactiferous ducts to the nipple. Credit: OpenStax College 

 
 

 
Mapping Human History with Mitochondrial 
DNA 

 

When we talk about human DNA, we’re usually referring to the DNA in the nucleus of our cells. 
We inherit half of our nuclear DNA from our father, and half from our mother. However, 
mitochondrial DNA (mtDNA) comes only from the mitochondria in the cytoplasm of the ovum we 
inherit from our mother. She received her mtDNA from her mother, who got it from her mother, and 
so on.  

 

Researchers have been able to determine that we can all trace our ancestry back to one woman 
who lived in Africa about 200,000 years ago. Scientists have given this woman the biblical name 
Eve,  
 

Researchers can also map different “branches” off of the “main trunk” of our mtDNA family tree. 
Your mtDNA might have a pattern of mutations that aligns more closely with one branch, and your 
neighbor’s may align with another branch. Still, all branches eventually lead back to Eve. 

 

17.4  Comparing Spermatogenesis with Oogenesis 
The process of producing sperm is spermatogenesis; and producing eggs is oogenesis. 
Both eggs and sperm are haploid cells, that form by the process of meiosis.  Haploid 
cells only have 23 chromosomes unlike all other cells of the body which are diploid, and 
have 23 pairs of chromosomes (46 chromosomes all together). This reduction in the 
number of chromosomes is necessary so that when a sperm and an egg unite, the new 
being will have 46 chromosomes in its cells, 23 contributed from its father’s sperm, and 
23 contributed from its mother’s egg cell. 
 
Spermatogenesis and the process of meiosis begins in the male at puberty and continues 
into his old age.  In the female, oogenesis begins prior to her birth.  All the eggs in the 
female’s follicles begin the process of meiosis and then arrest, meaning that they stop 
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maturing.   After the female reaches puberty, one egg each month is stimulated to mature 
and ovulate until the time of menopause, when 
the ovarian follicles are no longer functional and her reproductive period has ended.  
 
At the time of ovulation, the egg divides into two daughter cells, each having only 23 
chromosomes.  One daughter cell receives almost all the cytoplasm and organelles, and 
will travel down the oviduct where sperm may be present to fertilize it.  The second 
daughter cell, known as a polar body, receives very little cytoplasm, and will not be 
fertilized.  Meiosis in females results in the production of a single ovum.  Meiosis in a 
male results in the production of 4 spermatozoa.  These differences can be seen Figure 
17.13 and Table 17.1. 

 
Figure 17.13  Spermatogenesis vs Oogenesis.  Differences include the timing of the start of 
meiosis, the timing of first and second meiotic divisions, and the number of gametes.  In 
oogenesis,  the unequal cell division produces one to three polar bodies that later degrade, as 
well as a single haploid ovum, which is produced only if there is penetration of the secondary 
oocyte by a sperm cell.  Credit: Ellerton modification of By Elversberg [CC BY-SA 3.0 
(https://creativecommons.org/licenses/by-sa/3.0) or GFDL 
(http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons 
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Formation of 
 Sperm and 

Eggs 

Spermatogenesis Oogenesis 

Occurs in the: Testes, within the seminiferous 
tubules 

Ovaries, within follicles 

Stem cells for 
gamete 
production 

Males always have stem cells so 
that new sperm can be produced 
throughout their lifetime. 

All female stem cells begin 
meiosis before she is born.  There 
are no stem cells in the female 
ovary after she is born. 

Mature gametes 
are produced 

From puberty throughout the 
male’s lifetime 

When a female reaches puberty, 
once a month one egg will begin 
to mature and will ovulate 

Number of 
mature gametes 
produced 

Men require many millions of 
sperm in a single ejaculate in order 
to have normal fertility. 

Over the female’s lifetime, only 
around 400 eggs will go through 
the process of maturing. 

Number of 
gametes 
produced with 
each meiosis 

4 sperm 1 egg 

Release of 
gametes 

Any time after puberty Once a month until menopause 

 Table 17.1  Comparison of Spermatogenesis and Oogenesis  credit: own work
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Female Reproductive System 
 

Female fertility (the ability to conceive) peaks when women are in their twenties, and is 
slowly reduced until a woman reaches 35 years of age. After that time, fertility declines more 
rapidly, until it ends completely at the end of menopause. Menopause is the cessation of the 
menstrual cycle. A woman is considered to have completed menopause if she has not menstruated 
in a full year. After that point, she is considered postmenopausal. The average age for this change 
is consistent worldwide at 50 - 52 years of age, but it can normally occur in a woman’s forties, 
or later in her fifties. Poor health, including smoking, can lead to earlier loss of fertility and earlier 
menopause. 
 
As a woman reaches the age of menopause, many of her follicles are stimulated to start 
developing, but most will start to deteriorate and die, undergoing a process called atresia.  
Eventually, this process leads to the depletion of all follicles in the ovaries, and the production of 
estrogen falls off dramatically. It is primarily the lack of estrogens that leads to the symptoms of 
menopause. 
 
The earliest changes occur during the menopausal transition, often referred to as peri-menopause, 
when a women’s cycle becomes irregular but does not stop entirely. Although the levels of estrogen 
are still nearly the same as before the transition, the level of progesterone is reduced. This decline 
in progesterone can lead to abnormal growth, or hyperplasia, of the endometrium. This condition 
is a concern because it increases the risk of developing endometrial cancer. Two harmless 
conditions that can develop during the transition are uterine fibroids, which are benign masses of 
cells, and irregular bleeding. As estrogen levels change, other symptoms that occur are hot flashes 
and night sweats, trouble sleeping, vaginal dryness, mood swings, difficulty focusing, and thinning 
of hair on the head along with the growth of more hair on the face. Depending on the individual, 
these symptoms can be entirely absent, moderate, or severe. 
 
After menopause, lower amounts of estrogens can lead to other changes. Cardiovascular disease 
becomes as prevalent in women as in men, possibly because estrogens reduce the amount of 
cholesterol in the blood vessels. When estrogen is lacking, many women find that they suddenly 
have problems with high cholesterol and the cardiovascular issues that accompany it. 
Osteoporosis is another problem because bone density decreases rapidly in the first years after 
menopause. The reduction in bone density leads to a higher incidence of fractures. 
 
Hormone therapy (HT), which employs medication (synthetic estrogens and progestins) to 
increase estrogen and progestin levels, can alleviate some of the symptoms of menopause. In 
2002, the Women’s Health Initiative began a study to observe women for the long-term outcomes 
of hormone replacement therapy over 8.5 years. However, the study was prematurely terminated 
after 5.2 years because of evidence of a higher than normal risk of breast cancer in patients taking 
estrogen-only HT. The potential positive effects on cardiovascular disease were also not realized in 
the estrogen-only patients. The results of other hormone replacement studies over the last 50 years, 
including a 2012 study that followed over 1,000 menopausal women for 10 years, have shown 
cardiovascular benefits from estrogen and no increased risk for cancer. Some researchers believe 
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that the age group tested in the 2002 trial may have been too old to benefit from the therapy, thus 
skewing the results. In the meantime, intense debate and study of the benefits and risks of 
replacement therapy is ongoing. Current guidelines approve HT for the reduction of hot flashes or 
flushes, but this treatment is generally only considered when women first start showing signs of 
menopausal changes, is used in the lowest dose possible for the shortest time possible (5 years or 
less), and it is suggested that women on HT have regular pelvic and breast exams. 

 

Female Reproductive Tract 
 
Research over many years has confirmed that cervical cancer is most often caused by a sexually 
transmitted infection with human papillomavirus (HPV). There are over 100 related viruses in the 
HPV family, and the characteristics of each strain determine the outcome of the infection. In all 
cases, the virus enters body cells and uses its own genetic material to take over the host cell to 
produce more virus particles. 
 
HPV infections are common in both men and women. A recent study determined that 42.5 percent of 
females had HPV at the time of testing. These women ranged in age from 14 to 59 years and were 
of diverse race, ethnicity, and number of sexual partners. HPV infection was 53.8 percent among 
women aged 20 to 24 years, the age group with the highest infection rate. 
 
HPV strains are classified as high or low risk according to their potential to cause cancer. Some do not 
cause cancer but can cause genital warts. Often, the body fights the HPV infection through normal 
immune responses and heals within 2 years. However, the more serious, high-risk infection by certain 
types of HPV can result in cancer of the cervix. Infection with either of the cancer-causing variants 
HPV 16 or HPV 18 has been linked to more than 70 percent of the cases of cervical cancer. Even 
these high-risk HPV strains can be cleared from the body over time, but infections persist in some 
individuals. If this happens, the HPV infection can cause the cells of the cervix to develop 
precancerous changes. 
 
Risk factors for cervical cancer include having unprotected sex; having multiple sexual partners; 
a first sexual experience at a younger age, when the cells of the cervix are not fully mature; failure 
to receive the HPV vaccine; a compromised immune system; and smoking. The risk of developing 
cervical cancer is doubled with cigarette smoking. 
 
The prevalence of cervical cancer in the United States is very low because of regular screening 
exams called pap smears. Pap smears sample cells of the cervix, allowing the detection of 
abnormal cells. If pre-cancerous cells are detected, there are several highly effective techniques 
that are currently in use to remove them before they pose a danger. However, women in developing 
countries often do not have access to regular pap smears. As a result, these women account for as 
many as 80 percent of the cases of cervical cancer worldwide. 
 
In 2006, the first vaccine against the high-risk types of HPV was approved. There are now two HPV 
vaccines available: Gardasil® and Cervarix®.  Whereas these vaccines were initially only targeted 
for women, because HPV is sexually transmitted, both men and women require vaccination for this 
approach to achieve its maximum efficacy. A recent study suggests that the HPV vaccine has cut 
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the rates of HPV infection by the four targeted strains at least in half. Unfortunately, the high cost 
of manufacturing the vaccine is currently limiting access to many women worldwide
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KEY TERMS 
Term Definition 
Breast Organ that contains mammary glands, which secrete milk 

Cervix The lower, narrower end of the uterus. 
Corpus luteum Remains of the follicle after ovulation. 
Egg Female gamete, or reproductive cell. 

Endometrium Tissues lining the uterus; shed from the body during 
menstruation 

Estrogen Female sex hormone secreted by the ovaries. 

Fallopian tube One of two female reproductive organs that carry eggs from 
the ovary to the uterus and provide the site where fertilization 
usually takes place. 

Fertilization Union of two gametes that produces a diploid zygote. 

Follicle Structure in the ovary where eggs mature. 

Gamete Reproductive cell, such as sperm or egg. 

Labia (singular, labium) The lips of the vulva; protects the vagina and urethra, both of 
which have openings in the vulva. 

Mammary gland Gland in female mammals that produces milk for offspring. 

Menopause Period during which menstrual cycles slow down and 
eventually stop in middle adulthood. 

Menstrual cycle Monthly cycle of processes and events in the ovaries and 
uterus of a sexually mature human female. 

Menstruation Process in which the endometrium of the uterus is shed from 
the body during the first several days of the menstrual cycle; 
also called monthly period. 

Oogonium Diploid cell that undergoes mitosis, beginning oogenesis. 

Ovary Organ where eggs form; characteristic of plants and animals. 

Ovulation Release of a secondary oocyte from the uterus about half 
way through the menstrual cycle. 

Polar body Formed by the unequal meiotic divisions of cytoplasm during 
oogenesis. 
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Term Definition 
Primary oocyte Diploid daughter cell that results from mitosis of oogonium; 

starts to go through the first cell division of meiosis 

Secondary oocyte Haploid cell formed when the primary oocyte completes 
meiosis I. 

Progesterone A hormone that keeps the endometrium from breaking down. 

Uterus (plural, uteri): Female reproductive organ in therian mammals where an 
embryo or fetus grows and develops until birth. 
 

Vulva External female reproductive structures, including the labia 
and vaginal opening. 

Zygote Diploid cell that forms when two haploid gametes unite during 
fertilization. 
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Chapter 18     Human Development 

Figure 18.1 From Fertilization to Birth  (a) A single fertilized egg cell develops over the span of 
nine months into (b) an infant consisting of trillions of cells and capable of surviving outside the 
womb. credit: (a) ck12.org,  (b) Evan-Amos [Public domain] 

18.1  Introduction 

In approximately nine months, a single cell—a fertilized egg—undergoes many rounds of 
mitosis.  That one cell will become two, then four, then eight, and eventually trillions of 
cells, forming into a newborn infant.  The dramatic changes of fertilization, embryonic 
development, and fetal development prepare this new human for life outside the womb. 
The genetic material inherited from the parental egg and sperm has all the “instructions” 
to grow into a new organism.  This genetic information, along with environmental factors, 
govern this offspring’s development. 

18.2  Fertilization, Differentiation and Implantation 

Fertilization is when a zygote forms by the fusion of the egg and sperm.  Sperm are 
deposited in the vagina during sexual intercourse. They propel themselves through 
the uterus and enter a fallopian tube.  If sperm arrive within 24 hours of ovulation, 
fertilization can occur within the fallopian tube. 

The sperm, as discussed in the previous chapter, are haploid cells containing 23 
chromosomes.  Many sperm arrive, all trying to penetrate the egg, releasing enzymes to 
break down the zona pellucida barrier that surrounds the egg.  Only one sperm will 
successfully penetrate the egg, triggering a reaction that blocks other sperm from fusing 
with the egg.  It also causes the egg to complete meiosis, so it will have a nucleus that 
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also has only 23 chromosomes.  The nucleus of the sperm then fuses with the nucleus of 
the egg.  The resulting cell, called a zygote, contains the 46 chromosomes, or 23 pairs 
of chromosomes, needed for a new human organism. Half the chromosomes come from 
the egg and half from the sperm.   
 

 
Figure 18.2  Sperm and the Process of Fertilization  Before fertilization, hundreds of 
capacitated sperm must break through the surrounding corona radiata and zona pellucida so that 
one can contact and fuse with the oocyte plasma membrane.  Credit: Openstax College, licensed 
under a Creative Commons Attribution License 4.0 
 
 
The zygote is a totipotent stem cell since it can differentiate into all cell types found 
within the human body.    As the zygote goes through many, many cycles of mitosis, all 
the cells that develop will begin to differentiate from one another.   During differentiation, 
certain genes are turned on, or activated, while other genes are switched off, or 
inactivated. As a result of this process, cells develop specific structures and abilities that 
suit them for their specialized roles in the body.   Some cells will become heart cells, other 
nerve cells, other skin cells.  All these cells come from the original zygote and all have 
the same DNA.  The type of cell they become depends on the genes they use.  Each cell 
will use different gene. 
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Figure 18.3  Differentiation of Cells  although all cells have the same DNA, each cell 
type uses the DNA differently.  Some cells are “stem cells” that have the ability to 
differentiate into several other cell types Credit: Original work by Mike Jones for 
Wikipedia., CC BY-SA 2.5,  

 
The zygote spends the next few days traveling down the fallopian tube toward the uterus.  
In the uterus, it will embed into the endometrial lining.  As the zygote travels, it divides by 
mitosis several times to form a ball of cells called a morula. The cell divisions are 
called cleavage. They increase the number of cells but not the overall size of the new 
organism. As more cell divisions occur, a fluid-filled cavity forms in the interior of the ball 
of cells. At this stage, the ball of cells is called a blastocyst. 
 

 
Figure 18.4  Zygote to Embryo Development  Ovulation, fertilization, pre-embryonic 
development, and implantation occur at specific locations within the female reproductive system 
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in a time span of approximately 1 week Credit: Ttrue12 (Own work) [CC BY-SA 3.0 
(http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons 

 

The cells of the blastocyst form an inner cell mass and an outer cell layer, as shown in 
Figure 18.5. The inner cell mass will form the embryo. The outer cell layer is called 
the trophoblast which will help break down the endometrium of the uterus, so that the 
blastocyst can embed into the uterine wall. These cells will develop into other structures 
needed to support and nourish the embryo. 

The blastocyst continues down the fallopian tube and reaches the uterus about 4 or 5 
days after fertilization. When the outer cells of the blastocyst contact cells of the 
endometrium lining the uterus, the blastocyst embeds in the endometrium. The process 
of embedding is called implantation. It generally occurs about a week after fertilization.   
 

 
Figure 18.5  Implantation of the Blastocyst  The blastocyst consists of an outer layer of cells 
called the trophoblast and an inner cell mass which will become the embryo.  The trophoblast 
attaches to the endometrium and digests the mother’s uterine cells so that it can securely 
embed in the uterine wall.  Credit: modification of Openstax College, licensed under a Creative 
Commons Attribution License 4.0 

 
The developing human is an embryo from the time of implantation until eight weeks 
after fertilization. The embryo develops different layers of cells, known as germ layers: 
the ectoderm, mesoderm, and endoderm. These layers are shown in Figure 18.6. Each 
layer will eventually develop into different tissues and cells in the body. 
• Ectoderm—Forms tissues that cover the outer body including skin, hair and nails.  It 

also develops into nerve tissue. 
• Mesoderm—Forms tissues that provide movement and support; it develops into cells 

such as muscles, bone, teeth, and blood. 
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• Endoderm—Forms tissues involved in digestion and breathing; it develops into cells 
such as lungs, liver, pancreas, and gallbladder. 

 

 
Figure 18.6 Three Germ Cell Layers of the Embryo develop into different types of cells. For 
example, the ectoderm develops into skin cells, the mesoderm into muscle cells, and the 
endoderm into lung cells.  credit (a) embryo germ layers, OpenStax College [CC BY 3.0 
(http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons  (b) cell differentiation 
from the germ layers, CNX [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], via 
Wikimedia Commons  

 

The cells differentiate (use different genes) to form specific organs within the three cell 
layers.  All the major organs begin to form during the remaining weeks of embryonic 
development.  
 
From week 9 until birth, the developing human is known as a fetus.  The months of 
pregnancy are subdivided into trimesters.  The first trimester, weeks one through twelve, 
involves embryonic development of organ systems.  The second trimester is weeks 
thirteen till twenty-six during which time the organs become more complex.  During the 
third trimester, weeks twenty-seven till week forty, is the time that most of the organ 
systems become fully functional.  There is a large weight gain during this time period. 

Chapter 18ǀ Human Development               Textbook: Introduction to Human Biology

18.5

https://commons.wikimedia.org/wiki/File:2908_Germ_Layers-02.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/5/52/Germ_layers.jpg/575px-Germ_layers.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/5/52/Germ_layers.jpg/575px-Germ_layers.jpg


18. 3  EMBRYONIC DEVELOPMENT(weeks after fertilization)
Weeks of 

Pregnancy 
Embryonic Changes Images 

Week 4 Heart begins to beat 
Arm buds appear 
Liver, pancreas, gall bladder 
and spleen start to form 

Week 5 
Eyes start to form 
Leg buds appear 
Hands develop on the arm. 
Blood begins to circulate 
Facial features start to 
develop. 

 From an ectopic pregnancy (embryo 
could not survive) 

Week 6 Lungs start to form. 
Fingers and toes appear. 
Development of sex organs 

Week 7 Hair follicles form. 
Toes are visible. 

Week 8 Face develops 
Ear buds visible. 
May begin to move 

Table 18.1 Embryonic Development (Weeks 4–8. Most organs develop in the embryo during 
weeks 4 through 8. If the embryo is exposed to toxins during this period, the effects are likely to be 
very damaging. Can you explain why? (Note: the drawings of the embryos are not to scale.)  Credit: 
fetal images by Ed Uthman, MD (Flickr, Wikipedia) [Public domain], via Wikimedia Commons; 
table created by CK-12 Foundation; License: CC BY-NC 3.0
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18.4  Fetal Development 
The fetal period lasts from week 9 until birth.   In humans, birth typically occurs 38 weeks 
after fertilization.  (Note that pregnancy is counted as 40 weeks, since the date used is 
the first day of the woman’s last menstruation, which occurs approximately two weeks 
prior to fertilization). During this time, the organs that formed during the embryonic period 
go through further development. 
 

A Deeper Look -  
 Fetal Development 
Weeks 8 to 15: During the fetus’s early weeks, reproductive organs develop along either 
male or female lines. The liver starts producing red blood cells, and tooth buds appear. 
The fetus becomes more human in appearance, with well-formed facial features. The 
eyelids form, but remain closed until later in fetal development. 
The muscles and bones develop, and the fetus is very active. It can make a fist and 
move its arms and legs. It also hiccups, stretches, and yawns. The first measurable 
brain activity occurs around the 12th week. By the end of the 15th week, the fetus is 
about 15 centimeters long. 

Weeks 16 to 26: A fetus at 23 weeks after fertilization has a brain that is developing 
rapidly, and it starts to take control of some body functions. The alveoli (air sacs) in the 
lungs also develop, making gas exchange possible, although the lungs are still immature. 
Most of the internal components of the eyes and ears form and develop at this time. There 
is more muscle development as well, and the fetus is more active than ever. The mother 
usually starts to feel fetal movement during this stage. 
 
Fine hair called lanugo grows and covers the fetus’s body by the end of this stage. 
Eyebrows, eyelashes, and nails also appear, and the eyelids begin to open and close. By 
the end of week 26, the fetus is about 38 centimeters long and weighs about 1.2 kilograms. 
 
Weeks 27 to 38: During the final weeks of growth and development, the amount of body 
fat rapidly increases. bones develop fully, although they are still soft and pliable. Most of 
the lanugo disappears, and head hair becomes coarser and thicker. Fingernails grow 
beyond the ends of the fingertips. In the brain, connections form that allow the input of 
sensations. Starting around week 30, the brain is continuously active. By the 38th week, 
the fetus is fully developed and ready to be born. A 38-week fetus normally ranges from 
36 to 51 centimeters in length and weighs between 2.7 and 4.6 kilograms.  
 
Sometimes fetuses are born earlier than 38 weeks. After 35 weeks, the fetus is considered 
“full-term,” which means that it is developed enough for life outside the mother. Fetuses 
born before 35 weeks are likely to have health problems due to their immaturity. The less 
time a fetus spends developing in the uterus before it is born, the less likely it is to survive 
after birth. Fetuses born at 23 – 25 weeks may not survive, and if they do, run high risks 
of neurological and developmental impairment.  Only a small percentage of babies survive 
if born at 22 weeks.
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Excellent site showing stages of pregnancy.  Maternal changes and fetal changes are shown. site 
(http://openstaxcollege.org/l/pregstages)   

 

 
Table 18.2 Fetal Development (Weeks 9–38).  Organ development is completed and body 
size increases dramatically during weeks 9-38.  Credit: Fetus image at 18 weeks courtesy of 
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Melchior Meijer/3dpregnancy.com; composite created by CK-12 Foundation; 
Source: ; License: CC BY-NC 3.0; Fetus image at 10 weeks by drsuparna 
 [CC BY-SA 2.0 (https://creativecommons.org/licenses/by-sa/2.0)], via Wikimedia 
Commons. 

18.5 Placenta and Fetal Structure 
The fetus could not grow and develop without oxygen and nutrients from the mother. Wastes from 
the fetus must also be removed in order for it to survive. The exchange of these substances 
between the mother and fetus occurs through the placenta.

The placenta is a temporary organ that begins to form from the trophoblast layer of cells shortly 
after implantation. The placenta continues to develop and grow to meet the needs of the growing 
fetus. A fully developed placenta is made up of a large mass of blood vessels from both the mother 
and fetus. The maternal and fetal vessels are close together but separated by tiny spaces. This 
allows the mother’s and fetus’s blood to exchange substances across their capillary walls without 
the blood actually mixing.  The separation protects the developing fetus from the mother’s immune 
system, which would attack the fetus as a foreign structure.

The fetus is connected to the placenta through the umbilical cord, a tube that contains two 
arteries and a vein. Blood from the fetus enters the placenta through the umbilical arteries, 
exchanges gases and other substances with the mother’s blood, and travels back to the fetus 
through the umbilical vein.  It is the umbilical vein that carries oxygenated blood and nutrients 
back to the fetus.

Attached to the placenta is the amniotic sac, an enclosed membrane that surrounds and protects 
the fetus. It contains amniotic fluid, which consists of water and dissolved substances. The fluid 
allows the fetus to move freely until it grows to fill most of the available space. The fluid also 
cushions the fetus and helps protect it from injury.

Figure 18.7  Fetus with Umbilical Cord and Placenta  A fetus at 38 weeks with placenta, 
amniotic sac, and umbilical cord.  Credit: OpenStax College - Anatomy & Physiology, 
Connexions Web site. Jun 19, 2013., CC BY 3.0, 

Chapter 18ǀ Human Development Textbook: Introduction to Human Biology

18.9

https://commons.wikimedia.org/w/index.php?curid=30148598
http://www.flickr.com/photos/euthman/30433426


18.6 Maternal Changes During Pregnancy, Labor and Birth 
During the second and third trimesters, the pre-pregnancy uterus—about the size of a fist—
grows  dramatically  to contain the fetus, causing a number of anatomical changes in the mother, 
including development of mammary ducts and glands.   

 

 
Figure 18.8  Size of the Uterus Increases Throughout Pregnancy  The uterus grows 
throughout pregnancy to accommodate the fetus. Credit: Openstax College, licensed under a 
Creative Commons Attribution License 4.0 

 
 
 

Nausea and vomiting are common during the first few weeks to months of pregnancy. 
This phenomenon is often referred to as “morning sickness,” although the nausea may 
persist all day. The source of pregnancy nausea is thought to be the increased 
circulation of pregnancy-related hormones.  Decreased intestinal peristalsis may also 
contribute to nausea.   
A common gastrointestinal complaint during the later stages of pregnancy is gastric 
reflux, or heartburn, which results from the upward, constrictive pressure of the growing 
uterus on the stomach. The same decreased peristalsis that may contribute to nausea 
in early pregnancy is also thought to be responsible for pregnancy-related constipation 
as pregnancy progresses. 
 
The downward pressure of the uterus also compresses the urinary bladder, leading to 
frequent urination. This is exacerbated by increased urine production since the maternal 
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urinary system processes both maternal and fetal wastes, further increasing the total 
volume of urine. 

 

Blood volume increases substantially during pregnancy, which helps to manage the 
demands of fetal nourishment and fetal waste removal.  Since there is increased blood 
volume, the pulse and blood pressure also rise moderately during pregnancy. As the 
fetus grows, the uterus compresses underlying pelvic blood vessels, hampering venous 
return from the legs and pelvic region. As a result, many pregnant women develop 
varicose veins or hemorrhoids. 
 
During the second half of pregnancy, the respiratory volume of gas inhaled or exhaled 
by the lungs increases by 50 percent to compensate for the oxygen demands of the 
fetus and the increased maternal metabolic rate. The growing uterus exerts upward 
pressure on the diaphragm, decreasing the volume of each inspiration and potentially 
causing shortness of breath, or dyspnea. During the last several weeks of pregnancy, 
the pelvis becomes more elastic, and the fetus descends lower in a process called 
lightening. This typically makes it easier to breathe. 
 
The respiratory mucosa swell in response to increased blood flow during pregnancy, 
leading to nasal congestion and nose bleeds, particularly when the weather is cold and 
dry. Humidifier use and increased fluid intake are often recommended to counteract 
congestion. 
 
The dermis stretches extensively to accommodate the growing uterus, breast tissue, 
and fat deposits on the thighs and hips.  Torn connective tissue beneath the dermis can 
cause striae (stretch marks) on the abdomen, which appear as red or purple marks 
during pregnancy that fade to a silvery white color in the months after childbirth. 
 

18.7  Nutritional Concerns During Pregnancy 
The pregnant mother plays a critical role in the development of the embryo and fetus. She 
must avoid toxic substances such as alcohol, which can damage the developing offspring. 
She must also provide all the nutrients and other substances needed for normal growth 
and development. Most nutrients are needed in greater amounts by a pregnant woman, 
but some are especially important, including folic acid (vitamin B9), calcium, iron, and 
omega-3 fatty acids. 
 

18.8  Hormones During Pregnancy 
The placenta produces several hormones important for pregnancy, childbirth and milk 
production.  Some of the hormones produced are human chorionic gonadotropin (HCG), 
progesterone and estrogen, lactogen, and relaxin. 
 
HCG prevents the corpus luteum in the ovary from deteriorating during the first few 
months of pregnancy.    
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Progesterone and estrogen, originally produced by the corpus luteum, are also 
produced by the placenta.  During the pregnancy, progesterone prevents the uterine 
muscles from contracting, thereby preventing premature birth. 
 
 Lactogen prepares the mammary glands for milk production. 
 
Relaxin prepares the mother’s body for childbirth.  It allows the pelvic bones to have more 
flexibility, so they can pull further apart, providing more room for the baby to exit the body.  
Relaxin also helps dilate the cervix during labor.  
 
Also important are hormones from the pituitary gland.  The posterior pituitary hormone, 
oxytocin, is secreted at higher levels near the end of pregnancy.  Once in labor, levels 
of oxytocin stimulate stronger and stronger uterine smooth muscle contractions.  This 
process was described in the chapter on homeostasis as an example of positive 
feedback.  When in labor that is “not progressing,” many physicians administer a 
pharmaceutical version of this hormone, called pitocin.  As labor progresses, the 
contractions become more powerful and more frequent.  Another important pituitary 
hormone is prolactin, which plays a role in lactation. 
 
 

18.9  Stages of Labor 
 
In order for uterine contractions to begin, the levels of the hormone progesterone must 
decrease.  The hormone progesterone, which prevents premature contractions, begins 
to decline near the end of pregnancy.  This makes the uterine muscles more sensitive 
and more likely to contract, allowing the stages of labor to begin. 
 
There are three stages of childbirth: cervical dilation, expulsion of the newborn, and 
afterbirth which can be seen in Figure 18.10.   
 
Cervical dilation is the longest stage of labor.    As the baby’s head presses down, 
causing the cervix to stretch, it induces stronger contractions of the uterus, which causes 
the baby’s head to press down even harder.  This is the positive feedback loop (Figure 
18.9). 
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Figure 18.9  Oxytocin Positive Feedback Loop as the baby’s head presses on the cervix, it 
causes greater release of oxytocin, which causes harder contractions, which causes the baby’s 
head to press harder on the cervix.  Credit: OpenStax - Pregnancy Positive Feedback, CC BY 
4.0, ] 

Typically, this pressure of the fetal head against the amniotic membranes cause it 
to rupture, known as “water breaking”.  In about 10% of women, the amniotic 
membrane ruptures before labor, which generally leads to the beginning of labor 
contractions. 

For a vaginal birth, the cervix must fully dilate to 10 cm in diameter – wide enough to 
allow the newborn’s head to pass through.  This typically takes 6-12 hours, though 
the time length varies very much from woman to woman.  Some women give birth 
in minutes, while it can take days for other women.  Generally, it takes the longest if it is 
the first birth.  Subsequent labor tends to be shorter. 

The expulsion stage involves contractions that eventually push the fetus out of 
the uterus and through the vagina.  When the umbilical cord is cut the baby 
cannot exchange gases, so carbon dioxide quickly builds up in the baby’s blood. This 
stimulates the brain to trigger breathing, and the newborn takes its first breath.  

This expulsion stage is associated with significant stretching of the vaginal canal, 
the cervix, and the perineum. Until recent decades, it was routine procedure 
for an obstetrician to numb the perineum and perform an episiotomy, an 
incision in the posterior vaginal wall and perineum. The perineum is now more 
commonly allowed to tear on its own during birth. Both an episiotomy and a perineal 
tear need to be sutured 
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shortly after birth to ensure optimal healing.  Suturing the jagged edges of a perineal tear 
is usually more difficult than suturing an episiotomy.  However,  tears heal more quickly,  
are less painful,  and are associated with less damage to the muscles around the vagina 
and rectum. 
 
Upon birth of the newborn’s head, an obstetrician will aspirate mucus from the mouth and 
nose before the newborn’s first breath. Once the head is birthed, the rest of the body 
usually follows quickly. The umbilical cord is then double-clamped, and a cut is made 
between the clamps. This completes the second stage of childbirth. 
 

The afterbirth stage involves he delivery of the placenta and associated membranes.  
After expulsion of the newborn, the myometrium continues to contract. This movement 
causes the placenta to detach from the back of the uterine wall. It is then easily delivered 
through the vagina. Continued uterine contractions then reduce blood loss from the site 
of the placenta. Delivery of the placenta marks the beginning of the postpartum 
period—the period of approximately 6 weeks immediately following childbirth during 
which the mother’s body gradually returns to a non- pregnant state.  
 

Uterine contractions continue for several hours after birth to return the uterus to its pre-
pregnancy size in a process called involution, which also allows the mother’s abdominal 
organs to return to their pre-pregnancy locations. Breastfeeding facilitates this process.  
During the postpartum period, much of the uterine smooth muscle developed during 
pregnancy is broken down. 
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Figure 18.10  Stages of Childbirth   The stages of childbirth include Stage 1, early cervical 
dilation; Stage 2, full dilation and expulsion of the newborn; and Stage 3, delivery of the 
placenta and associated fetal membranes. (The position of the newborn’s shoulder is described 
relative to the mother.)  OpenStax College - Anatomy & Physiology, Connexions Web site. Jun 
19, 2013., CC BY 3.0,  [CC BY 4.0 ], credit: newborn image, ck12org 
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Homeostasis in the Newborn:  
Apgar Score 

 

In the minutes following birth, a newborn must undergo dramatic systemic changes to be able to 
survive outside the womb. An obstetrician, midwife, or nurse can estimate how well a newborn is doing 
by obtaining an Apgar score.  
Five criteria—skin color, heart rate, reflex, muscle tone, and respiration—are assessed, and each 
criterion is assigned a score of 0, 1, or 2. Scores are taken at 1 minute after birth and again at 5 
minutes after birth. Each time that scores are taken, the five scores are added together. High scores 
(out of a possible 10) indicate the baby has made the transition from the womb well, whereas lower 
scores indicate that the baby may be in distress. 
The technique for determining an Apgar score is quick and easy, painless for the newborn, and does 
not require any instruments except for a stethoscope.  APGAR is a mnemonic for “appearance” (skin 
color), “pulse” (heart rate), “grimace” (reflex), “activity” (muscle tone), and “respiration.” 
Of the five Apgar criteria, heart rate and respiration are the most critical.  Poor scores for either of 
these measurements may indicate the need for immediate medical attention to resuscitate or stabilize 
the newborn. Scores of 8 or above are normal. 

 
 

18.10  Lactation 
 
Mammary glands are modified sweat glands. The non-pregnant and non-lactating 
female breast is composed primarily of adipose and connective tissue.  During 
pregnancy, the ducts expand and glands develop.  In the final weeks of pregnancy, 
colostrum forms.  Colostrum is a thick, yellowish fluid rich in antibodies, which provide 
the newborn with some immunity to help adjust to the new, nonsterile environment. 
Mature milk is not secreted until several days after childbirth.   
 
The anterior pituitary hormone prolactin is needed to produce colostrum and breast 
milk. Milk production does not begin until the placenta is expelled from the uterus. Milk 
is then produced, and secreted into the ducts which are organized around the nipple. 
Milk drains from the ducts through several passageways in the nipple, called nipple 
pores. 
 
When the infant suckles, sensory nerve fibers in the areola trigger a reflex that results 
in milk secretion. The posterior pituitary releases oxytocin, which causes milk to be 
squeezed out of the gland into the ducts and discharged through the nipple pores.  This 
is known as the let-down reflex. 
As the infant grows, the milk supply constantly adjusts to accommodate changes in 
demand. A woman can continue to lactate for years, but once breastfeeding is stopped 
for approximately 1 week, any remaining milk will be reabsorbed.  Relactation, or 
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starting to breastfeed after a gap, is possible, but generally requires effort as well as 
support from a lactation specialist.    
 

Table 19.3 Compositions of Human Colostrum, Mature Breast Milk, and Cow’s Milk (g/L) 
Nutrients Human colostrum Human breast milk Cow’s milk* 
Total protein 23 11 31 
Immunoglobulins 19 0.1 1 
Fat 30 45 38 
Lactose 57 71 47 
Calcium 0.5 0.3 1.4 
Phosphorus 0.16 0.14 0.90 
Sodium 0.50 0.15 0.41 
Table 19.3  Comparison of Human Colostrum, Breast Milk and cow’s milk. *Cow’s milk 
should never be given to an infant. Its composition is not suitable and its proteins are difficult for 
the infant to digest.  Credit: Openstax College, licensed under a Creative Commons Attribution 
License 4.0 

 
 

 
In Vitro Fertilization 
 

IVF, which stands for in vitro fertilization, is a technology that helps people who are 
having issues getting pregnant.  In vitro refers to a procedure that takes place outside 
of the body. There are many different reasons for IVF. For example, a woman may 
produce normal eggs, but the eggs cannot reach the uterus because the uterine tubes 
are blocked. A man may have a low sperm count, low sperm motility, abnormal sperm, 
or sperm that are incapable of penetrating the zona pellucida of an egg. 
A typical IVF procedure begins with collecting mature eggs from the female’s ovaries.  
Normally only one mature egg forms each month, but the number can be boosted 
significantly (to 10–20 oocytes) by administering gonadotropin hormones. Right 
before the ova would be released from the ovary, they are harvested using 
ultrasound-guided oocyte retrieval. In this procedure, ultrasound allows a physician 
to visualize mature follicles.  The ova are aspirated (sucked out) using a syringe. 
Sperm to fertilize these eggs are obtained from the male partner or from a sperm 
bank. The sperm are washed and concentrated, to increase the sperm count per 
milliliter. 
Next, the eggs and sperm are mixed in a petri dish. The ideal ratio is 75,000 sperm 
to one egg. If there are severe problems with the sperm—for example, the count is 
exceedingly low, or the sperm are completely nonmotile, or incapable of binding to or 
penetrating the zona pellucida—a  sperm can be injected into an egg. This is called 
intracytoplasmic sperm injection (ICSI). 
In the United States, fertilized eggs are typically cultured to the blastocyst stage since 
this results in a higher pregnancy rate. Finally, the embryos are transferred to a 
woman’s uterus using a plastic catheter (tube). Figure 18.10 illustrates the steps 
involved in IVF. 
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Figure 18.10  IVF Procedure  In vitro fertilization involves egg collection from the ovaries, fertilization 
in a petri dish, and the transfer of embryos into the uterus. Credit: OpenStax College, licensed under a 
Creative Commons Attribution License 4.0 
 
IVF is a relatively new and still evolving technology, and until recently it was necessary 
to transfer multiple embryos to achieve a good chance of a pregnancy.  Today, however, 
transferred embryos are much more likely to implant successfully; so most countries cap 
the number of embryos that can be transferred per cycle at two. This reduces the risk of 
multiple-birth pregnancies. 
 
The rate of success for IVF is correlated with a woman’s age. More than 40 percent of 
women under 35 succeed in giving birth following IVF, but the rate drops to a little over 
10 percent in women over 40.
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KEY TERMS 
Term Definition 

Blastocyst Fluid-filled ball of cells that develops from the morula. 

Fallopian tube One of two female reproductive organs that carry eggs from the 
ovary to the uterus and provide the site where fertilization usually 
takes place. 

Fertilization Union of two gametes that produces a diploid zygote. 

Implantation Process in which a blastocyst embeds in the endometrium lining the 
uterus. 

Morula Initial ball of cells that forms from the zygote. 

Trophoblast The outer cell layer of the blastocyst; develop into structures needed 
to support and nourish the embryo. 

Uterus (plural, uteri): Female reproductive organ in therian mammals where 
an embryo or fetus grows and develops until birth. 

Zygote Diploid cell that forms when two haploid gametes unite during 
fertilization. 

Amniotic fluid Fluid that allows the fetus to move freely; cushions the fetus and 
helps protect it from injury. 

Amniotic sac Enclosed membrane containing amniotic fluid that surrounds and 
protects a fetus. 

Cervix The lower, narrower end of the uterus. 

Contraction Process where muscles of the uterus push the fetus out of the uterus 
and through the vagina. 

Folic acid Vitamin B9; vitamin needed in greater amounts by a pregnant 
woman; important in aiding rapid cell division and growth, such as in 
infancy and pregnancy. 

Labor Process that involves contractions of the muscular walls of the 
uterus, which cause the cervix to dilate. 

Placenta Temporary organ that consists of a large mass of maternal and fetal 
blood vessels; organ where the mother’s and fetus’s blood exchange 
substances. 

Umbilical cord A tube that connects the fetus to the placenta; contains two arteries 
and a vein. 
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