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SOME ASPECTS OF THE PHYSIOLOGY OF THE NEPHRON

The nephron is the unit of function of the kidney. Through its
activity the urine, or kidney excretion, is elaborated., Consisting
of a Bowman's capsule, neck, proximal convoluted tubule, descending
1imb of Henle's loop, ascending limb of Henle's loop, and a distal
convoluted tubule, the nephron performs a service without vhich the
animal could not exist. The above named parts do not all appear in
some of the lower vertebrate forms; the above being an enumeration
of the parts found in the mammalian type. More will be said of phy-
logenetic variation of nephronic expression later in this paper.

The phrases "kidney function" and “nephronic function" are syn-
cnymous and will be used interchgngeably herein.  Kidney function
consists of two aspects: the collection and subsequent discharge of
certaln wastes, and the maintenance of the osmotic pressure of the
blood. Fallure to perform either of these would most certainly re=-
sult in death for the organism. It will be the purpose of this paper
to discuss the various theories of kidney function, and to present
the latest information which the research workers in the fleld have
made available., Before presenting the main theme of the paper, I
will briefly describe the histological aspects of the structures to
be considered. |

The capsule of Bowman (Fig.l) 1is the first functional portion
of the nephron. It arises, as do the other nephronic elements, from
the metanephroic blastema., Its visceral wall lies in contact with
the endothelium of the glomerulus. This latter is a rete mirabile
of capillaries which receive thelr vasculation from an afferemt arter-
iole and are collected into an efferent arteriole. The visceral
epithellum of Bowman's capsule consists of very thin cells which con=-
tain a few mitochondria and a Golgi net., The parietal layer is com=-

posed of cells of the ordinary squamous epithelial type. Leading



N _co/zec_z% Jobv/e

o 5/5/ con V@/a\/_?c;;m/e
— _ proxi ol conwluled /ubu)e

23/0/776‘)'0/()5‘

Oés-cr—wn//ﬂgo Jimd o/ e se's /oo/.>

efferer] yesse) .
orefol woll - - _

g/o/neru/as B e

_efferen] vessel
\v/scers) wol/

w1 /ve m/o.ruky sp X
) IBowrmon's c'a/a:ale

(‘/z‘? yerrss o/~ /7(/404 /‘é:/bn corpo scle

/7on e /o/n@/'c /? o/ 7&Zu/ el /)

aF ey Hubey ~ [rorm Moximow



from the capsule to the proximal convoluted tube is a short neck
whichzis not always seen. The proximal tubule 1s the most important
segment of the nephron, and is composed of a truncated pyramidal
epithelium whose free edge bears a brush border. The appearance of
this epithelium varies with the functional state of the kidney. 1In
diuresis it 1g low and flattened with the brush border protruding.
While resting, its cells are taller and the border less evident.
After pursuing its course, the proximal tubule passes abruptly into
the descending limb of Henle's loop. Here the epithelium is a very
thin squamous type and in appearance closely resembles the capillary
endothelium. Continuing from the descending to the ascending 1limb

of Henle's loop, the nephronic epithelium becomes again cuboidal, and
mitochondria are once more evident. There is no brush border. The
ascending limb joins the distal convoluted tubule which constitutes
the terminal portion of the nephron. The latter presents a cuboidal
epithelium which is lower than that of the proximal segment and a
lumen which is larger. A brush border is absent, and its cells are
more numerous. From this terminal portion the nephron is joined to
the collecting tubule system, the latter arising embryologically from
the Wolffian duct.

As regards the orientation of the various nephronic elements
within the kidney, the following facts are known: the capsules, with
threir -enclosed glomeruli, all lie within the cortical material of the
kidney. The proximal tubﬁle after leaving t he capsule proceeds toward
the periphery; turns, and entering a medullary ray runs toward the
medulla., In the outer zone of the renal pyramid, it enters the descend-
ing limb of Henle's loop. The latter proceeds deep into the medulla;
while the ascending limb, which for a part of its course runs parallel
to its fellow, returns through the medulla to the cortex and attaches

itself to the capsule near the efferent arteriole. At this point the
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distal tubule arises and passes to a medullary ray where it is
connected to a collecting tubule. Thie account of the nephronic
histology is far from complete, but will serve the purpose intended
here.

Physiologists attacking the problem of renal function possess
one great advantage. They know exaétly what the kidney does. It
elaborates a substance we call urine which possesses a chemlcal con-
tent which has been quantitatively analyzed with the most delicate
techniquies as yet devised by the bio=-chemist. What then 1s the pro-
blem? It is to determine just how the kidney performs its work, and
according to the latest accounts (1937) the problem is far from being
solved. The gross end point of kidney function is evident, and the
problem remaining consists of assigning specific functions to the
v_rious portions of the nephron., There are two principle courses open
to the physiologist, either of which he may pursue in solving the pro-
blems concerned with nephronic activity.

The first of these is a study of the comparative physiology of
the kidney. The nephrons of certain lower forms are glomerular and
contain only a proximal segment. By studying these types (the toad-
fish is one) a certain amount of light may be thrown upon the function
of the particular nephronic expressed. Another aspect for study is
the not ing of the fﬁnctions added to the kidney as the various parts
of the nephron are added in the phylogenic ascent. This work will be
more fully discussed later and a criticism of it given at that time,
The second method of attacking the renal function problem is direct
study of the kidney with an attempt to devise ways for determining
Just what the various parts of the nephron are doing. THis method has
received far moré attention, an? from applications of it most of our
knowledge of thé kidney physiology has come. Most of this type wqu

has been done upon the frog and lower mammals (rabbit and cat). Many



of the theories and statements applicable to these types have never
been directly proven when appliéd to the human. However, the experi-
mental difficulty involved is evident, and the better work (as far as
it goes) probably presents a true picture of the function of the human
nephron.

The Bowman's capsule, with its included glomerulus, provides a
perfect condition for filtration to occur from the blood fluids in the
capillary plexus into the intra-capsular space and the lumen of the
proximal tubule. It was this histological set-up which convinced
Ludwig that the urine is formed by a simple process of filtration and
ﬁiffusion. He believed that in this portion of the nephron a complete
but dilute urine is formed, and that concentration occurred by exos-
mosing of water from the luma of the tubules into the more concentrated
plasma which bathed their outer surfsces., T'is 1s the mechanical or
filtration theory,and while it hae been attacked in the not distant
past, 1s to-day generally accepted with certain reservations and modi-
fications., Bowman, after Ludwig's work, introduced a theory of urinary
secretion which states that in the Malphigian body, water and inorganic
salts are produced in the capsule; while urea and related bodies are
actively secreted by the epithelial cells in the convoluted tubules.
Since the latter theories receive very 1itt1e,'1f any, direct support
from modern investigators, it will be briefly discussed at this time.

Bowman (1842) first completely described the histology of the
capsule which bears his name and the relationship it hears to the cap-
1l1lary tuft or glomerulus. In the statement of his theory of renal
function, he believed that the glomerull and capsules behaved as a
sort of automatic sluice. The fluid admitted to the intra-capsular
space served the purpose of washing away the secreted products of the
tubules., This work was substantiated by the later efforts of Mussboum

(1878) and Brodie and Mackenzie (1914), The most successful attack



upon the mechanical filtration theory was initiated by Heldenhain. He
based his contention upon the fact that certain dyes are secreted by
the renal tubules; proved by the fact that dye granules were seen,after
alcohol fixation, to be contained in the cytoplasm of the tubule cells,
Another piece of work by Heldenhain in which he proved that ligation

of the renal vein does not cause increased urine flow proved to be a
powerful argument against the filtration theory for many years. The
significance of this experiment 1is this: if the gl omerulus and capsule
act as a mechanical filter, their function must conform to the physical
law of filtration. The law stated in equation form is F ®* P - p where

F 1s the rate of filtration, P the pressure in the glomerular cap-
illaries, and p the pressure in the intra-capsular space and tubule
luma. Heildenhain believed that blocking of the renal vein should

cause increased glomerular pressure with consequent diuresis. When,
upon the carrying out of the experiment, increased urine flow did not
appear, he concluded that the activity of the capsule and glomerulus
was of a secretory or "vital" nature and not a purely mechanical pro-
cess; his contention being that the anuria was produced by a localized
asphixia of the capsular and glomerular cells due to the accumulation
of their own wastes and CO, arising to the stagnation of the blood in
the rete. Heldenhain's theory then states that the capsule extracts a
fluid from the blood, and the tubules contribute to the urine by secre-
tion. He further opposed Ludwig by stating t hat no reabsorption occurs
in the tubules,

The filtration theory was revived by Starling, and has been
supported by the work of Richards and many other contemporary investi-
gators., It had been stated in early expositions of the filtration
theory that all constituents of the blood except the plasma colloids
passed through the capsular wall. These colloids are not found in

appreciable amounts in normal or non-pathologic urine. Starling studied



the relationship between the osmotic pressure of these plasma collolds
and the pressure within the glomerular capillaries; realizing that if
filtration were the process occurring, the capillary pressure must ex-
ceed that of the colloids. His conclusions were that the excess of the
former over the latter was sufficient to permit an assumption that fil-
tration did occur, not necessarily secretion. Richards in one of his
earlier experiments stumbled upon a proof for the filtration theory
quite by accident. He had devised a method of entering the intracapsular
space and extracting the fluid contained in 1t before it could reach
the neck or tubule. During one of these experiments, a plece of mer-
cury which had become lodged in the pipette dropped into the opening
of the proximal tubule where it leaves the capsule. After the intro-
duction of the obstruc tion, fluld continued to rise in the pipette;
proving that the Malphigian corpuscle does eliminate a fluid and does
not act merely as a pressure valve as certain adherents of this se-
cretion theory believed.

Working further with this technique, Wearn and Richards found the
capsular filtrate to be protein free and containing such metabolic sub-
stances as sugar and chlorides. £Since these compounds are not found
in bladder urine, the fact that they are reabsorbed in other parts of
the nephron becomes evident. In regard to the nature of glomerular
and capsular function, the appearance of Cl and sugar in the filtrate,
in as great a concentration as it appears in plasma, proves that the
passage of the liquid across the corpuscle membranes is non selective
except that cclloids are retained in the blood. Hssential nutrients
and othef necesgsary constituents of the blood are passed through as
well as the waste materials, which are ultimately volded in the urine,
If the former were not reabsorbed ard returned t§ the blood, the
funct ioning of the upper part of the nephron would prove 1mmed1ateiy

fatal to the organism. Richards concludes that if the glomerular and



capsular functions were secretory and therefore "vital", there would
be an immediate selectivity exhibited with a retention in the cap-
illary blood of the essential constituents. In other words, a "vital"
process would work in such a manner as to be favorably correlated with
the best interests of the organism. On the other hand, a purely mech-
anical process would not differentiate between the essential and non-
essential and would pass through any substances within the permeability
1imits of the membrane. Since the capsular epithelium exhibits no
selectivity as regards the utility of the substance it diffuses, the
process may loglically be concluded to be a filtration., We have stated
that if glomerular and capsular functions are expressions of a simple,
mechanical filtration a variation in the blood pressure of the rete
mirable of the glomerulus should initiate a directly proportional change
in the urine flow. Conversely, if the function is a secretory one a
change iIn the velocity of blood flow through the rete would produce a
similar change. This would be due to the fact that changes in flow
velocity would result in lower or more rapid changes of the vascular
fluid bathing the capsular epithelium and thus decrease or increase
its secretory activity. Therefore, if the filtration process is to be
proven it will benecessary to devise an experiment wherein the factor
of blood flow will be kept conétant and the pressure varied by one
means or another. This problem was solved by A. M. Richards and O. H.
Plant in 1922 while they were working in the physiology laboratories
of the University of Pennsylvania.

The essential technique of the experiments was as follows: A rabbit
was evisgscerated after the ligation of the coeliac axis, superior and
inferior mesenteric arteries and the portal vein., The vessels of the
right kidney were tied off. Ligatures were placed on the inferior vena
cava and abdominal aorta at points proximal tc the entrance of the renal

vessels, Cannulae were ten inserted pointing toward the heart into
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the main trunks. These cannulae were connected with each other and
with the pump. Cannulae were also inserted into the carotide one of
which was connected to the inlet of the pump, the other to a mercury
" manometer, After the set-up was completed hirudinized rabbit's blood
was introduced into the perfusion system, the ligature on the vena cava
was loosened, and the pump started. The result accomplished was this:
a mechanical pump of sufficient power so that no possible variation in
the si e of the blood vessels in the system could produce an increase
of resistance sufficient to change the action rate, was used to drive
blood through a mammalian kidney. A constant rate of flow was assured,
and by various means the pressure could be changed. Some of the pro-
cedures used to %ccomplish this latter effect were: medullary stimu-
lation (ischemia) splanchnic nerve stimulation, and addition of such
vaso constrictors aé adrenalin: nitro-glycerine, etc. to the perfusate.
These procedures all result in the constriction of the renal blood
vessels., The pressure was also increased by the compression of the
renal vein in order to investigate the validity of the contention of
Heidenhain that tH s procedure would produce anuria,

I have described the technique used in these experiments, because
I believe them to be among the most important ever carried out in the
investigation of kidney function. They create a situation wherein the
filtrat ion theory can be put to direct empirical test. The results
verified most conclusively this theory. In all experiments there was
a definite tendency for urine flow to vary directly with blood pressure.
Thus the filtration formula, F = P - p is directly applicable to the
glomerular phenomenon. Richards in his paper (1922) acknowledges some
possible sources of error which may appear in his work., While Huber,
Gerard, and Gross say there are no arteriolae rectae verae in the
rabbit's kidney which supply the tubules directly, they may exist and

their presence would make a constancy of glomerular supply uncertain.



On the other hand, there may be a varying number of glomeruli acting

at any‘one time, and indeed this 18 so in the normal mammallian kidney
as will be stated later. This would tend to cast uncertainty as to

the significance of the experiments. The kidney of the eviscerated
rabbit 1is not an entirely normal kidney. The factor of operative shock
is an important one and must not be overlooked. Finally, the substance
hirudin which was used in the perfusate to prevent clotting is known
to be a diuretic and could introduce a source of error,

Considering all of these fécts, however, there are certain things
which cannot be disputed. 1In this technique, an increase in renal
blood pressure would result in distension of the glomerular capillaries
which would obviously result in a decrease in rate of flow. Therefore;
if the contention of Heldenhain, that the rate of flow 1s the important
factor in the glomerular vasculation, was correct an increase 1n pressure
would produce an anuria., This was certainly not the case, but the‘
contrary result was reported., The constriction of the rensl vein pro-
duces, for Richards, an increased urine flow if not carried to a com=-
plete blocking of the vein. If the latter occurs, urine flow ceases
due to a dietension of the kidney which causes a complete stoppage of
blood flow through the organ. Thus the experiment of Heildenhain upon
which he placed so much significance is repeated and interpreted
differently. 1Instead of saying that urine stops flowing because the
rate of blood flow stops, Richards states‘that upon complete ligation
of the renal veiﬁ no blood at all reacheé the glomerull and therefore
no filtration can occur.

Richards, in acknowledging certain sources of error which may

occur in hig perfusion experiments upon the evicerated rabbit, has
stated that varying number of glomerull may be functioning at any gilven
time. A paper by Hayman and Starr (1925) throws much light upon this

problem, These investigators accomplished the intravital staining of



the glomeruli by injecting Janus Green B in a .9% Na Cl solution (wérm)
into the abdominal aorta. After allowing the dye to flow into the
blood stream for a very short time, the kidneys were removed, sectioned,
and a count of the number of stained glomeruli taken. This count gives
an accurate picture of the number of elements functioning at the time
the dye was introduced. ﬁglson's method was used to count the total
number of glomerulil, and from this figure and estimation of the per cent
of functional structures can be made. It was found that the number of
functional elements varies widely, and changes in it can be produced
experimentally. Vaso constrictors, such as adrenalin and carbon dioxide,
reduce the number to an extent that only ten per cent of the total
glomerull may be functioning when these substances are present in the
blood stream in appreciable amounts. Caffeine and sodium chloride,
which act as vac dilators, cause an increase in the number of open
glomeruli up to 1004, It was found that as a rule the number of
functional glomeruli, the kidney volume, the renal blood flow, and the
rate of urine elimination, vary in the same direction but exceptions
may occur. A decrease in kidney volume may be accompanied by one of
the following: (a) The number of open glomeruli decrease, but the
average blood flow per glomeruli continues high; (b) The number of open
glomerull continues high, constriction here simply diminishing the blood
flow through them; and (¢) a reduction in the number of open glomeruli
may be accompanied by reduced blood flow through those remaining open.
Richards and his co-workers have performed experiments upon the
frog's kidney to determine the effect of certain drugs upon the number
of glomeruli functioning and the effects upon the afferent and efferent
arteriales., Because 1its effect is more profound upon small or peri-
pheral vessels than upon larger vessels, adrenalin is an ideal substance
for use in this type of work. The calibre of the efferent glomerular

vessel 1is about one half that of the afferent, due to the fact that a
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difference in size is necessary for the maintenance of blood pressure
after the extraction of the urine constituents has been accomplished

in the capillary plexus lying between the two vessels, Using .3 c.c.
injections of a one to one million dilution of adrenalin, it was found
that expansion of the kidney (detected by an oncometer) diminution in
the blood flow, and diureses occurred simultaneously. By direct ob-
servation it was possible t» note the constriction of the efferent and
dilation of the afferent vessels, This was accomplished by noting the
volume of erythrocytes passing through the vessels. Pltultrin was
found to produce the same results. Large doses of adrenalin and pituil-
trin cause kidney shrinkage and anuria, due to the fact that in sufficient
concentrat ion thelr constrictor action is extended to the afferent
vessels producing a stoppage of blood flow through the rete. These
two druge in high concentration are used to check the excessive urine
flow which occurs in cases of dlabetes insiptdus.

The significance of these experiments is grea since they add
another point in the mass of evidence in support of the filtration
theory of glomerular-capsular function and also cast a great light
upon the fundtioning of the kidney in the normal body. In great di-
lution certain vaso-constrictors (adrenalin and pituitrin) cause diur-
esis, because they increase glomerular pressure. This effect 1s accom-
plished by a constriction of the efferent and a dilation of the afferent
vessels; the difference in action being due to the difference in their
sizes, - When administered in greaster concentration the vaso-constrictors
produce anuria by cutting down both glomerular flow and pressure.

These constrictor substances occur naturally in the human body
and are secreted normally according to the needs and demends of the
body. Through their action a nicety of renal control is cbtained that

is truly remarkable when we consider the minuteness of the amount of

these substances which will produce marked changes in renal function.
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That these changes are occurring at every instant 1s proven by Richards
through his experiments of direct observation of the functioning of
glomeruli. He has seen the constriction and dilation of the glomerular
anterioles and has observed the functional cycle of the Malphigian
bodies. It 1s apparent to him that each unit repeatedly goes into and
out:- of an active period. There appears to be no rythmaticity concerned
with the process. The theory to explain this states that the afferent
arterioles constrict, due to nervous impulses causing a diminution in
the blood flowing through them. The lessened blood flow results in a
partial asphixia of the muscular elements of the blcocod vessel and
under these conditions the vessels dilate readmitting a full supply of
blood. Thus a cycle results which causes alternate flooding and empty-
ing of the capillary pk xus of the glomerulus. This process is heing
repeated at all times and may be altered by the presence in the blood
stream of certain physiological substances such as adrenalin and pituitrin.
Other diuretics which have been used for experimental purposes
are N= Cl, HpO, NaHCOz, NapSO4, sugar, and urea. It has been found
that the effect of all of these is due to the afferent dilat ion, eff-
erent constriction phenomenom first noticed during the administrastion
of dilute amounts of adrenalin. It has been noted that the plasma
colloids are not filtered through the capsular membrane. Therefore a
high concentration of plasma colloids must occur in the efferent ar-
terioles., That these substances produce a demulcent effect upon the
vaso dilators has been proven and another body adaptation discovered.
Ey the tempering effect of the plasma colloids, excessive diuresis isg
prevented when any of the above named substances is administered.
Apother check on excessive glomerular filtration is the back pressure
developed in the intracapsular space, If this pressure is uilt up
sufficiently, as occurs during diuresis, the filtration rate is lowered

or the process may stop altogether.
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The problem of the function of the nephronic parts distad to the
Bowman's capsule is one which has not yet been mccessfully met. Some
knowledge is available; none of which isg above question. The compar-
ative physiologist seeks to assign functions to the tubules by noting
the changes in kidney action in the ascent of the phylogenetic scale
from the lower to the higher animal forms. As figure 3 shows, parts
are added in the higher forms, the mammal attaining the highest ex-
pression. These complications of the nephron are seen to be concurrent
with an increase in the osmotic pressure of the blood., The cyclostomes
secrete a large amount of dilute urine, this phenomenon being correlated
with its very small proximal tubule, All of the aquatic forms from
cyclostomes to amphibie have rather poorly developed tubules, but a
graduzl increase in thelr complexity is seen. The types in thé above
named order each have a higher vascular salt'concentrationaand secrete
a smaller, more concentrated volume of urine, When the reptilian,
avian and mammalian kidney is examined, there is a much greater neph-
ronic increase in complexity noted. 1In the first two, however, the
gldmerulus has degenerated; the capillary plexus being replaced by &
synctlal mass of cells. This is correlated with the highly concemtrated
urine and the inhibited excretion of certain substances known to be
passed by the glomerulus only. In certain birds and in mammals the
loop of Henle appears, being placed between the proximal and distal
tubules. This structure has been correlated with the great degree of
water reabsorption occurring in these kidneys, and in mammals is lmown
to be under the control of the hypophysis by means of a hormone termed
antidiurinace. This latter substance causes the locop to become active,
resulting in a high rate of water reabsorption.

The result of this study has been the'drawing of the conclusion
that as the nephron evolves to the highest expression, an increase in

the reabsorption of certain substances occurs. BSince it is now held by
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most physiologists that the glomerulus and capsule behave as a non-
selective filter, it must follow that all coﬁstituents of the blood
plasma, except its colloids, appear in the glomerular filtrate, This
has been proved by the efforts of many workers in the field. Since

many of these substances do not appear in the bladder urine, it is
logical to suppose that the tubules are act ively concerned with the
function of reabsorbing these substances, It 1is known that certain
substances, such as chlorides and glucose, normally do not appear in

the urine; but will be excreted if their concentration in the blood is
made to exceed a certain value. The latter 1s called the sugar threshold
of chloride threshold, etc. By comparing the threshold values of certain
substances in the several classes of vertebrates, it .1s possible to
correlate the degree of reabsorption with the degree of tubule expression.
More will be said of reabsorption later in conmnection with a discussion
of further experiments.

Most of the controversy concerning remal function today hinges

about the question as to whether or not the nephronic tubule has a
secretory function. Marshall ond Grafflin (1932) have studied the
function of certain kidneys which are aglomerular. It 1s obvious that

in these animals any urine constituent must be secreted by the tubule
since no glomerulus 1s present. Among the substances found to be
actively secreted by the toad-fish kidney (aglomerular) were Mg, S50,
creatinine, and phenol red. The secretory function of such a nephron

is an ebvious fact, but when the glomerular element 1s considered, and
when we consider that every constituent of urine is filtered through the
capsule to a certain extent, the complicationsg of the problem become
obvious. 1In certain fishes an injection of a large dose of phlorizin
will render a glomerular kidney aglomerular in function. In these cases
as much as 95% of the constituents of the urine appear to be secreted |
by the tubule.

If indigo carmine, sodium carminate, methylene blue, toluidin blue,
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trypan blue, ferric ammonium éitrate, or urea be injected into the
intracapsular space of a nephron, they may be detected microscopically
tn the tubules. However, each of these may also be detected in the

gl omerular filtrate after intra venous injection. Richards and Hayman
conclude from this that substances introduced into the blood stream can-
not be proven to be secreted by the tubule unless it caﬁ be also proven
that they are not filtrable by the glomerulus. At presemt no substance
is known which behaves in the above mmner. In studying the kidney of
Necturus and the frog, Walker and Hudson have reached the conclusion
that in the first animal glomerular filtration and tubule reabsorption
of water are sufficient to account for the urine concentrations of urea
when it iIs compared with the plasma concentration. In the frog, however,
the high urea concentration of the urine cannot be entirely agccounted .
for by water reabsorption and glomerular filtration. They conclude,
therefore, that some what less than 407 of the urea excreted by the

frog kidney is gecreted by the tubular portions of the nephron. Marshgll
and Vickeres injected phenol red into a dog and found that the amount

of dye excreted by the urine was larger than the calculated amount
passing through the glomeruli., This dye was believed to be at first
concentrated in the proximal tubule cells and then secreted into the
lumen., Richards believes that the estimates of the rate of flow made

by these investigators 1s low and their conclusions invalild.

I repeated an experiment which was intfoduced by Richards to in-
vestigate the function of the proximal tubule in respect to its se-
cretory function., A modificat ion was introduced in order to determine
the effect of ethyl alcohol upon tubule function. Frogs' kidneys were
excised and placed in .03% solutions of phenol red in Ringer's solutlion.
The first kidney was placed in the pure dye - Ringer's solution, while
other kidneys were placed in portions of original solution containing
1%, .25%, .5%, and 1% ethyl alcohol. After remaining in the solutions

for three hours, the kidneys were examined microscopically from the



ventral surface. In the non-alcoholic solution the dye was seen to be
concentrated in the luma of the proximal tubules to a greater extent
than in the external solution. In the .1% alcoholic solution the con-
centration had proceeded to a greater extent than in the control. The
«25%, +5%, and 1% solutions showed a progressive decrease in the amount
of dye held within the tubule. In the last case there was little or no
evidence of tubule activity which was understandable since the dehy-
drating effect of the alcbhol was evident from the puckering of the
gurface of the kidney.

These experiments upon the excised frogs' kidney s owed conclusively
that there was secret ion of phenol red by the renal tubule. That the
phenomenon was attributable to the proximal tubule 1is Jjust ified when
we consider that no glomerular circulation existed at the time of the
experiment. The effect of alcohol seems to be to increase secretion up
to a certain point in concentration and then inhibit it. Richardé and
Marshall have concluded that diffusion of water and phenol red occurs
through the tubule wall into the lumen, and then reabsorption of water
takes place resulting in a concentration of the dye remaining within the
tubule, Many investigators claim to heve proven that the kidney tubule
secretes such substances as createnine, urea, and uric acid which are
normal constituents of the urine. The effect of HCN and Hg Clpo upon the
kidney seems to be to prevent the concentration of these substances
within the tubule lumen. In other words, the selective permeability of
the proximal tubule cells is destroyed and diffusion occurs in both
directions; that 1is, both toward and away from the lumen. It seems
unquest ionable that secretion does occur in the proximal tubule of the
amphibian kidney. This structure is closely akin to the analogous
mmmalian structure and may be used as a standard of refercnce. This
secretion, as definitely proved by empirical investigation, has been

concerned with substances foreign to the blood plasm. Whether or not
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the normal constituents of urine are secreted by the tubule still re-
mains open‘for debate., Richards, whom I bellieve to be the autstanding
authority on the subject of kidney physiology, contends that the amounts
of all normal urine constituents mey be entirely accounted for by a -
calculation of the rate of gdlomerular filtration. This calculation is
rather simply made. A sbustance 1s injected introverously into the
experimental animal., The rate of filtration of a single glomerulus is
determined by inserting a cannula into the intracapsular space and re-
cording the amount of filtrate per unit of time. This value 1s then
multiplied by the total number of glomeruli which gives the total
glomerular filtration value. The amount of urine volded per unit of
time is noted and the concentration of the introduced substance 1s
determined by analysis. By comparison of tlese values an estimate as
to the amount of tubular secretion is possible. If it is found that
the urine concentration of the substance is abnormlly high, the logical
conclusion must be that the excess of the substance has been secreted
by the tubules. To reiterate; Richards has frequently stated that the
excretion of all normal urine constituents can be accounted for by the
rate of g}omerular filtration; foreign substances such as dyes, certain
drugs, and polsons such as As, Pb, etc. are secreted by t he tubule if
their concentration is not such as to injure the epithelium,

That reabsorption occurs in the renal tubule is a positively proven
fact. The reabsorption of giucpse and chlorides unier experimental con-=
ditlions has provided most of the knowledge we possess concerning the
phenomenon., These substances occur in the glomerular filtrate in the
same concentration as found in the blood plasma, although they are
pract ically non-existent in the bladder urine. Walker and Hudson (1937)
have examined the reducing power of the glomerular filtrate as it flows
through the proximal tubule in an effort to determine just where reab-

sorption of glucose occurs. Richards states that glucose reabsorption



in the proximal tubules of Necturl and frogs occurs in the following
way: 1/8 of the distance down the tubule the glucose concentration is
20% less than in the plasma; at 1/4 the distance it is 5% less; and

at 1/2 the distance there is no glucose detectable. Walker and Hudson
believe that more of the tubule is involved than this. They have
further noted that an increase in the rate of flow through the tubule
decreases the absorptive phenomenon as does a high concentration of the
substance being absorbed., This latter is i1llustrative of the threshold
principle as it applies to sugars. The same inwestigators claim that
the tubule may effectively reabsorb when the asmatic pressure of the
tubule fluid is doubled, thus showing that the provess is a "yital®

one and can proceed against a greater than normal force.,

By introducing phlorizin into the blood stream of a frog, the re-
absorptive process may be stopped. When the reducing power of the
tubule fluid is examined under these conditions, an increase in the
value 1s seen., At the distal end of the proximal tubule of the frog,
it ig 40% higher than the plasma value, while at the distal end of the
distal tubule it is 300% of the plasms value. This increase in the
concenmtration of reducing substances (sugars) 1is accounted for by the
reabsorption of water which is evidently not affected by phlorizin, Ve
may then conclude that about 1/3 of the water reasbsorbed is taken up in
the proximal convoluted tubule and about 2/3 of it is reabsorbed by the
distal convoluted tubule. The loop of Henle which achieves full ex-
pression only in mammales is the chief seat of water reabsorption in
the higher types.

Montgomery =nd Pierce (1937) have examined the function of the
Necturus and frog kidneys in an effort to determine the process by
which acidification of the urine occurs. They have fourd it to occur
in the distal convoluted tubule and specifically in the cells of about
1/5 the extent of the tubule. The cells participating in this actio
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are nearer the distal than the proximal end of the tubule. They have
noted that in many cases a widening of the lumen which these cells
enclose is evident. The acidifying elements are capable of changing
the pH of .37 Naz PO, from 7.5 &nd 6.8 in one minute. This phosphate
gsolution has a buffer action 100 times greater than that of the glo-
merular filtrate, The acidifying action is retained after doses of

Na H COz sufficient to change the blood pH have been administered.
There is no indication that other cells may assume this function 1if the
pH value of the tubular fluid is made excessively low. Concerning the
manner in which the pH of the urine is lowered, the authors have noted
since the concentration of Na H 003 approaches zero in the urine, the
reabsorption of this substance may result in the acidity. However,
they are unable to deny that the cells secrete acid. Marshall suggests
tat the absorption of OH ions produces the acidity. He observed the
progressively acld reaction of phenol red as 1t proceeded into the
distal convoluted tubule,

This acidifying action of the distal tubule, as explained by the
reabsorption of Na H 003, would constitute an important factor in the
maintenance of the blood pH, since the latter depends to a great extent
upon the buffer action of the bicarbonate ion. If this substance were
actively excreted in the urine, a deficiency in the blood stream would
sbon arise resulting in a fatal acidosis. Although these experiments
have not been developed for the mammalian kidney, the similarity exist-
ing between its proximal and distal convoluted tubules amd those of the
Amphibian type 1s so close as to make a conjJecture that the process in
the higher form ie similar to that in the lower.

Since so much of the physiology of the kidney is dependent upon
the permeablility of cell membranes, a brief discussion of this subject
will be given. Richards has observed the fact that cerﬁain substances
can diffuse across the cells of the proximal tubules in one direction

but not the other. This results in the concentration of such sub-
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stances as phenol red and urea in the tubule luma. Also he has noted
that certain very diffusable substances, such as creatinine, will not
diffuse through the renal tubule cells at all. This, he believes is
due to the "vital" manifestations of the tubule which are destroyed by
such toxic substances as H C N and Hg Clp. The existence of a cell
membrane apart from the endoplasm is a proven fact, Chambers saw
haemoglobin fl owing from punctured erythrocytes and Fricke after studies
of the same bodies has said that the membrane may be manomolecular with
a calculated thickness of 33 Au or the length of a molecule of fatty
acid. The action of membranes 1s today held to be that of a sieve,
Wilbrant (1935) has attempted to compromise the sieve and 1lipoid solvent
theories by explaining cell permeability upon a molecular basis. Ac-
cording to his 1dea the intermoleculer spaces are analogized to the
pores of a sileve and the forces applied to theam are analyzed, In his
study of asymmetrical membranes, Wilbrant has hit upon a possible ex-
planation of the one-way permeability of the cells of the proximal con-
voluted tubule. These membranes show different permeability capacities
on elther side, so that one side 1is anion permeable and cation imperine-
able while the other surface shows the reverse condition. Much of the
work concerned with cell permeability has been done with artificial
membranes made from collodion, cellulose acetate, silk-protein pre-
parations, etc. Also the aquatic plant Velonia has figured to a great
extent in the work. Whether the concepts drawn from this work are
directly applicable to such complicated cell membrane phenomena as the
tissue transport of HCl in the stomach and the secretion of phenol red
by the proximal convoluted tubule of the kidney will perhaps be deter-
mined in the near future.

In coneluding this discussion 1t may be said that the sieve theory
is generally held at present to present the true picture of cell mem-

brane behavior. The effects of certain substances upon permeability
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have been studied and these efforts may of fer an explanation of the
threshold phenomenon as expressed by the tubule. It 1s known that
suerose in hypotonie amounts will increase the permeability to water
of the eggs of Arabacia punctulata, and it is likewise lnown that large
amounts of glucose in the blood will present diuresis and decrease 1in
sugar reabsorption by the kidney. These latter are certainly exhibi=-
tions of change in cell permeability. Concerning the nature of the
sleve structure of membranes, it is probable that the pore size is
variable and molecular size is an important factor in determining the
permegbility of a substance. The capsular epithelium and glomerular
endothelium are evidently permeable to all blood constituents except
the colloids and the erythrocytes, resulting in a mechanical, filter-

like mechanism,
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SUMMARY

(1) The nephron is the functional unit of the kidney. Its parts
have been enumerated and a brief description of their histology given.
Glomerull and their capsules act as filters which can be proven by ex-
periments that demonstrate the fact that their action conforms to the
physical law of filtration, F = P - p. Recent attacks upon the fil-
tration theory have been initiated by investigators who believe that
the amuria attending ether anaesthesia is due to a disturbing of the
"vital" activities of the glomerular cells. This contention is met by a
statement of A. N. Richards to the effect that the anuria is a result
of the decrease of remal blood pressure.

(2) Diuretic action is produced due to the fact that the afferent
arteriole is dilated by them to a greater extent than the efferent,thus
producing an increase in glomerular pressure with concurrent increase
in filtration. This dilation of the afferent vessels is attended by an
increase in the size of the kidney detectable by oncometrlc measurements.

(3) Each Malphigian corpuscle is continually in a cycle which ex-
tends from functional activity to quiescence. No particular rhythmacity
is evident and a theory to explain the phenomenon is given.

(4) The proximal tubules are mown to reabsorb certain valuable
constituents of the Hlood plasma which the non-selective Malphigian
bodies have filtered. It 1s Richards' contention that no secretion
of the normal urine constituents occurs in the proximal tubule, although
many investigators claim the contrary. Certainly, foreign substances
such as dyes and certain polisons are secreted by the proximal tubules
and concentrated in their luma by a process of water reabsorption and
retention of the substances in question. HCN and HgCl, prevent the
one way diffusibility of such substances as phenol red and neutral red
through the tubule and render the concentration of these substances in

the lumen impossible,
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(5) Water reabsorption and consequent concentration of the urine
occurs &hiefly in the distal convoluted tubule and the loop of Henle,
The former 1s also concerned with the acidification of the exeretion.
Its functional capacity in this respect is at least 100 times greater
than the maximum normal demand. This process of acidification my be
attended by the reabsorption of NaHCOB, the secretion of an acid by the
cells of the distal tubule, or the absorption of OH ions. The question
is undecided.

(6) The function of the kidney is to remove certaln wastes and
excess metabolic substances.  In the latter instance we encounter the
phenomenon of threshold substances such as sugar and the chlorides which,
while appearing in the glomerular filtrate in a concentration equal to
that of the blood plasma, will‘be reabsorbed by the proximal tubule as
long as thelr concentrations, in the plasma, does not exceed a certain
value, Beyond this point, called the threshold, the substances will
appear in the urine. Phlorizin 1s a substance which will inhibit tubu-
lar absorption when administered intravenously. Another functli on of
the kidney is the maintaining of the osmotic constant of the Hlood;
this varying among the several vertebrate classes as does kidney ex-
pression, Thellower forms possess simple kidneys whose reabsorptive
function is less acute than those of the more completely evolved animals.
This lack of reabsorptive powers 1is correlated with a small, poorly
develcped proximal tubule,

(7) Exquisite balance and control by innervation and endocrinal
hormones is seen in case of the kidney. Among these substances adrenalin
and pituitrin as well ag the antidiuretic hormone, which 1s secreted by
the posterior lobe of the hypophysis and controls the action of Henle's
loop. The greatest amount of these controls is exerted upon the ele-
ments of the Malphiglan corpuscles and specifically upon the afferent

and efferent arterioles. By means of changes in thelr calibre through
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vaso constriction and dilation, profound changes in the rate of urine
formation and the urine composition are produced. It has even been
suggested trat these contain minute sphincter elements at thd r
junction with the rete mirabile of the glomerulus. Variations in intra
glomerular flow have been noted; various parts of the plexus receiving
blood while others do not.

(8) In conclusion i1t may be said, tat aside from its normal
function the kidney continually acts as a safe guward against certain
blood stream poisons and in general aids in the ma intenance of proper
body conditime through a delicately assigned and controlled functional

apparatus, the nephron.



BIBLIOGRAPHY

Mitchell, Philip H.
MeGraw-Hill Book Co., Inc,

Howell, William H.
W. B. Saunders Co.

Jordan, Harvey Ernest _
D.Appleton=-Century Co., Inc.

Bremer, J. Lewis
P. Blakiston's Son and Co.,Inc.

Maximow, Alexander A.
W. B. Saunders Co,

PERIODICALS

Clarke, R, W, & Smith, H. W.

Journal of Cellular and Comparative

Don, Philip

The Journal of General Physiology

Hayman, J., M, & Starr, I.

The Journal of Experimental Medlcine

A Text=Book of General Physiology
New York, 1932

A Text=Book of Physiology
Philadelphia, 1937

A Text-Book of Histology
New York, 1934

A Text=Book of Histology
Philadelphia, 1936

A Text-Book of Histology
Philadelphia, 1936

Adsorption and Excretion of
Water Salts by the Elasmobranch
Fishes

Physioclogy April, 1932

The Adsorption of Egg Albumin
on Collodion Membranes

Vol. 19, No. 6; July 20, 1936

Experiments on Glomerular Dig-
tribution of Blood in the Mam-
malian Kildney

42-1925



Irwin, Marion

The Journal of General Physiology
VMarshall, E. K. Jr.
Physiological Reviews
Marshall, E, K, Jr. & Grafflin, A, L,
Journal of Cellular and Comparative

McClutchen, M. & Lucke, B.

The Journal of General Physiology

Vontgomery, H. & Plerce, J. A,

The Journal of Physiology

Northrop, J. H.

The Journal of General Physiology

Richards, A, N. & Plant, O, H.

The American Journal of Physiology

1L
1

The Effect of Acetate Buffer Mix-
tures, Acetic Acid, and Sodlum
Acetate on the Protoplasm, as

Influencing the Rate of Penetration

of Cresyl Blue into the Vacuole
of Nitella

Yol. 11, Ne, 2; Now. 20, 1927

The Comparative Physiology of the
Kidney in Relation to Theories of
Renal Secretion

Jan, 1934

The Function of the Proximal
Convoluted Segment of the Renal
Tubule

Physiology April, 1932

The Effects of Certain Electro-
lytes and Non Electrolytes on
the Permeability of Living Cells
to Water

Vol, 12, No.l; Sept. 20, 1928

The Site of Acldification of
the Urine within the Renal
Tubule of Amphibia

118- 1937

The Permeability of Thin, Dry,
Collodion Membranes

Vol. 12, No. 2; Nov. 20, 1928

Urine Formation in the Perfused
Kidney

59~ 1922



1g;

Richards, A, N, & Hayman, J. M., Jr. Deposition of Dyes, Iron, and
Urea in the Cells of a Renal
Tubule after Injection into
Its Lumen; Glomerular Elimin-
ation of the Same Substances

The American Journal of Physiology 79- 1926

Richards, A. N, Urine Formation in the Amphi-
blan Kidney(from "The Kidney
in Health and Disease")

Lea & Febiger Philadelphia, May, 1935
Richards, A, N, Recent Developments in the
Study of Normal Renal Function
Trans, College of Physiclans of Philadelphia 2- 1934
Richards, A, N. The Nature and Mode of Regula=-
tion of Glomerular Function
The American Journal of Medical Science 170= 1925
Rlchards, A, N. & Plant, O, H. The Action of Minute Doses of
Adrenalin and Pituitrin on
the Kidney

.

The American Journal of Physiology 59- 1922

Spilegel- Adorf, Mono Polarization Studies in Collo-
dion Membranes and Synthetic
Protein-Lipoid Membrane

The Journal of General Physliology Vol., 20, No. 5; May 20, 1937
Taylor, Nelson W, Acld Penetration into Living
Tissues

The Journal of General Physiology Vol. 11, No. 3; Jan. 20, 1928



Walker, A, M. & Hudson, C, L.
The American Journal of Physiology

Walker, A, M, & Hudson, C. L.

The American Journal of Physiology
Welch, A, A, & Mlchaelis, L,

The Journal of General Physiology
Wilbrandt, W.

The Journal of General Physiology

s

The Role of the Tubule in the
Excretion of Urea by the
Amphibian Kidney

118~ 1937

The Reabsorption of Glucose
from the Renal Tubule in
Amphibia and the Action of
Phlorizin upon It

118~ 1937

The Diffusion of Non-Electro-
lytes through the Dried
Collodion Membrane

Vol. 12, No. 1; Sept. 20, 1928

The Significance of the Struct-
ure of a Membrane for Its
Selectlive Permeability

Vol. 18, No. 6; July 20, 1935



	Some Aspects of the Physiology of the Nephron
	tmp.1665773067.pdf.k3MvA

