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Lymphology has made remarkable progress in last two decades. Various techniques to identify lymphatic vessels

in the body have been developed and brought about great changes in this fields including both basic and clinical

research. Although multiple achievements have been made by our predecessors over time, however, many fun-

damental questions in this field of lymphology still remain unresolved. We recently described these issues in our

review articles, titled “Seven Mysteries of the Lymphatics” and “Some Remaining Mysteries in Lymphology: Re-

lationships between Lymph and Fat”. In this review, we described several particularly important topics and in-

teresting points being considered from various perspectives by emphasizing the unresolved mysteries.
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Foreword

Lymphology research has greatly progressed in re-
cent years, with the discovery of specific lymphatic
endothelial markers and the various factors and
genes involved in their proliferation and reproduc-
tion, as well as various advancements in diagnostic
and clinical technologies. However, while research-
ers tend to be drawn to discoveries using these new
technologies and techniques, would this not lead to
overlooking and neglecting older, better-known
data and biological phenomena? Although multiple
achievements have been made by our predecessors
over time, many fundamental questions in this field
of lymphology still remain unresolved.

We recently described these issues in our review
articles, titled “Seven Mysteries of the Lymphatics™
and “Some Remaining Mysteries in Lymphology:
Relationships between Lymph and Fat”.” While an-

swers to some outstanding questions have been
partially answered, new information may be ob-
tained by retracing the flow of our research.

In Parts 1-4 of this paper, we will describe sev-
eral particularly important topics and interesting
points being considered from various perspectives.
This discussion will present these topics using more
familiar phenomenology, as well as by using older
data, while maintaining a short distance from the
latest findings at the molecular and genetic levels.
We invite younger researchers and clinicians to join

us in understanding the lymphatic system.

Part 1: What is the Lymphatic System?
The lymphatic (vessel) system comprises of the fol-
lowing elements:
1) The entire vascular system lined with charac-
teristic walls through which the lymph flows
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Table 1 Techniques mainly used for the observation of lymphatic vessels in the conventional histological methods.

Techniques Specificity Reliability Requirement for skill References®
Dye injection — # + + Kutsuna (1968) 19
Intraarterial injection of AgNO:2 - + + Mori (1969) 13!
Transmission electron microscopy - ++ +4+ Fraley & Weiss (1961) 132
Leak & Burke (1968) 33

Scanning electron microscopy

i) Corrosion casts - + +4+ Ohtani & Ohtsuka (1985) 13

i) KOH-collagenase treatment - + ++ Ushiki (1990) 1%
Enzyme histochemistry

5-Nucleotidase + + + Kato & Miyauchi (1989) 136
Lectin staining + ++ - Gnepp (1987) 137
Immunohistochemistry ++ ++ - Ezaki et al. (1990) 138

* Listed only representative references.
+

# — : negative,

(lymph trunks, collecting lymphatics, lymphatic
capillaries, lymph sinuses, and lymph sacs)

ii) Supplementary organs for this system include
a) lymphoid tissues (lymph nodes, lymph nodules,
and lymph invasions) and b) motile organs (propul-
sor: lymph heart)

1)) The contents of the system (lymph, chyle)

Depending on the species and its level of phyloge-
netic differentiation, some of the components listed
above may not be present.

1. Structure and functions of the lymphatics

1) Lymphatic capillaries

Lymphatic capillaries are the origins of lymph
vessels and begin in blind ends that absorb and
drain surrounding interstitial fluid. They are func-
tionally the most important part of the lymphatic
system and can absorb almost anything: molecules
too large to be taken up by the blood vessels, fats
(particularly long-chain fatty acids with 12 or more
carbon chain length), cells and foreign bodies. De-
spite their name, lymphatic capillaries have diame-
ters ranging from few to several times more than
those of normal blood capillaries (15-75 and 5-10 um,
respectively). However, the thin walls of the lym-
phatic capillaries and the transparency of the
lymph itself make lymphatic capillaries difficult to
distinguish from blood capillaries and tissue spaces
by direct observation or under a normal micro-
scope. This is one of the reasons for the delayed re-
search on lymphatic system as compared to vascu-
lar system. Moreover, it becomes exceedingly diffi-

. weakly positive, +: positive, ++: strongly positive.

cult for an inexperienced individual to identify
lymph vessels (Table 1). In recent years, however,
specific markers and genes expressed in the lym-
phatic endothelium® as well as specific lymphatic
growth factors have been discovered, and then lym-
phatic research has undergone great progress,
nearly reaching up to the level of vascular re-
search.! Endothelial cells of the lymphatic capillaries
are flattened except for their nuclei, which protrude
into the lumen with slightly higher abundance of
cytoplasm and organelles. Unlike blood capillaries,
lymphatic capillaries show extremely poor develop-
ment of basement membrane, and lack both a con-
tinuous basement membrane and adventitial cells.
This makes them suitable for the absorption of in-
terstitial fluid, particularly material particulates.
When not performing their absorptive function,
neighboring endothelial cells shorten the narrow
gaps between themselves and overlap with each
other. These cells are not bound by tight junctions.
Once absorption begins, the spaces between these
cells widen to varying degrees. Material particu-
lates such as carbon particles can be taken up, and
during periods of intense absorption, these gaps can
widen enough to accept cells such as erythrocytes.
During intense absorption,’ lymphatic endothelial
cells change their shape: stretching, shrinking, flat-
tening, thickening, and sometimes even bending.
The intense absorption is either caused spontane-
ously or by such active deformation of the endothe-
lial cells. But here is the mystery. What has brought



about these morphological and functional changes
between the absorbing and non-absorbing states?
Inside these endothelial cells, superfine cytoplasmic
filaments form bundles of various sizes, most of
which run parallel to the cells’ major axis.’ Identify-
ing the contractile ability of these filaments may ex-
plain this activity. Baluk et al.,” identified button-like
structures unique to the beginnings of lymph ves-
sels at the boundaries of lymphatic capillary endo-
thelial cells. According to their study, interstitial
fluid can be freely absorbed in the space inside
these structures. Additionally, lymphatic endothe-
lial cells contain numerous pinocytic vesicles, and
interstitial fluid is absorbed via encapsulation into
these vesicles. Fat droplets containing chylomi-
crons (0.1-0.3 um) are absorbed only by lymph ves-
sels located at the center of intestinal villi.* Again,
the process occurs via the separation of endothelial
cells and uptake of pinocytotic vesicles.” Uptake by
pinocytotic vesicles is a basic form of phagocytosis
that has existed since the era of unicellular life. Fur-
ther, bundles of cellular fibers emerge from the ba-
sal sides of lymph capillary endothelial cells, which
serve to connect the cells to the surrounding con-
nective tissue and are known as anchoring fila-
ments. These filaments are thought to help prevent
the lymphatic lumen from collapsing when tissue
pressure increases. Nerve endings contact endothe-
lial cells of the lymph vessels central to the villi, and
some studies" show that by stimulating smooth
muscle aligned with the major axis of the central
lymph vessel, neuropeptides from these nerve end-
ings regulate absorption and transport of the lym-
phatics.

2) Collecting lymphatics

Like blood vessels, collecting lymphatics are thor-

oughly covered with a complete basement mem-

brane and contain valves in their lumen and smooth

muscles in their walls. Special characteristics of

these muscle layers include the lack of a clear
boundary between the tunica intima and tunica me-
dia (muscular layer) because of their frequent con-
nection with the sub-endothelium, an abundance of
connective tissue between the fibers, diagonal and
spiral arrangements, and a mixture of left- and

right-wrapping elements. Nevertheless, in lymph
vessels of the lower limbs, these fibers are clearly
separated into three layers: the inner longitudinal
layer, middle circular layer, and outer longitudinal
layer. Lymph vessels of the upper limbs have only
two layers and lack the outer longitudinal layer.
Muscle fiber development of lymph vessels of the
head and the neck are quite poor, and many either
only have weak diagonal longitudinal fibers or com-
pletely lack muscle fibers altogether. Lymph ves-
sels from internal organs lack muscle fibers when
they run through organs, but away from organs,
nearly diagonal longitudinal fibers and occasionally
nearly diagonal circular fibers are detected. Most
lymph vessels are hence not just simply cylindrical.
Instead, areas between valves have better-
developed musculature and thicker walls, while ar-
eas near the valves are thin-walled, and show either
very poor musculature or lack fibers entirely. Thus,
the portion of a vessel between two valves has been
traditionally regarded as a single unit, called the
lymphangion." The spontaneous contractions of
lymph vessels”™ occur unit by unit in these lym-
phangia to carry lymph towards the trunk of the
body. Increased lymph volume and intralymphatic
pressure are thought to cause spontaneous contrac-
tion. Additionally, the smooth musculature runs
longer than one lymphangion node.” Lymph vessels
of the mesentery are often used to observe sponta-
neous lymphatic contraction. In cows, sheep, guinea
pigs, rats, and mice, contractions occur at a high fre-
quency, while in cats, dogs, and rabbits, they occur
at a much lesser frequency. All animals with low
contractile frequency exhibit poor development of
lymphatic vessel muscle fibers. Spontaneous lym-
phatic contraction has also been studied in humans;
the vessels in the lower limbs contract approxi-
mately 4-5 times per minute, while those of the tho-
racic duct contract 1-4 times per minute. When col-
lecting lymph from the thoracic duct through can-
nulation, if either respiration or peristalsis stops,
lymph flow will also stop. At such times, a light per-
cussion of the abdomen can help resume lymph
flow. Additionally, when cannulating lymph ducts in
the limbs, it is nearly impossible to collect lymph if



Figure 1 Lymphatic valves in various species.

A: Various types of valves in human lymphatic vessels of the lower extremities. Most of

human lymphatic valves are semilunar, each consisting of 2 valves. (from Ogo, 1933) 120

B: The thoracic duct (T) enveloping the aorta (A) of a snake. A valve equipped with
smooth muscle fibers is indicated by an arrow. Van Gieson staining. (from Kotani, 1959)17
C: A craterform valve with smooth muscles in the septum between subcutaneous lymph
sacs of toad. Van Gieson staining. (from Kihara and Nose, 1931) 130

the patient is under anesthesia, but a light massage
of the legs or fingers can resume lymph flow. These
observations indicate that lymph circulation is pre-
dominantly passive, and massage and muscular
contractions in the surrounding area are important
for lymph flow.

In the collecting lymphatics, multiple valves are
present and occur much more frequently compared
to valves in the veins. These valves are particularly

numerous in the subcutaneous vessels of the limbs
and trunk, and in some places are present every 1-2
mm apart. These valves are normally bicuspid
semilunar valves (Figure 1A). In the shallow envi-
ronment of the lymph sacs, the valves can be
crescent-shaped. Unicuspid, tricuspid and tetracus-
pid valves are the ones occasionally observed.
These valves are composed of folds of lining mem-
branes; lymphatic endothelium covers both sides of



a thin flap of connective tissue membrane. Fibers
radiate outward from valve attachment points and
interlace at the center of the valve cusps. The
valves of lymph vessels are well-developed, ensur-

ing that lymph flows uni-directionally without any

backflow. As a result, the functional range of lym-
phatic visualization at the extremities following in-
jection of dye or contrast agent is, by definition, lim-
ited. However, if lymph vessels or nodes become ob-
structed, lymph congestion occurs, causing the lym-
phatics to swell. This swelling eventually prevents
lymphatic valves from closing completely. If the
swelling spreads to the peripheral -circulation,
lymph backflow can occur. Retrograde metastasis is
unlikely, but it could occur if lymph vessels or
nodes become blocked by cancerous tissues be-
cause of incomplete valve closure.

Some aspects of the muscular layer of lymph ves-
sels and valves are a mystery. First, looking at the
muscular layer, only birds and mammals have
smooth musculature in the walls of their lymphat-
ics, while reptiles, amphibians, and fish do not. Al-
though the lymphatics of snakes, turtles, frogs, and
toads are very well-developed, and contain large
lymph sacs and sinuses, the walls of these struc-
tures contain no musculature. Next, looking at the
valves, the valves of birds and mammals are semilu-
nar, while those in the barrier walls of large lymph
sacs and wide lymph sinuses of reptiles and anuran
amphibians are funnel-shaped. Further, the semilu-
nar valves of birds and mammals are not muscled,
but in snakes and toads, their lymphatic funnel
valves are the only part of the system in which
smooth muscle is found (Figure 1B & C). But why is
that? Are these differences due to the sudden nar-
rowing of lymph ducts in birds? Or are they due to
differences in the strength of lymph flow?

The skin of anuran amphibians like frogs and
toads can be grasped and pulled far away from
their bodies" because the space underneath their
skin functions as a large lymph sac. The area of this
sac corresponds to the subcutaneous tissues in a
mammal. Below this and between their organs,
there is a large lymph sinus, through which arteries
and veins run. Reptiles like snakes and turtles also

have large lymph sinuses through which arteries
and veins run (Figure 1B). In fact, the Japanese rat
snake, Elaphe climacophora, not only has this type of
vasculature, but some organs, such as the thyroid,
thymus and liver, are also present within the lymph
cavities.” These animals which cannot produce
their own heat are referred to as cold-blooded; not
because their blood is cold, but because their heat is
derived from external sources. They must use heat
from the sun to regulate their body temperature.
The lymph sinuses and sacs, filled with lymph,
which is a poor conductor of heat, are thought to be
necessary for these organisms to maintain their
body heat. Lymph is also thought to be useful for
water storage. In hot regions of Australia, there is a
type of frog that stores a large amount of water in
the lymph sac beneath its skin, burrows into the
soil, and estivates. This “water-holding frog” is said
to utilize this behavior to avoid heat.” In birds, how-
ever, which can produce their own heat, the lym-
phatics are very thin, but their heat production is
still not sufficient to ensure survival. Thus, their
bodies are covered in feathers, and some or all of
the blood vessels in many species are surrounded
by lymphatics. The lymphatics of mammals are
quite thin.

In contrast, caudate amphibians, which belong to
the same class as those discussed above, have a
completely different configuration. Although they
spend almost all their time in the water, caudates
such as newts and salamanders have a very well-
developed but nevertheless thin, vessel-like lym-
phatics. Even among frogs, completely aquatic or-
ganisms such as tadpoles have thin vessel-like lym-
phatics. As they begin to emerge onto land, the
lymphatics fuse together to form one large lymph
sac. Ostariophysi such as carp and crucian carp,
also have well-developed vascular lymphatics. In
general, the configuration of an organism’s lymphat-
ics changes based on whether it is homeothermic or
poikilothermic, and whether it lives in water or on
land. Here, too, is another mystery. There is little
variation in the blood circulatory systems of these
animals compared to that of their lymphatics.



Figure 2 Illustrations of main lymphatic flows in the extremities, head and neck.

A: Lower extremity; superficial inguinal lymph nodes (Al), inferior iliac lymph nodes (A2).

B: Upper extremity; central axillary lymph nodes (B1), interdeltoidpectoral lymph nodes (B2),

subclavian lymph nodes (B3).

C: Head and neck; occipital lymph nodes (C1), postauricular lymph nodes (C2), superficial
auricular lymph nodes (C3), submental lymph nodes (C4), submandibular lymph nodes (C5).

(from Kotani, 2012)?

3) Lymph trunks: lymph trunk and lymphatic
duct

Longitudinal smooth muscle fibers often form in
the tunica intima of the thoracic duct, the largest
lymph trunk inside the body (on the left side).”
These fibers become more developed further down
the length of the duct. The tunica media is made up
of inner longitudinal, middle circular, and outer lon-
gitudinal layer, all of which have a near-diagonal ori-
entation. The development of the near-diagonal in-
ner longitudinal layer is most advanced. A unique
characteristic of this layer is the abundance of con-
nective tissues between muscle fibers. Elastic fibers
run subintimally and outside of the muscular layer
to form a fiber network. The right lymphatic duct
and lumbar trunks have walls thinner than the tho-

racic duct but have much more muscle fibers, and
three clear layers of musculature can also be seen.
The bronchomediastinal and the intestinal lymph
trunks lack the outer longitudinal musculature. The
jugular and the subclavian lymph trunks have even
thinner walls, with only diagonal longitudinal mus-
culature. Multiple valves are also present in the tho-
racic duct.

2. Route and size of the lymphatics

Since ancient times, the distribution of lymphat-
ics throughout the body has been traced by inject-
ing ink, dye or other pigmented liquids into the con-

19% Footnote

nective tissue of a specific region. Injecting
dye between the toes causes up to 10 or so superfi-
cial lymphatics to become visible on the dorsum of

the foot, enabling clear visualization of these struc-

*Footnote: Visualization of lymphatics upon dye injection is possible in humans, animals, and cadavers. It may be even eas-

ier to inject these dyes several hours after death because, by that time, blood in the vasculature will have clotted and the

dye will be injected selectively into the lymphatics. There are no red blood cells or platelets in the lymph, making it virtu-

ally incapable of clotting. Another method involves direct injection of dye into the lymph nodes to visualize the lymphatics

and nodes downstream of the injection site, closer to the trunk of the body. This method is still widely used today as a clini-

cal diagnosis technique, as lymphangiography.



Figure 3 An illustration of human superficial inguinal
lymph nodes.

Both afferent and efferent lymphatic system in lymph
nodes are present. In general, several afferent lymphatic
vessels enter a lymph node; however, efferent lymphatic
vessels (gray) from the node, even if two or three efferent
vessels initially leave the node, soon converge and leave
as only one with unidirectional lymph flow (arrows). Thus,
although there may be several afferent vessels, there is
eventually never more than one efferent lymphatic vessel
from the node. Note all lymph nodes are located in the adi-
pose tissue (F). (with modification from Kotani, 2012)!

tures as they ascend the lower leg (Figure 2A).
They pass the knee, rapidly ascend the thigh, and
flow into the superficial inguinal nodes.” Interest-
ingly, the superficial lymphatics do not follow the
same course as the blood vessels in the area (the
two or three superficial lymphatics that originate in
the heel enter the superficial nodes of the popliteal
fossa). Lymphatics that exit the superficial inguinal
nodes become deep lymphatics, which then pass
through the lower iliac lymph nodes along the ex-
ternal iliac artery, through the upper iliac lymph
nodes along the common iliac artery, and through
the paraaortic lymph nodes along the abdominal
aorta. They form the left and right lumbar lymph
trunks and ultimately empty into the cisterna chyli.
From here, the thoracic duct begins. The intestinal
lymph trunk, from the intestinal lymphatics, also
flows into the cisterna chyli. When dye is injected
between the fingers, up to 10 or so lymphatics ap-
pear on the dorsal and palmar surfaces of the hand

and ascend the forearm (Figure 2B). They pass the
elbow, rapidly ascend the upper arm, and after
passing either through the deltopectoral nodes or
central axillary node, they flow into the subclavian
lymph node. Here too, they do not follow the course
of the blood vessels (the two or three superficial
lymphatics that originate on the ulnar side of the
palm enter the cubital lymph nodes). After exiting
the subclavian nodes, the lymphatics become the
subclavian trunk. On the right, they converge with
the cervical lymph trunk and then empty into the
right angulus venosus, while on the left, they con-
verge with the cervical trunk and thoracic duct and
empty into the left angulus venosus. The approxi-
mately 10 superficial lymphatics that become vis-
ible after injecting the scalp or center of the face
with dye trace the following paths. From the head,
the lymphatics pass through the occipital nodes,
posterior auricular nodes and superficial parotid
nodes; from the center of the face, the lymphatics
pass through the superficial parotid nodes, submen-
tal nodes, and submandibular nodes (Figure 2C).
Both sets of lymphatics then flow into the superior
and inferior deep cervical lymph nodes, which run
along the common carotid artery and internal jugu-
lar vein. The efferent lymph vessels of the inferior
deep cervical nodes form the cervical lymph trunk.
On the right, these vessels then converge with the
right subclavian lymph trunk, and empty into the
right angulus venosus (venous angle), while on the
left, they converge with the left subclavian trunk
and the thoracic duct, and empty into the left angu-
lus venosus.

Here is another mystery. There is little to no
change in the size of the lymphatics at their origins
in the periphery compared to those in the trunk of
the body.” Even when superficial lymphatics be-
come deep lymphatics as well as when deep lym-
phatics become lymph trunks or ducts, there is al-
most no change in their size. The diameter of even
the largest lymph trunks of the body, such as the
thoracic duct, does not exceed a few millimeters.
This consistency is not found in the blood vascula-
ture. Like a large tree, the thin branches of the

veins converge and gradually fuse into one large,
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thick vein. In contrast, the arteries become thinner
and narrower with each division. According to
Kutsuna,” the lymphatics not only function to ab-
sorb and drain lymph from the body, but also leak
lymph partway through their route to outside the
vessels. The leaked lymph spreads into the sur-
rounding tissue via the paralymphovascular fluid
pathway.”

The arrangement of the afferent and efferent
lymphatics of a lymph node also raises some ques-
tions (Figure 3). Normally, several afferent lymph
vessels enter a lymph node; however, if two or
three efferent vessels initially leave the node, these
lymphatics soon converge, leaving only one efferent
lymphatic from the node. Even when several
nearby lymph nodes form a group, the same phe-
nomenon occurs. Thus, although there may be sev-
eral afferent vessels, there is eventually never more
than one efferent lymphatic vessel from the node.
Additionally, there is essentially no difference in the
size of afferent and efferent vessels. It may be possi-
ble to explain this mystery to a certain extent. By
temporarily slowing and congesting the flow of
lymph from afferent lymphatics into the lymph si-
nus of the node, antigens, and cells carried by the
lymph are better able to diffuse into the paren-
chyma of the node, allowing lymph nodes to func-
tion as a lymph flow checkpoint and contribute to
biological defense mechanisms.

A further mystery lies in the relationship be-
tween lymph vessels, nodes, and adipose tissue
(Figure 3). A special characteristic of superficial
lymphatics is that they do not follow blood vessels
but follow individual courses. The superficial lym-
phatics from the dorsa of the foot and hand and
those of the abdominal wall travel, without excep-
tion, through subcutaneous adipose tissues above
the superficial fascia towards their associated
lymph nodes. Nearly all associated lymph nodes are
embedded in adipose tissue, and lymph vessels and
nodes have a very close relationship with adipose
tissue (as explained in Part4). These factors help
preserve the functions of lymph vessels and nodes
through the flexibility and low heat conductivity of
adipose tissue, which not only protect these struc-

tures from external pressures but also maintain
their thermostability.

3. Lymphatic distribution and the flow of
body fluids

1) Basic configuration of lymphatic distribution

Lymphatics are not distributed throughout the
entire body. Epithelial tissues neither have blood
nor lymph vessels. However, the cells of these tis-
sues carry out critical functions and must divide
rapidly, and thus cannot afford to be starved of oxy-
gen and nutrients. Because of this, blood capillaries
are distributed immediately beneath the basement
membranes of the epithelia. These capillaries form
a dense network in the papilla of the outer surface
of the dermis in the skin and outer surface of the
lamina propria of the mucosa. The lymph capillary
network is situated slightly apart from this blood
vascular network and is distributed on a deeper
layer. This allows it to perform its original function
of absorbing fluids that permeate outside the blood
vessels. This is why the lymphatics were tradition-
ally known as absorbing vessels. Lymphatics are
distributed in the interlobular connective tissue and
capsules of parenchymal organs such as the liver,
pancreas, and salivary glands, but not within the
lobules themselves. The lobules of the lungs also
lack lymphatic capillaries. Here is another mystery.
Why do lymphatics not enter the lobules of these
parenchymal organs? Blood vessels are abundantly
distributed throughout this area. Do lymphatics fol-
low a principle that they must be distributed away

from the epithelia and the blood capillaries? Per-

haps this arrangement allows for maximal use of
limited intra-organ space for bile, pancreatic juice,
and saliva secretory ducts or gas-exchanging alve-
oli.

The exceptions among parenchymal organs are
the gonads (ovaries and testes) and thyroid, where
lymphatics are present. However, even in these or-
gans the same principle is observed in which blood
capillaries are distributed close to the glandular epi-
thelium, whereas lymphatic capillaries are distrib-
uted away from both. In the ovaries, blood capillar-
ies are densely distributed in the theca interna, the

membrane covering an ovarian follicle, while lym-
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phatic capillaries are distributed in the theca ex-
terna, the outer layer. In the corpus luteum, larger
lymph vessels penetrate alongside blood vessels
into the center of the structure, but unlike the blood
capillaries, they are not finely distributed all the
way up to the luteal cells themselves. In the testes,
blood capillaries envelop each seminiferous tubule,
while lymphatic capillaries are distributed away
from these tubules in the spaces where connective
tissue is relatively abundant. Additionally, in the
thyroid, blood capillaries form dense networks that
envelop follicular cells, while lymphatic capillaries
are distributed away from these cells in the spaces
between where connective tissue is abundant. As a
result, testosterone secreted by the testes and, thy-
roxine (T4) and triiodothyronine (T3) secreted by
the thyroid are released not only into blood vessels
but also into the lymphatics.”* However, a compari-
son of blood flow volume to lymph flow volume re-
veals that the blood vasculature is the primary
route through which these hormones are released
into the body. However, an unexpected result was
obtained in a study of thyroid lymph collection from
dogs. In thyroid follicular cells, thyroglobulin (650
kDa) is the primary component of the intracellular
follicular colloid. Normally, thyroglobulin does not
exit the follicle. If this does occur, thyroglobulin is
recognized as an antigen, despite being an endoge-
nous protein, and causes autoimmune disease
(Hashimoto's disease). However, when cannulating
the draining lymphatics of a dog’s thyroid, light per-
cutaneous massage of the thyroid easily causes thy-
roglobulin to appear in the cannulated lymph.” Ad-
ministering thyroid stimulating hormone (TSH) fur-
ther increases its levels. When a high-molecular
weight substance such as thyroglobulin leaves a fol-
licular cell, only lymphatics can absorb it. It is now
known that thyroglobulin can easily be released
through a lymphatic route into the general circula-
tion. This finding may provide new perspectives on
the cause of Hashimoto's disease.

So, what about tissues other than epithelial tis-
sue? If we look at lymphatic distribution in the mus-
cular tissue, blood capillaries tightly encircle each
muscle fiber and lymphatic capillaries are absent.

Lymphatic capillaries are distributed in the connec-
tive tissue sheaths that bundle together many mus-
cle fibers (perimysium) and in the connective tissue
membrane that surrounds the entire muscle
(epimysium, also known as fascia). In adipose tissue,
blood capillaries tightly encircle each adipocyte, but
lymphatic capillaries are absent. Lymphatic capil-
laries only begin to appear in the thick connective
tissue sheaths that separate groups of adipocytes
into many-celled lobular structures. In terms of the
lymphatic distribution in bone tissue, blood capillar-
ies are rather abundant in Haversian canals, while
lymphatic capillaries are absent. Marrow also con-
tains an abundance of blood capillaries but lacks
lymphatic capillaries. Lymphatics are instead dis-
tributed in the periosteum, the connective tissue
membrane that covers bones. This may be because
in metabolically active tissues such as muscle, adi-
pose, and bone tissues, in addition to an abundance
of blood capillaries, the reticular fiber network that
facilitates the circulation of interstitial fluid is
thickly distributed. Thus, even without abundant
lymphatic distribution, these tissues receive ade-
quate nutrients and the interstitial fluid can ensure
proper circulation. Unlike the examples described
above, the blood vessels and lymphatics do not
penetrate cartilage tissue. Thus, in cartilage tissue,
both blood and lymph vessels are distributed only
in the perichondrium.

2) Arteries and the heart

There are surprising differences in the distribu-
tion of lymphatics in the arteries and heart. Large
arteries branch off occasionally to form smaller ar-
teries to supply themselves, whereas large veins re-
ceive their nutritional supply from neighboring ar-
teries. Vessels that supply other vessels in this way
are collectively known as the “vasa vasorum”. The
vasa vasorum splits into many small branches in
the tunica externa of arteries, some of which move
towards the tunica media and form a capillary net-
work between the smooth muscle fibers. The capil-
lary network becomes sparser along the tunica me-
dia and ends before reaching the tunica intima. The
tunica intima does not contain blood vessels and
consequently the tunica intima and part of the tu-
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nica media close to the intima can only be supplied
by fluids leaked from the arterial endothelium and
capillary network of the tunica media. The elastic
lamina, located at the border of the tunica intima
and tunica media, is fenestrated and therefore aids
the permeation of interstitial fluid. Lymphatics are
distributed in the deep parts of the tunica externa
of large arteries, but do not reach the tunica media
or tunica intima. Thus, there is no way to eliminate
waste products from the tunica intima and intimal
region of the tunica media. Particularly when hy-
pertension damages arterial endothelial cells and
when this is accompanied by hyperlipidemia, lipids
seep into the tunica intima. Cholesterol deposits
form, but they cannot be removed due to the lack of
lymphatics in these areas. If lymphatics specialized
for the removal of high-molecular weight lipids
were distributed in the inner layers of the arteries,
arteriosclerosis might never occur or become a
critical condition.

However, here is another mystery. Unlike in the
arteries, lymphatics are well-developed in the
heart.”” Lymphatic capillaries are distributed im-
mediately beneath the endocardium and at the bor-
der with the myocardium. The draining lymphatics
that run off the lymphatic network of the endocar-
dium travel through the thick bundles of connec-
tive tissue that pass through the myocardium and
connect to the lymphatic network of the epicar-
dium. There are no lymphatics inside bundles of
cardiac muscle fiber, but lymphatic capillaries do
exist inside the connective tissue between bundles
and drain to the lymphatic network of the epicar-
dium. In the epicardium, two networks of lymphat-
ics are present: deep and superficial. The deep lym-
phatic network of the epicardium receives draining
lymphatics from the myocardium and then ascends
towards the coronary sulcus.” The lymph vessels
accompanying the right coronary artery ascend the
front face of the ascending aorta, front face of the
pulmonary artery, or between the two, and, in hu-
mans, empty into the aortic arch lymph nodes at
the upper anterior aortic arch. The lymph vessels
accompanying the left coronary artery ascend
along the back of the pulmonary trunk following its

long axis and empty into upper right tracheobron-
chial lymph nodes. Lymphatic capillaries also form a
network in the superficial layer of the epicardium.
Experimentally injecting dye into the pericardial
space of rabbits and other organisms enables visu-
alization of this network.” Lymphatics are also ob-
served in the connective tissue between special
myocardial fibers of the impulse conducting system
such as the sinus node and atrioventricular node.
Both the arteries and the heart were originally one
tubular structure. However, the heart twisted and
turned upon itself, developed contractility, and was
eventually enveloped by a serosal cavity. Then,
why are the lymphatics of the heart so well-
developed? Even within the same pericardial space,
the heart-supplying coronary arteries function as
any other artery: their tunica intima do not possess
blood or lymphatic capillaries. Thus, this high level
of lymphatic development in the heart is very mys-
terious indeed!

3) Extravascular fluid pathways

Upon injection of dye into subcutaneous tissue or
serosal cavities such as the peritoneum or the
pleura, before the dye enters the lumens of the vari-
ous lymphatics, it has been noted that the dyed
fluid flows more easily in some areas compared to
others. Kihara® found that these areas have special

gaps in the connective tissue that are abundant in

reticular fibers, which not only allow bodily fluids to

flow continuously, but also contain pathways for

cells and other material particulates to pass

through. He named these pathways as “extravascu-
lar fluid pathways” (or, the extravascular fluid-
path-system).

There are three pathways as follows. (1) the pre-
lymphovascular fluid pathway: the inlet pathway
that brings fluid from serosal cavities to lymphatic
capillaries; (2) the paralymphovascular fluid path-
way: the drainage pathway that accommodates ex-
tralymphatic leakage; and (3) the paravenular fluid
pathway: the absorbing pathway situated around
the venules. Normally, these fluid pathways receive
little attention, but in various disease states closely
related to the vascular system, such as pleural, peri-
toneal, or other localized edemas, inflammatory re-
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sponses, and even tumor metastasis, these struc-
tures may play very critical roles.

4) Lymphatics and serosal cavities (prelymphatic
spaces)

Dye injected into the peritoneal cavity is quickly
absorbed by lymphatic capillaries of the diaphragm
tendon.”* As the mesothelial cells of the perito-
neum open underneath, the shape of the lymphatic
endothelium changes drastically along the fiber
bundles of the peritoneum; forming large canal-like
passageways between the two structures. These
passageways are characteristic of the prelympho-
vascular fluid pathway. They form a connective tis-
sue absorption route from the serosal cavities
(pleura and peritoneum) to the lymphatic capillar-
ies, and are known as the macula cribriformis.” Ab-
sorption is carried out not only by the formation of
passageways through the separative transforma-
tion of lymphatic endothelia, but also through up-
take by pinocytotic vesicles composed of lymphatic
endothelial cells. Carbon dye (Pelican ink"™: Glinther
Wagner, Hanover) injected into the pleural cavity is
quickly absorbed by the lymphatic capillaries of the
costal pleura. Canal-like passageways are formed
between peritoneal mesothelial cells and lymphatic
endothelial cells. Carbon dye injected into the peri-
cardial cavity is quickly absorbed by the lymphatic
capillaries of the visceral pericardium. It is well-
known that in the central nervous system,*” dye in-
jected into the cerebrospinal meninges follows the
olfactory nerve and leaves the cranial cavity into
the nasal mucosa, where it is absorbed by lym-
phatic capillaries. Later, one of Kihara's students”
demonstrated that carbon dye is absorbed by lym-
phatic capillaries distributed at all sites at which
cranial and spinal nerves exit the cranial cavity or
intervertebral foramina. In the peripheral nerves,
the carbon dye appears in the lymphatics of the
epineurium. The subepineural space continues into
the subdural space and the intraneural space con-
tinues into the subarachnoid space. Thus, carbon
dye travels through the intraneural space to the
subepineural space and finally appears in the lym-
phatics of the epineurium. Here is another mystery.
Serosal cavities are sealed spaces covered in their

own mesothelia. Similarly, lymphatics are sealed
spaces lined with endothelia. Nevertheless, dye in-
jected into serosal cavities does not appear from the
entire serosa, instead it quickly appears in the lym-
phatic capillaries from specific locations. Thus, all
serosal cavities, including the peritoneal cavity,
pleural cavity, pericardial cavity, and meningeal
cavity could be referred to as prelymphatic spaces
or lymphatic pre-cavities.

In frogs and toads, countless small, crater-like
holes are present in the barrier wall between the
pleuroperitoneal cavity and the structure corre-
sponding to the mammalian thoracic duct, the sub-
vertebral sinus, and dye injected into the pleurop-
eritoneal cavity passes through these holes before
emptying into the lymphatic sinus."” Experimental
phylogenetic verification of the presence of this or
similar structures in fish, caudate amphibians, rep-
tiles, and birds is needed. Phylogenetic research
into lymphatic absorption from the pericardial and
meningeal spaces should also be conducted.

When carbon dye is injected into the abdominal
cavity of a rabbit, the lymphatics of the diaphragm
are clearly rendered in black. However, many black
spots also appear on the omentum, which are
known as milky spots” and are congregations of a
large number of macrophages that phagocytosed
the carbon. Endothelial cells of the lymphatic capil-
laries that begin here join the peritoneal mesothe-
lium and appear to participate in the absorption of
dye at the milky spots. Further, these lymphatics
pass through the omentum and empty into the
nodes along the greater curvature of the stomach.
Omental milky spots have been known for a long
time as the site of peritoneal macrophage produc-
tion and macrophages that escape into the perito-
neal cavity take up the dye and enter the lymphat-
ics of the diaphragm. However, some macrophages
may return to the omental milky spots. Many other
questions regarding the relationship between sero-
sal cavities and the lymphatics remain unanswered.
Even when focusing on the peritoneal cavity a large
number of issues remain a mystery, including re-
tention of peritoneal fluid due to peritonitis or cir-
rhosis, transperitoneal dialysis, and impeded perito-
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Figure 4 The thoracic ducts in various species.

A: Carp; the aorta (Al), posterior cardinal vein (A2), propulsor (A3).

B: Duck; the aorta (B1), cervico-pectoral lymph nodes (B2), lumbar lymph nodes (B3).

C: Human; the aorta (C1), cisterna chyli (C2). *: The anglus venosus and thoracic duct-

associated Virchow’s lymph nodes.
(with modification from Kotani, 2012)?

neal lymphatic absorption due to radiation expo-

sure.

Part 2: Development, Differentiation,
Regeneration and Pathologies
of the Lymphatic System

1. Lymphatic system development

1) Phylogenetics of the lymphatics

Next, we will describe differentiation of the lym-
phatic system from a phylogenetic perspective.'*®
First, the lamprey, a cyclostome, has a cavity on the
ventral side of the aorta and posterior cardinal vein
known as the subspinal sinus, which opens into the
posterior cardinal vein through a structure with nu-
merous small holes, each with a funnel-shaped
valve. Based on its location, this sinus could be ex-
pected to correspond to the mammalian thoracic
duct, but the intestine of the lamprey lacks the cen-
tral lacteal present in mammals. Instead, chyle is
absorbed by the veins of the intestinal mucosa, and
as these veins empty into the subspinal sinus, it
would be more apt to refer to this structure as a
hemolymph vessel” or hemocoel. In cartilaginous
fishes like sharks, a pair of lymphatic trunks corre-

sponding to the thoracic duct extend down the
length of the aorta, with one on either side. At the
rostral end of the shark, each trunk meets a cervi-
cal trunk and empties into either the left or right
angulus venosus, while at the caudal end, they
empty into the posterior cardinal vein. These struc-
tures are not independent lacteals and are compara-
ble to hemolymph vessels. The lymphatic system is
completely independent of the blood vascular sys-
tem only in carp and crucian carp (osteichthyes).
These animals have a pair of thoracic ducts (Fig-
ure 4A) that ascends along both sides of the aorta.
Each trunk converges with the lateral lymphatic
trunks (Truncus lymphaticus lateralis) that travel
along the center of the lateral side of the body wall
and opens into the left and right angulus venosus.”
This pair of trunks becomes a single vessel after
passing through the anus of the fish, and follows the
dorsal side of the aorta, descending as far as the
root of the caudal fin, where it converges with the
lateral lymphatic trunks (which descend along the
body wall) and empties into the posterior cardinal
vein. Caudate amphibians like newts and salaman-
ders also have a pair of thoracic trunks; they ascend
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both sides of the aorta and empty into the left and
right angulus venosus; past the anus, they become a
single vessel that empties into the posterior cardi-
nal vein. Beneath the vertebrae of anuran amphibi-
ans like frogs and toads, the thoracic duct forms a
large lymph sinus (subvertebral sinus, Sinus sub-
vertebralis). However, this is a fused version of the
pair of thoracic ducts that travels along the aorta of
these animals during their tadpole stage. The tho-
racic ducts of birds like ducks, geese, and chickens
begin at the base of the celiac artery and appear to
surround the aorta, which then follows up the body
(Figure 4B). Near the third or fourth thoracic verte-
brae, the duct splits, with each half emptying into
either the left or right angulus venosus.”

In humans, the intestinal lymphatic trunk, and
left and right lumbar lymphatic trunks converge,
typically in front of the second lumbar vertebra,
and on the right dorsal side of the celiac artery,
they form the cisterna chyli, which can vary in size.
The thoracic duct begins at the cisterna chyli, fol-
lows the right dorsal surface of the celiac artery up
the body, passes through the aortic hiatus of the
diaphragm, enters the thoracic cavity, and contin-
ues ascending the body between the aorta and azy-
gos vein. However, around the fifth thoracic verte-
bra, this duct gradually begins to bend to the left,
passes behind and emerges on the left side of the
esophagus at the third thoracic vertebra, continues
to ascend, bends forward in an arch at the seventh
cervical vertebra, receives the left cervical lym-
phatic trunk and left subclavian lymphatic trunk
between the left common carotid artery and left
subclavian artery, and then empties into the left an-
gulus venosus.

Here is another mystery. Phylogenetically, all ani-
mals that lack completely independent lymphatic
and vascular systems, such as cartilaginous fishes,
and all animals with independent systems, such as
osteichthyes, amphibians, reptiles and birds, have a
pair of thoracic ducts with one on either side of the
aorta, which together ascend rostrally and empty
into the left and right angulus venosus. This princi-
ple, however, breaks down in humans and many

other mammals. In effect, the venous opening of the

right thoracic duct and most of the left thoracic
duct disappear (Figure 4C), while most of the right
thoracic duct and venous opening of the left duct
remain, as does one of the anastomotic branches
that once connected the left and right ducts, linking
these structures. The right thoracic duct uses the
remaining venous opening of the left thoracic duct
to empty into the left angulus venosus. Why does
the thoracic duct follow this route in mammals?
This raises the question of whether taking this
route provides some sort of benefit. The degenera-
tion or disappearance of the right venous opening of
the right thoracic duct may already be occurring in
certain birds.” Further, in the very early stages of
the embryo, humans have both left and right tho-
racic ducts, each of which empties into the left or
right angulus venosus.”*" In the venous system, a
similar pattern is observed. The venous system
first develops as a pair of vessels that is bilaterally
symmetrical; however, midway through the proc-
ess, regression of a part of the system occurs asym-
metrically on one side, and thus the final system
takes a bilaterally asymmetric course (the inferior
vena cava and its branches, such as the azygos vein,
hemiazygos and accessory hemiazygos vein). Per-
haps a very similar or even related process can be
observed in the lymphatic system.

2) Venous openings and lymph heart

Osteichthyes or bony fishes such as carps and
crucian carps have structures at the left and right
venous openings of their thoracic ducts called pro-
pulsors.” A similar propulsor is also on the ventral
surface of their final vertebra, near the root of the
caudal fin, where the movement of this fin sends
lymph into the posterior cardinal vein. The propul-
sor contains valves. In zebrafish, each body seg-
ment contains the intersection of intersegmental
lymphatics and intersegmental veins.** In amphibi-
ans and reptiles, lymphatic venous openings have
lymph hearts.** Caudate amphibians such as newts
and salamanders have one pair of lymph hearts per
body segment, totaling to approximately 10 pairs of
lymph hearts throughout their entire body. In anu-
ran amphibians such as frogs and toads, the num-
ber of lymph hearts is reduced to merely one ante-

—El6—



Table 2 Molecular markers of lymphatic and blood vessel endothelial cells.

Molecular size

Marker Species* Location (kDa) Function Representative references®
Lymphatic vessel

LYVE-1 R cell surface 60 hyaluronan receptor Banerji et al. (1999) 139
Prevo et al. (2001) 110

Podoplanin H,M,R  cell surface 43 adhesion? Ere}:litenedler-ZGo%lgffmgt al. (1999) 14

ahn et al.

Dz-40 10 Schacht et Z(il, (20)05) 13

VEGFR-3 (Flt4) H, M, R  cell surface 170 VEGF-C receptor Kaipainen et al. (1995) %

Prox-1 H M R nuclear 85-95 transcription factor Wigle and Oliver (1999) 14

Foxc-2 H M, R nuclear 54-63 transcription factor Petrova et al. (2004) >

D6 H M, R cell surface 43 chemokine receptor Nibbs et al. (2001) 145

CD73 H, M, R cell surface 69 adhesion, 5-Nucleotidase Thompson et al. (1989) 146

B27 R cytoplasm ? ? Ezaki et al. (1990) 138

LA102 M cell surface 25-27 mouse-Thyl ? Ezaki et al. (2006) 110

Blood vessel

CDh31 H, M, R cell surface  110-120, 130-140 PECAM-1 Albelda et al. (1991) 147
DeLisser et al. (1993) 148

CD34 H M, R  cell surface 90, 105-120 GlyCAM-2, mucosialin Baumhueter et al. (1994) 149
Pusztaszeri et al. (2006) 150

CD105 H,M,R cell surface 90, 180 TGF-B receptor, endoglin Gougos and Letarte (1990) 15!
Duff et al. (2003) 152

MECA-32 M cell surface 50-55, 100-120 diaphragm protein Hallmann et al. (1995) 153

(mouse PV-1) Stan (2005) 15¢
PAL-E H cell surface 60-120 diaphragm protein Schlingemann et al. (1985) 155
(human PV-1)
0X-43 R cell surface 90 ? Robinson et al. (1986) 156
LA5 M cell surface 12-13 ? Ezaki et al. (2006) 10

* H, human; M, mouse; R, rat.
# Only original or representative papers are listed.

rior and one posterior pair. In reptiles such as
snakes and lizards, the number is reduced yet
again: they have one posterior pair of lymph hearts.
Anterior lymph hearts have disappeared in snakes,
instead these animals have one large lymphatic lu-
men located above the heart, which uses the beat-
ing motion of the heart to propel lymph into the
veins.™” The walls of lymph hearts are composed of
striated muscles and are capable of spontaneous
contraction (Supplemental Figure: Attached Im-
ages. https://doi.org/10.24488/jtwmu.89.Extral _E
4). The rice grain-sized lymph heart at the root of a
lizard’s hind leg contracts approximately 40 times
per minute. The posterior lymph heart of a frog
contracts approximately 60-80 times per minute in
summer; this rate is reduced to 20-30 times per min-
ute in winter.” The inlets and outlets of amphibian
and reptile lymph hearts are equipped with smooth
muscled valves. Birds temporarily have one pair of
posterior lymph hearts, which disappears within
one month of hatching.”

To sum up the characteristics of lymphatic ve-
nous openings across multiple species, fewer and
fewer lymphatic venous openings are observed as
we move from fish towards mammals. Ultimately,
in humans, there is only one venous opening of the
thoracic duct into the left angulus venosus. Why is
that? Does this show that lymphatic systems might
have gradually differentiated themselves away
from vascular systems during evolution?

2. Morphogenesis (ontogeny) of the lymphatics

The lymphatic system is first visible in the hu-
man fetus two months after conception.” Lym-
phatic ontogeny has been widely debated for many
years. There are two competing theories: “the cen-

938

trifugal theory™” which states that the lymphatics
elongate towards the periphery through budding of
the venous endothelium, and “the centripetal the-

939

ory™ which states that cells in the mesenchymal in-
terstitium around veins flatten to form small lu-
mens which then connect towards the center of the

body, first forming primitive lymphatic sacs and
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eventually lymphatic vessels. Linking of the lym-
phatics and veins occurs secondarily. There is also a
“compromise theory”, in which the thoracic duct is
thought to arise from fetal veins and the rest from
the interstitium, or that the cervical lymph sac is
venous in origin, while the rest arises from the in-
terstitium.

The primary reason that debates surrounding
lymphangiogenesis have continued for more than
100 years is that for much of that time, there was no
method for rigorously identifying tissues as part of
either the lymphatic system or blood vascular sys-
tem. Blood vascular biology has progressed greatly
since the discovery of specific markers of vascular
endothelia. In contrast, it has been more than 20
years since markers specific to lymphatic endothe-
lia were discovered, but lymphatic research has still
been significantly delayed. Despite VEGFR3 (FLT4)
being present specifically in lymphatic endothelia
was discovered in 1995,” other molecular markers
are only recently being reported (Table 2). These
specific lymphatic markers enable identification of
lymphatic vessels, revealing the relatedness of the
lymphatics and the blood vessels. In recent years,
there have been an increasing number of molecular
biology findings" that provide further support to
the centrifugal theory. However, very recently, live
imaging analysis of zebrafish revealed evidences™”
supporting the centripetal theory and provided in-
sight into the origin of lymphatic endothelial cells
and that the mechanisms controlling their differen-
tiation differ in the head and trunk of the organism.
However, these theories require further investiga-
tion.

With regards to the ontogeny of the lymphatic
system, if we consider the development of the lym-
phatics in a human embryo from the perspective of
the centrifugal theory, we can broadly categorize
this process into two subprocesses: lymphvasculo-
genesis; the creation of lymph vessels from the bud-
ding of veins, and lymphangiogenesis; the elonga-
tion of new lymph vessels from existing vessels.
Buttler et al.” reported venous budding lymphvas-
culogenesis and simultaneous peripheral lymphatic
formation which recruits macrophage-like cells de-

scended from mesenchymal tissues in the embry-

4546

onic stage. Further, Kato and his colleagues™” used
enzyme histochemistry to detect a process in which
primitive lymphatic sac-like structures (lymphatic
islands) often appear in the interstitium of various
organs and grow small protuberances which then
link and fuse together, gradually forming a valvular
lymphatic network. Either way, during formation of
new lymphatic vessels in adults, lymphangiogenesis
is thought to be the primary process involved. Evi-
dence of a formative process similar to vasculogene-
sis observed in the vasculature, such as the pres-
ence of lymphatic endothelial progenitor cells in pe-
ripheral blood, is not well understood at the present
time.

3. Lymphatic regeneration

Lymph vessels regenerate while lymph nodes do

not, but the reason for this is unclear. Lymphatics
are structures suited for the absorption of high-
molecular weight substances and cells. Conse-
quently, when foreign bodies, including bacteria
and antigens invade the body’s tissues, they are
taken up by the lymphatics. Lymph nodes provide a
biological defense mechanism against these invad-
ers. Primitive development of lymph nodes followed
that of the lymphatics, occurring only after the lym-
phatics achieved a certain level of complexity, and
only then in specific locations. In the age of primi-
tive lymph nodes, two patterns of development oc-
curred: nodes of vascular origin developed from the
mesenchyme of lymph vessel walls and nodes of sac
origin developed from the mesenchyme of lym-
phatic sacs, derived from immature lymphatic plex-
uses. The deep cervical nodes, aortic nodes. and
iliac nodes, among others are the latter sort of sac-
derived nodes, whereas the rest of the nodes, such
as superficial cervical nodes, submandibular nodes,
axillary nodes, popliteal nodes, and inguinal nodes
are of the former sort, i.e. vascular-derived nodes”.
In humans, primitive lymph nodes begin to appear
in the fetus from two (axillary, inguinal nodes, etc.)
to three months (mesenteric lymph nodes, etc.). At
the latest, they begin to appear by the end of the
third month (popliteal nodes, etc.) and the beginning
of the fourth month.” In all organisms, the locations
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at which lymph nodes appear and the number in
each location is virtually predetermined. Each
lymph node or lymph node group is an organ that
has been predetermined both in number and loca-
tion for biological defense over the long course of
mammalian evolution, in a similar way as the
spleen. Like the spleen, lymph nodes do not regen-
erate when removed, and this is due to the same
mechanism.

However, the lymphatics can regenerate. If an
entire lymph node or a group of nodes are removed,
new lymphatics eventually begin to grow and join
the severed ends of the existing afferent and effer-
ent lymphatics. It is thought that increased intra-
lymphatic pressure caused by ligation-induced
lymph congestion triggers lymphatic regeneration.
It is also possible that the tissue gaps at the excised
portions link and form a coupled passageway. This
line of thinking is quite similar to that of the cen-

16,33

tripetal theory ™* of lymphatic ontogeny. Experi-
mentally ligating the lymphatics causes acute
edema in areas drained by these vessels, affecting
tissue and organ function. If the cervical lymph
trunk which drains from the lymph vessels of the
thymus, is ligated in guinea pigs, the cell division of
cortical thymocytes is reduced by 50% within one
day and medullary thymocyte division is reduced
by 50% within five days.” Following lymphatic re-
generation, the cell division recovers after approxi-
mately 10 days. Ligating the draining lymphatics of
the testes in rabbits causes edema in the interstitial
tissue of the testes, severely affecting sperm pro-
duction in the convoluted seminiferous tubules.” Se-
cretion of androgens is also completely halted. The
lymphatics regenerate within 12-15 days after liga-
tion, and organ function returns to normal after 30-
60 days. However, a point that requires clarification
here, is that out of the 10 cases studied, lymphatic
regeneration failed completely in 2-3 cases. In these
rabbits, sperm production did not recover even af-
ter 90 days, resulting in widening of the basement
membrane of the convoluted seminiferous tubules,
and residual edema and fibrosis in the interstitium.
Next, when the thoracic ducts of these rabbits were
ligated, their extremities became extremely swollen

and their lymph was completely congested. After
10-14 days, a very thin lymph vessel had formed ex-
tending from the extremities towards the animals’
core. The regeneration of this single thin lymph
vessel prolonged the life span of these rabbits. Clini-
cally, when performing surgery on esophageal can-
cer, etc., if the surgeon accidently injures the tho-
racic duct or performs some other action capable of
causing chylothorax, it is essential that the thoracic
duct be ligated immediately. However, it must be
reiterated, that in this experiment, 1 to 2 of the 10
rabbits where the thoracic ducts were ligated failed
to show any regeneration. This is also a mystery.
Why did a small number of rabbits fail to show lym-
phatic regeneration in both experiments, involving
ligation of the draining lymphatics of the testes and
the thoracic duct? This does not appear to have
been caused by errors in experimental technique.
Even if the surgical intervention or external in-
jury result in severance of lymphatics, the resulting
condition is never fatal, and because the lymphatics
are transparent, the severance is often not even no-
ticed. The exudate is absorbed by the surrounding
lymphatics to some degree, albeit at low levels, sub-
sequently causing it to accumulate in the area sur-
rounding the injury, giving the injured site the
fluid-filled appearance. This encourages fiber prolif-
eration and granulation tissue formation. Eventu-
ally, when new lymphatics are regenerated at the
site of the injury, the local edema abates and fibro-
sis ceases. When pleurisy causes adhesion of the
visceral and the parietal pleura, lymphatics are
newly generated at the site of adhesion. Although
the lymphatics on the lungs’ surface flow towards
the hilum, those generated at the site of adhesion
carry lymph down the chest wall and towards the
diaphragm. ® As a result, the intercostal and
paraaortic lymph nodes of the chest cavity can be-
come stained with black by the dust they absorb
from the lungs. Whether lymphatics can link graft
and host tissue together is a very important ques-
tion related to the graft rejection response. In both
autografts and homografts, the graft and the host
are linked by lymphatics 10-14 days post-operation.
Antigen information for the graft tissue is carried
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Figure 5 Illustrations of typical patients of elephantiasis.

A: A woman suffering from elephantiasis in her right leg.
B: A typical foot skin lesion caused due to chronic elephantiasis.

(from Esmarch and Kulenkampff, 1885) 3!

even more quickly than that by host lymphatics to
associated lymph nodes. If a rejection response oc-
curs, 3-4 days before the grafted tissue succumbs to
necrosis, the lymphatics between the graft and the
host are destroyed and the two are no longer
linked.

If lymph flow is obstructed, lymphatic neogenesis
not only enables resumption of flow but also pro-
mote the formation of alternate collateral routes.
The diseased state most characteristic of this proc-

50

ess is chyluria.” Infection by the parasite Wuchereria
bancrofti can occlude the thoracic duct. In an at-
tempt to return the chyle-containing thoracic duct
lymph to general circulation, many lymphatic ves-
sels extending from the origin of the duct begin to
grow retroperitoneally towards the abdominal wall.
The urinary tracts, including the kidneys, are along
this route, and occasionally certain lymph vessels
will terminate in one of these tracts. The mecha-
nism for how this occurs is unknown, but the exis-
tence of this process demonstrates the amazing ten-
dency for formation of lymphatic drainage routes.

4. Lymphatic pathologies and their manage-
ment

When comparing the pathologies of the lymphat-
ics to those of the cardiovasculatures, there are gen-
erally no severe conditions that are directly life-
threatening. For this reason, it is inevitable that
clinical awareness of the lymphatics is compara-
tively lacking. However, certain severe problems

can be surprisingly frequent if the diseased states
progress unchecked.

1) Edema

Lymphedema (swelling) is a disease caused by
dysfunction due to insufficient formation of lym-
phatics or valve failure/blockage in which the tis-
sue fluid congests or accumulates in the intersti-
tium of the periphery. Acute and chronic types of
lymphedema exist.

Acute lymphedema occurs when the axillary or
the pelvic nodes are completely excised from a pa-
tient such as when a radical surgical operation is
performed for cancer. However, this eventually re-
solves through lymphatic regeneration or formation
of collateral pathways. Why removal of the axillary
nodes causes edema of the upper limbs, but re-
moval of the pelvic nodes causes less edema of the
lower limbs, was unclear for many years. One rea-
son suggested is that the pelvic nodes are located in
the loose connective tissue of the retroperitoneum,
where lymphatic regeneration and formation of col-
lateral pathways are quite easily accomplished. If
the surgical areas are expanded in the pelvis by
such as total hysterectomy, however, serious
edema of the lower limb may occur. Anatomically,
the pelvic nodes are located along large arteries
and veins, therefore the surgery rarely results in
vascular invasion. It is presumed that lateral chest
and upper limb edema caused by axillary node exci-
involves edema. Further

sion often venous
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anatomic examination reveals that the superficial
lymphatics originating from the cephalic vein as-
cend the upper arm, enter the deltopectoral groove,
and empty into the subclavian lymph nodes via the
deltopectoral lymph nodes (Figure 2B). This route
has no direct connection with the lymphatics of the
breast, and therefore it is speculated that if these
lymphatics are not damaged during excision of the
axillary nodes, it may be possible to minimize upper
limb edema. Even if the subclavian nodes are re-
moved, postoperative edema is unlikely to develop
if a collateral lymph route is newly generated.
Chronic lymphedema can either be primary or
secondary. The causes of secondary edema are
well-understood and include infections that cause
inflammation of the lymphatics, particularly tricho-
phyton (tinea) or filaria infections that cause lymph
vessel or node obstruction. Although this condition
is now uncommon, filariasis is an endemic disease of
the tropics, and is known as elephantiasis in its final
stages™ (Figure 5). Problems arise with primary
chronic lymphedema of unknown etiology. Up to
10% of these cases are congenital. Most of the re-
maining 90% of cases begin in puberty and are
known as lymphedema praecox.™” Seventy to
ninety percent of these cases occur in women. Nor-
mally, one lower limb is affected, but in some cases
only one forearm or one upper limb may be af-
fected. This disease does not involve obstruction of
the lymphatics but rather cause convolution or
twisting of the lymphatics, and swelling or narrow-
ing of draining lymphatics.”*® Here is a mystery.
Autoimmune diseases®” such as systemic lupus
erythematosus ( SLE ), Hashimoto's disease,
Sjogren’s syndrome and myasthenia gravis are
more common in women and often begin in pu-
berty. The patient profiles of these diseases are
quite similar (explained further in Part 4) and many
patients experience changes in their symptoms
during their menstrual cycles. However, this does
not imply that primary lymphedema is an autoim-
mune disease. Although sex hormones appear to be
involved in the pathology of this condition, the
symptoms are often far too localized to suggest hor-
Recently, VEGFR3 and

monal involvement.

FOXC2”" were reported to be the causative genes
of certain congenital lymphedemas such as Milroy’s
disease and lymphedema-distichiasis (LD) syn-
drome.

2) Malignant tumors and lymphogenous metas-
tasis

Clinically, it has often been said that carcinomas
are lymphogenous and sarcomas are hematoge-

nous. The mystery here is, why do the metastatic

routes for carcinomas and sarcomas differ? Carcino-
mas are malignant tumors of epithelial origin,
whereas sarcomas are non-epithelial malignant tu-
mors. Various mechanisms involving these patholo-
gies are poorly understood, including the mecha-
nism where tumor cells break off the main site and
permeate the surrounding tissues and also the
mechanism involving formation of tumor blood ves-
sels and lymphatics. Here, we will focus on re-
examining and comparing the differences in the dis-
tribution of blood and lymph vessels in normal epi-
thelial and non-epithelial tissues.

If the lymphatics are distributed in the same way
as blood vessels, tumor cells that invade surround-
ing tissues should enter the lymphatics. This is be-
cause structurally, lymphatic capillaries lack adven-
titia, almost completely lack a basement membrane,
and the endothelial cell gaps open very easily. In
epithelial tissue, the connective tissue is present be-
tween the lymphatics and the blood capillary net-
work, and outside of this the lymphatic capillaries
form a dense network, regardless of whether the
tissue in question is stratified squamous epithelium,
monolayer columnar epithelium or glandular tissue.
Furthermore, the lymphatic capillaries extend sev-
eral times wider than blood capillaries. In contrast,
in non-epithelial muscle tissue, lymphatics are only
distributed in the connective tissue sheaths that
bundle together many muscle fibers or the pe-
rimysium that envelops the entire muscle. In adi-
pose tissue, lymphatic distribution begins only in
the thick connective tissues that separate many adi-
pocytes into lobule-like structures. Thus, in epithe-
lial tissues, lymphatic capillaries are located far
closer to epithelial cells and are far more densely
distributed than in non-epithelial tissues. Logically,
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organs prone to lymphogenous metastasis such as
the thyroid and the ovaries have lymphatics distrib-
uted abundantly throughout their parenchyma, as
previously explained.

In contrast, when comparing the distribution of
blood capillaries in epithelial and non-epithelial tis-
sues, epithelial tissues do not contain blood capillar-
ies, while in non-epithelial tissues each muscle fiber
and each adipocyte is enveloped in an extremely
rich supply of blood capillaries. Even in bone tissue
where the lymphatics are confined exclusively to
the periosteum, blood capillaries are relatively
abundantly distributed. While
which are derived from osteoblasts, have a long

osteosarcomas,

path to travel before reaching the Ilymphatic-
containing periosteum, they have an abundance of
blood capillaries distributed very close nearby. As
compared to older men and women, osteosarcomas
occur preferentially in younger individuals, who
have blood capillaries more abundantly distributed.
Nevertheless, if osteosarcomas develop for long
enough, they reach the periosteum and then un-
dergo lymphogenous metastasis. Regardless of the
tissue in which the tumor occurs, to affect hemato-
genous metastasis, the blood vessels must be de-
stroyed. This, however, is not true for lymphoge-
nous metastasis.

Whether the metastasis is lymphogenous or he-
matogenous, each tumor cell type has a different
preference for the organ into which they prefer to
metastasize, and metastasis therefore occurs in a
variety of different organs. Surprisingly, the spleen
is almost never the site for metastasized cancer.
The spleen functions primarily as a filtration device
for the blood. Tumor cells that enter the spleen via
the splenic artery may not be permitted to attach
themselves and are either passed out of the spleen
via the splenic vein or killed by macrophages in the
splenic tissue.

In tumor lymph node metastasis, the general con-
sensus until recently was that proliferating tumor
cells coincidentally enter a nearby, existing lymph
vessel and eventually arrive at a lymph node. Addi-
tionally, tumor tissues were thought to be very rich
in blood vessels but lacked lymphatics®. However,

there have been reports of cases where tumors
spread lymphogenously by expressing and secret-
ing VEGF-C” and VEGF-D”, thereby inducing lym-
phangiogenesis. Further, the correlation between
VEGF-C expression and lymphogenous metastasis
has been demonstrated in stomach, colon, lung,
prostate, thyroid and melanocyte cancers. The lym-
phatics generated in and around the tumor have
been called “tumor lymphatics”. Trials with anti-
lymphangiogenetic therapies, including administer-
ing VEGFR3 antibodies have begun to combat this
phenomenon.”

3) Obesity

As we explained previously, fat and lymph ves-
sels are inextricably related. However, many details
of this relationship remain unknown.” Many stud-
ies” have reported about the relationship between
the blood vessels and the adipocytes, including
those detailing the existence of adipokines. Harvey
et al.” was the first to specifically report that obe-
sity can be caused by lymphatic dysfunction. In
summary, in Prox1”’~ mice, lymph leakage from
lymph vessels was found to promote adipocyte en-
largement, thus causing obesity. Additionally,
Nurmi et al.” showed that even with consumption
of a high-fat diet in VEGF-C knockdown mice, the
lacteals of the small intestine retract and smooth
muscle function in the villi decreases, causing fat
absorption to decrease and preventing obesity from
developing.

In contrast, if lymphedema becomes chronic, the
fat can be irreversibly and locally stored alongside
tissue fluids, leading to adipocyte increase and pro-
gressive “lipedema”. If allowed to progress for a
long period of time, this can cause fibrosis, tissue
hardening, and in its final stages, elephantiasis (Fig-
ure 5). Consequently, controlling fat metabolism will
not only prevent obesity but also preserve sound
lymphatic function. Lymphatic exercise” has been
proposed as a method for preventing and improv-
ing edema as well as preventing lifestyle illnesses
such as obesity.

While obesity itself is not a life-threatening condi-
tion, as a lifestyle disease it is a serious condition
that progresses steadily, escaping early diagnosis.
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Figure 6 Diagram to illustrate the output of the thoracic
duct of various animals.

The number of lymphocytes is measured as the output of
thoracic duct per hour and kilogram body weight, and ex-
pressed on the Y-axis. (from Reinhardt, 1964) ¢

Furthermore, attention should be focused not only
on the vascular pathologies associated with the ill-
ness, but also on lymphatic function, which is the
key to improving the diseased state. We are expect-
ing additional developments in research into the re-
lationship between fats and lymphatics.

Part 3: Cell Groups of the Lymph and
Lymphoid tissues

In this chapter, we discuss the profiles, develop-
ment and differentiation of the cell groups in lymph
and lymphoid tissues.

1. Profile of cell groups in lymph

1) Lymphocytes

Lymphocytes comprise of nearly all cells found in
the lymph of mammals, and they were named as
such in the 18" century by William Hewson.” How-
ever, their function was essentially unknown until
the 1960s hence receiving little attention. Two
young clinicians were the first to reveal their func-
tions. The first was an Australian researcher Jac-
ques I Miller” who discovered upon removing the
thymus of a newborn mouse to investigate the
cause of leukemia that the lymphocyte count de-
creased and the mouse’s cellular immunity disap-
peared. The mouse also became immunologically
compromised and tolerant of transplants. This was
the first description of the function of the thymus
and thymus-dependent lymphocytes (T cells, from

the first letter of “thymus”). The other clinician was
an American pediatrician Max D Cooper. He car-
ried out experiments by excising the thymus and
the bursa of Fabricius in newborn chicks to find a
way to save young children suffering from severe
immune failure. He discovered the function of the
bursa of Fabricius and that the lymphocytes (B
cells, after the first letter of “bursa”) differentiated
there to carry out humoral immunity (antibody pro-
duction).”®

In mammals (including humans), 85-95% of cells
inside the thoracic duct lymph are lymphocytes,
and this population is a major source of blood lym-
phocytes. The number of lymphocytes released
from the thoracic duct into the blood is almost pre-
determined for every animal, and is typically 2-5

1367

times ™ the number of lymphocytes in the blood.
This ratio is known as the “daily replacement factor
(D.R.F.)"." This means that blood lymphocytes are
replaced 2-5 times daily. Interestingly smaller ani-
mals with shorter lifespans have more rapid re-
placement of blood lymphocytes (Figure 6).” Cows
appear to be an exception, but this is mainly be-
cause the data is from small calves. Even within the
same species of animal, younger organisms have
higher rates of cell replacement. Blood lymphocyte
counts in healthy animals remain stable because the
number of lymphocytes released into the blood sys-
tem from the thoracic duct is maintained at a con-
stant value. Injections and drips, particularly of hy-
pertonic glucose, administered intravenously cause
an immediate increase in lymph throughput of the
thoracic duct, but the thoracic duct lymphocyte
count decreases inversely. Thoracic duct lympho-
cyte release is controlled by a variety of factors, but
those most directly and strongly modulating the
process are the adrenal and the pituitary glands.””
Adrenalectomy causes an unregulated increase in
thoracic duct lymphocytes. It is well-known that
adrenocortical hormones control lymphocyte
growth. However, the increase in thoracic duct lym-
phocytes observed after adrenalectomy occurs in
far less time than that required for cell division. It is
therefore likely that adrenal excision removes the

barriers preventing lymphocyte release from lym-
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phoid tissues such as lymph nodes. The daily
changes in blood lymphocyte count may be ex-
plained by a similar mechanism. Stressing an anes-
thetized rat (through intravenous administration of
potassium chloride) not only causes a decrease in
the number of lymphocytes in thoracic duct, but
also markedly reduces the cloudiness of the chyle
(that is, the fat absorption rate). However, stressing
a rat in the same manner after the rat has under-
gone adrenal (or pituitary) gland excision does not
result in a decrease in chyle cloudiness, but rather
result in an increase.””” These findings indicate that
adrenocortical hormones may be deeply involved in
fat absorption.

The following are thought to be the main sources
of lymphocytes in the thoracic duct:

(1) Cells recirculated from blood to tissue to
lymph in lymphoid tissues such as lymph nodes and
Peyer's patches;

(2) Cells produced in lymphoid tissues such as the
lymph nodes, spleen, and thymus;

(3) Cells that leak into tissues from the unique mi-
crovasculatures of all organs.

The recirculated lymphocytes of (1) comprise 60-
70% of lymphocytes in thoracic duct. The places
where recirculation occurs are high endothelial ve-
nules (HEV) in lymph nodes and Peyer’s patches.”
Eighty to eighty-five percent of the lymphocytes in
thoracic duct are T lymphocytes and the rest are B
lymphocytes. This ratio is similar to that found in
the blood. T and B lymphocytes” pass through the
HEV to return to circulation. Various different cell
adhesion factors and other molecules are currently
being studied to determine the mechanism by
which lymphocytes pass selectively through the
HEV.™ Nearly all cells recirculated through the
HEYV are naive cells that have not encountered any
antigen.” In rats, approximately 80% of lympho-
cytes in thoracic duct are T cells, and 90% of these
are naive T cells. Why are the endothelial cells of
the recirculating venules so tall? This is a simple
question, but an important one. This feature has not
been fully explained. However, in these HEVS, cells
can move only from the blood to the parenchyma of
the peripheral lymphoid tissues. Cells do not move

in the opposite direction. In contrast, the venules of
the thymus, which is a central lymphoid organ, are
often lined with shorter endothelial cells like the
normal ones. Here, however, thymocytes that have
differentiated and matured in the thymus move in
the opposite direction, from the thymic paren-
chyma to the peripheral blood. Thus, the venules of
the thymus are the only bidirectional vessels in the
entire body that allow cellular movement in both di-
rections. Is there a relationship between the direc-
tionality of cellular movement and the height of en-
dothelial cells? During graft-versus-host (GVH) re-
sponse, when vascular permeability increases, the
endothelial cells become flat and a carbon dye can
pass through them®. After radiation exposure, as
the thymic tissue repairs itself, venous epithelial
cells become taller and cuboidal, allowing lympho-
cytes to pass through, into the thymus. But why?
The newly created lymphocytes of (2) produced
in the lymph nodes, spleen, and thymus are another
important source of thoracic duct lymphocytes.
Continuously cannulating the thoracic duct lymph
of a rat causes rapid decline in the lymphocyte
count to approximately 1/10" of baseline levels af-
ter 4-5 days. Continuing cannulation causes no fur-
ther reduction in the cell count. This base count is
known as the “thoracic duct baseline”. Medium and
large lymphocyte counts increase at this point (20-
30%). The weight of the mesenteric lymph nodes,
popliteal nodes, thymus (particularly its cortex), and
spleen are reduced to 1/4-1/5" of their normal val-
ues. At this time, if only the cells are removed and
the lymph plasma is returned to circulation, lym-
phoid tissues shrink to only to 3/4" to 1/2" of their
normal size.” This means that there must be some
factor that stimulates lymphoid tissues and in-
creases lymphocyte production in lymph plasma.
The thymus which plays a very important role in
the body, is the central lymphoid organ, and the
source of lymphocytes in thoracic duct. Excising
the thymus of a mouse causes thoracic duct lym-
phocyte counts to decrease by more than 50% in 7
days. Excising the thymus of a guinea pig causes
thoracic duct lymphocyte counts to decrease by
more than 40% in 14 days. The thymus is well-
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Figure 7 Lymphatic vessels in the mouse spleen.

Confocal double-immunofluorescent image of microvascular
segments with FITC-conjugated LEL tomato-lectin (green)
and LYVE-1 (red). Initial lymphatic vessels (*) adjacent to
a central artery (CA) in the white pulp (WP) are seen. RP,
ret pulp; TA, trabecular artery. Bar: 50 um. (from Shimizu
et al,, 2009) 83

known as the site of T lymphocyte production.
Lymphocytes produced in the thymus can directly
enter venous circulation. However, since the discov-
ery of lymphatic distribution in the thymus, re-
searchers have determined the significance of it in
lymphogenous release as well.*™ Approximately
16% of the total blood lymphocytes of a guinea pig
are released daily from the thymus lymphoge-
nously. In birds, unlike in mammals, T and B lym-
phocyte production is compartmentalized into the
thymus and the bursa of Fabricius, respectively.
However, well-developed lymphatics were found to
be distributed in the bursa of Fabricius, and the B
lymphocytes produced there were also found to be
released lymphogenously.” The spleen, a peripheral
lymphoid tissue, is also an important source of tho-
racic duct lymphocytes. Recently, lymphatics were
detected in the white pulp of a mouse spleen,” dem-
onstrating the possibility that lymphocytes pro-
duced in the spleen are also lymphogenously re-
leased into circulation (Figure 7).

(3) Unlike granulocytes, lymphocytes do leak
from the specific microvasculature in each organ
even without inflammation, patrol the tissues, and
enter the peripheral lymphatic capillaries. This is
clear because the afferent lymphatics of primary
lymph nodes always contain a certain number of

lymphocytes and macrophage-like cells. However,
determining specifically the exact region of vessels
from which the cells leak remains difficult. In con-
trast, in a pathological state, lymphocytes that have
gained antigen information in tissues induce im-
mune responses in their associated lymph nodes.
The blood-tissue-lymph pathway used by these
cells follows a similar recirculatory process to that
of D, and HEV may also be involved.

Lymphocytes leaked from the vasculature of the
intestinal villi move through the epithelial cells of
the mucosa, gain antigen information, return to the
lymphatics of the villi, travel to associated lymph
nodes, and induce immune responses. This is the
generally accepted view. However, all the countless
lymphocytes which move through the mucosal epi-
thelium cannot return, and some burst into the di-
gestive tract. Here is a mystery. For lymphocytes,
the digestive tract acts as their graveyard. The
doomed lymphocyte that has burst into the diges-
tive tract will be immediately destroyed, its nuclear
elements absorbed from the intestine, and then re-
used as components to construct new cells in the
lymph nodes, thymus, spleen, and marrow.” Fur-
ther, the nuclear components absorbed from the di-
gestive tract of a pregnant woman are utilized to
create new hematopoietic stem cells and other cells
in the lymph nodes, thymus, and spleen of her fe-
tus.” These nuclear components are not only ab-
sorbed into the blood and lymph as nucleotides and
nucleosides, but also as intact DNA molecules.”
This fact may explain the inheritance of immu-
nological memory in lymphocytes.

The blood and the spleen also contain natural kil-
ler (NK) cells.® These cells are capable of causing
nonspecific damage to tumor cells, and cells trans-
formed by viruses. NK cells are large lymphocytes
containing azure granules (large granular lympho-
cytes: LGL, which make up 5-10% of the lympho-
cytes in the peripheral blood) and are considered as
one type of lymphocyte. However, NK cells do not
appear in the thoracic duct lymph or in the lymph
nodes. Here is another mystery. First, lymphocytes
are so named because they appear primarily in
lymph and lymphoid tissues, and not because they
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Table 3 Percent populations of lymphocytes in various
species.

Species in lymph (%) in blood (%)
Eel 62.1 20.6
Catfish 435 22.0
Toad 52.1 323
(Japanese) rat snake 80.0 56.0
(Japanese) pond turtle 86.1 47.0
Duck 96.7 26.9
Human 97.0 23.0

(from Kotani, 2012) !

have a specific shape or function like the names
given to other cells.” Further, nude mice, which
lack the thymus from birth, do not contain T cells,
which are thymus-dependent lymphocytes, but in-
stead have many NK cells, and the activity of these
cells is more pronounced. As a result, these cells
can also be referred to as “extrathymically differen-
tiated T cells””

2) Non-lymphocytic cells (monocytes, dendritic
cells)

In humans, monocytes comprise approximately
5% of the white blood cells of the peripheral blood
and 3% of cells in thoracic duct lymph. However, in
the peripheral lymph, this fraction increases to 5-
22%.* Unlike granular leukocytes, monocytes circu-
late from the blood to tissue to lymph even under
non-inflammatory conditions in the same way as
lymphocytes. Monocytes are the cornerstone of our
biological defense mechanisms. They have a strong
phagocytotic function and consume and process for-
eign bodies and antigens that enter the tissues.
They also release intracellular lysosomes from the
cell, promoting tissue repair and rebuilding. Mono-
cytes that migrate to the thymus can release ly-

9 assist-

sosomes that destroy Hassal's corpuscles,
ing in the differentiation and maturation of thymo-
cytes. Furthermore, an important function of mono-
cytes is antigen presentation via uptake and degra-
dation of antigens, and the induction of immune re-
sponses in associated lymph nodes via peripheral
lymphatic vessels.”" Monocytes that have taken up
detected in the

autoimmune-developing NZB/w F1 mice.”

antigens were thymi of

One cell type has a count (1-3%) far lower than

that of monocytes but carries antigen information
from the tissues through the peripheral lymphatics
to lymph nodes. These cells have tree-like proc-
esses, hence named dendritic cells (DCs).” The cell
most representative of this cell type is the Langer-
hans cell, which extends long dendritic processes
between the epidermal cells of the skin. These cells
are also present in mucosal stratified squamous epi-
thelium such as in the oral cavity, pharynx, and
esophagus. When Langerhans cells in the epidermis
leave and enter the lymphatic vessels of the dermis,
they must shrink their long processes and swim
about freely in the lymph as they move towards
their associated lymph nodes. As a result, they are
also sometimes called veiled cells. Veiled cells are
one type of antigen-presenting cells (APC), but to
switch places for renewal with new Langerhans
cells, they may leave the epidermis. DCs are also
present in the peripheral lymphatics like in the in-
testinal and the bronchial mucosa, as well as in the
lymph of the liver.” DC progenitors from the bone
marrow exit the sinusoids of the liver, flow through
the space of Disse, and appear as DCs in the hepatic
lymphatic vessels that originate in the interlobular
tissues, eventually reaching the hepatic lymph
nodes to induce an immune response. Here, is a
mystery. DCs are present in the afferent lymphat-
ics of a lymph node, but not in the efferent lymphat-
ics! Do DCs enter the paracortex of the lymph node
(T cell area) and perish after presenting the anti-
gens or their information to the interdigitating cells
(IDCs) distributed here, or do they settle as IDCs
and continue to stimulate lymphocyte activity? One
principle states that peripheral lymph must pass

through at least one lymph node before entering

the thoracic duct (the law of intervention),” which

may explain why DCs are not observed in the
lymph of the thoracic duct.

2. Phylogeny of cell groups in lymph

1) Lymphocytes

Jawless cyclostomes like lampreys do not contain
lymphocytes; these cells first appeared in cartilagi-
nous fishes like sharks. The lymph vessels of these
animals are not independent from their blood ves-
sels, and should therefore be referred to as hemo-
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Table 4 Cell populations in lymph of various species.

. Lymphocytes Non-
Species %) lymphocytes

(%)

Eel 62 38
Catfish 51 49
Toad 36 64
(Japanese) rat snake 80 20
(Japanese) pond turtle 86 14
Duck 98 2
Human 97 3

(from Kotani, 2012)!

lymph vessels.”” As a result, all cells in the blood also
appear in the lymph. All animals with independent
lymphatic and vascular systems, from osteichthyes
to mammals, have far higher lymphocyte counts in
the lymph than in the blood™ (Table 3). In toads
(anuran amphibians), lymphocytes make up 52% of
lymph cells. In the Japanese rat snake and Japanese
pond turtle (reptiles), this ratio is even higher, and
lymphocytes comprise nearly all cells in the lymph
of ducks (birds) and humans (mammals). The lymph
nodes of mammals are quite well-developed and
these animals can use their lymph nodes as a source
of lymphocytes, while birds (like ducks and geese)

N Xy QU
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Figure 8 Subendothelial lymphoid tissues in the lizard.

A: A triangular lymph nodule projects into the lumen of the wall of the thoracic duct (T).
B: A spherical lymph nodule projects into the lumen of a lymphatic vessel (L) between the

internal circular muscular layers in the small intestine.
(from Kotani, 1961) %

only have small primitive lymph nodes: one pair in
the neck that intervenes with the thoracic duct
(cervicothoracic nodes) and one pair at the pelvis
(pelvic nodes) (Figure 4B). Reptiles and anuran am-
phibians do not, of course, have lymph nodes. What
do these animals use as the source of intralym-
phatic lymphocytes? In these animals, numerous
simple lymphatic structures appear not only in the
thoracic wall, but also in peripheral lymphatic ves-
sel walls as subendothelial lymph nodules and
subendothelial lymphatic infiltrates.”” Their outer
surface is covered in lymphatic endothelium, and
many structures protrude into the lymphatic lumen
(Figure 8). Similar lymphatic nodules and lymph in-
filtrates are widely distributed as endothelial lym-
phatic structures in humans and other mammals, all
of which have well-developed lymphatic systems.

2) Non-lymphocytic cells (granulocytes, mono-
cytes)

Fish, amphibians, and reptiles have much greater
number of non-lymphocytic cells appearing in their
lymph compared to birds and mammals”* (Ta-
ble 4). The number of different types of non-
lymphocytic cells is also increased” (Table 5). Cells
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Table 5 Cell populations of non-lymphocyte in lymph of various species.

Species Neutrophils (%) Eosinophils (%) Basophils (%) Mononuclear cells (%)

Eel 9.2 0 25.8%
Catfish 129 0.1 43.3%
Toad 42.0 0.3 46%
(Japanese) rat snake 3.8* 0 16.2%
(Japanese) pond turtle 8.2* 0 5.7*%
Duck 0 0 0.6

Human 0 0 30

* These cells correspond to neutrophils in mammals, but their specific granules are eosinophilic due to the

metachromasia.
# Including monocytes and histiocytes.
(from Kotani, 2012)!

found in the blood are also present in the lymph of
toads, from granulocytes such as neutrophils,
eosinophils, and basophils, through to monocytes
and pigment cells [excluding red blood cells and
spindle cells (nucleated cells that function similarly
to mammalian platelets, also known as thrombo-
cytes)]. This is also true for osteichthyes and rep-
tiles. Then, why are granulocytes always present in
the blood of reptiles, amphibians, and osteichthyes
when they appear only in the blood of mammals
during inflammation? What are the sources of these
cells? In mammals and birds, granulocytes are pro-
duced in the bone marrow and released into the
vasculature. However, the marrow of osteichthyes
is still quite primitive, and myelopoiesis is first ob-
served in anuran amphibians, which also only oc-
curs in the short period of time immediately follow-
ing hibernation. Myelopoiesis is slightly more active
in reptiles, but the marrow is not the hematopoietic
center as it is in mammals and in birds. Even if
granulocyte production is high in the marrow, this
tissue does not contain lymphatics; therefore, it
could not be a direct source of intralymphatic cells.
Thus, extramedullary hematopoiesis occurs in vari-
ous organs and tissues of fishes, amphibians, and
reptiles. Majority of granulocyte production occurs
in intestinal folds (primitive spleen) in cyclostomes,
in the gonad mesenchyme (ovaries/testes) in carti-
laginous fishes, in the mesonephric mesenchyme in
osteichthyes, and in the hepatic mesenchyme (par-
ticularly subcapsular areas) in caudate amphibians.
In frogs (anuran amphibians) and turtles (reptiles),
the subepithelial intestinal mucosae are the foci of

granulocyte hematopoiesis, which is where all im-
mature cells reside. As granulocytes that mature in
these extramedullary hematopoietic foci, enter the
blood vessels, it is assumed they also enter lym-
phatic vessels distributed in the same area. Either
way, in osteichthyes, amphibians, and reptiles,
granulocytes may migrate from blood vessels to tis-
sues and into the lymphatics regardless of the pres-
ence or absence of inflammation, unlike in mam-
mals.

The next topic of focus is the high proportion of
monocytes contained in the lymph of eel and catfish
(Table 5). The proportion is much higher than that
in the blood (8.7-10.1%). This is because of the pres-
ence of numerous histiocytes (macrophages resid-
ing in tissues) in addition to monocytes. In osteich-
thyes, the monocytic and histiocytic Systems are
distinguished from each other, and histiocytes are
2-3 times larger than large lymphocytes. The pro-
portion of mononuclear cells in the lymph of a toad
is low, but half of these are monocytes, and the
other half are histiocytes. These proportions are
somewhat lower than those in the blood (4.8-3.7%).
Histiocytes contain brown pigment cells, which are
macrophages that have taken up melanin pigment.
The mononuclear cell content of the lymph of the
Japanese rat snake is somewhat lower than that of
the blood (26.6%), but it contains both monocytes
and histiocytes. Histiocytes, like monocytes, are ca-
pable of phagocytosis, and foreign bodies and bacte-
ria that have invaded the body are destroyed by
their lysosomes. Histiocytes are also known as
antigen-presenting cells. Except for toads, the histi-
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ocyte fraction in the lymph becomes higher in phy-
logenetically more ancient organisms, moving back-
wards from reptiles to fish, and the fraction is par-
ticularly high in fish. This indicates a high degree of
dependence on the macrophage system as a biologi-
cal defense mechanism. In general, histiocytes are
not present in mammalian lymph. However, if
Langerhans cells, which migrate from the dermis to
the basal cell layer of the stratified squamous epi-
thelium, are considered as histiocytic macro-
phages,” then histiocytes are present in the periph-
eral lymph of all animals (except for birds, which
have not been examined in this field).

Part 4: Relationship Between the Lymphatic
System and Fat

In recent years, with growing interest in the mod-
ern illnesses of obesity and metabolic disorders,
there has also been increased molecular and genetic
research into the relationship between lymph and
fat.™” While some of these points may overlap with
those already covered, there are numerous aspects
that are not well-understood, involving the relation-
ship between the lymphatic system and fat. Thus,
in this section, we will present topics and points of
interest at a more detailed, phenomenological level,
and we would invite younger researchers and clini-
cians to join us in this journey.

1. Lymphatics as absorbers of fat

Broadly speaking, fat absorption from the diges-
tive tract is not carried out by subepithelial blood
capillaries, but by the lymph vessels central to each
intestinal villus. In body tissues, the lymphatic sys-
tem functions to collect substances that cannot be
collected by the blood vessel system, such as large
molecules above a certain size (hyaluronic acid,
high-molecular weight proteins, etc.), long-chain
fatty acids with more than 12 carbon chain length,
and cells.”""™ Normally, fat components such as
long-chain fatty acids are taken up by the lymphat-
ics in the form of chylomicrons (0.1-0.3 um). As a re-
sult, after eating, intestinal lymph becomes a milky
white color and this is the reason it is called “chyle”.
Consequently, short- to medium-chain fatty acids
with 12 or fewer carbon chain length, can be ab-

sorbed into the blood capillaries of the intestine by
natural diffusion. Whether a fat is absorbed via the
blood capillaries or only via the lymphatic capillar-
ies mostly depends on its molecular size, but there
are some differences depending on the type of ani-
mal and of fat. However, whether all lymphatic cap-
illaries throughout the body have the same absorb-
ent function or whether they have site specificity*
with differing functions depending on their location,
as is the case with blood microvascular groups, re-
main unclear. However, in recent years, the exis-
tence of organ-specific lymphatics has become a
topic of discussion.™*

An early method for imaging the lymphatics in-
volved the use of a compound used for oil painting:
a mixture of Prussian blue and turpentine (Gerota’s
suspension), taking advantage of the lymphatics’
preferential absorbance for oily liquids. Further, a
study in Japan was the first in the world'” to use an
oil-based iodine formulation to achieve contrast
visualization of the lymphatics as a clinical diagnos-
tic tool, followed by the widespread use of low-
leaking lipiodol and other lipid-soluble contrast
agents, which have a smaller degree of “extravasa-
tion”, a disadvantage of subsequent water-soluble
contrast agents.

2. The reason mineral oil causes lymphan-
giomas

Interestingly enough, lymphatics are not the only
structures in the body capable of absorbing fats.
Mesothelial cells covering serosal cavities such as
the abdominal cavity also react uniquely to fats.

In the 1970s, it was discovered that the admini-
stration of mineral oil or pristane (used to induce as-
cites) into the abdominal cavity caused the forma-
tion of tumors composed of various cells (myelomas,

"% Simultaneously, a different

B cell lymphomas, etc.).
type of tumor was discovered on the surface of the
abdominal cavity. At the time, this finding did not
receive much attention, but after 10 years or more,
Mancardi et al."” reported the use of a very similar
adjuvant (Freund’s incomplete adjuvant; FTA) to in-
duce the development of a benign lymphangioma.
They pathologically examined the lymphangioma

and found that it comprised of peritoneal mesothe-
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Figure 9 Adjuvant-induced lymphangioma in mice.
Typical honey-comb like benign tumors (T) develop on
the surface of diaphragm wall (D) after an intraperitoneal

injection of Freund's incomplete adjuvant (FIA). Note that
EM-blue dyes (arrowheads) mixed with FIA are up-taken
and contained together in larger tubular structures in the
tumor.

lial cells that had taken up various cells such as in-
traperitoneal macrophages derived from bone mar-
row, and progressed to form a type of mesothelioma
(Figure 9). Thus, after stimulation by the oil, the
normally single-layered, flat cells of the mesothe-
lium began to form a three-dimensional structure,
loosen their intercellular junctions, and temporarily
lose their polarity while ingesting the oil. Further,
podoplanin (PDPN), a mesothelial marker, was forc-
ibly expressed and substances like chemokine CCL
2 were secreted, which attracted bone-marrow de-
rived peritoneal cells, forming various types of tu-
mors on the whole surface of the abdominal cavity.
During tumor development, ingested lipid droplets
of various sizes fused together within the cell and
became very large. The droplets further fused with
the neighboring cells to join together and form
either a tubular structure or a very large cystic
structure. As part of this process, other non-
mesothelial cells, such as bone-marrow derived
macrophages, also rapidly took up FIA, invaded the
mesothelium, and participated in tumor formation.
Eventually, a tubular structure gradually began to
link together, ultimately forming a structure func-
tionally similar to that of a lymphatic vessel. Addi-
tionally, we induced this type of tumor in a mouse,

collected tumor cells as a source of immunogen for

" to immunize rats, and suc-

lymphatic markers
ceeded in developing a monoclonal antibody for the
mouse lymphatic endothelium." This was because
accumulation of a sufficient amount of lymphatic
endothelium from a healthy mouse for antigen pro-
duction was very difficult. In specific areas of the
abdominal cavity, particularly the macula cribri-
formis on the surface of the diaphragm, mesothelial
cells of the peritoneum, and endothelial cells of the
lymphatics come into direct contact with each
other.™ As a result, these two cell types are tightly
linked and each type can move the other. In this
process, the aforementioned adjuvant-induced lym-
phangioma may have formed through uptake of the
foreign oil adjuvant by mesothelial cells and perito-
neal macrophages, and after some time, several tu-
mors merged together to form a tubular shape and
eventually form a long lymphatic-like drainage
pathway to drain these substances outside of the
peritoneal cavity. Here is a mystery. Fat (mineral
oil) is involved in high degree of interrelation be-
tween the mesothelium and the endothelium and is
one of the factors that brings these two structures
closer together. Thus, we propose " that a
mesothelium-fat incorporating cell-lymphatic endo-
thelium transformation process (meso-endothelial
transformation) may be occurring. This process has
recently gained much attention, and studies to un-
derstand this process are a key step for explaining

BT we can

the mechanism of lymphangiogenesis.
control the shift between mesothelial cells and lym-
phatic endothelial cells, it may be possible to de-
velop treatment for chronic lymphedema and even
peritoneal sclerosis'” suffered by peritoneal dialysis
patients.

In our experience, multiple tumors can form from
the various mesothelial cells on the surface of the
peritoneum even one week after administration of
this adjuvant to the abdominal cavity. Here is an-
other mystery. The one exception to this process
occurs in the mesothelial layer covering the ovaries,
the surface epithelium (also known as the germinal
epithelium). We observed almost no adjuvant-
induced changes in this layer. Cells in this layer nor-
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Figure 10 Reticular tissues as the primary construct of
lymph nodes and adipose tissue.

A: An intimate relationship between lymph node and
adipose tissue. Both consist of argentaffin reticular fibers
which are strongly stained by silver staining.

B: A higher magnification image of the adipose tissue. The
individual fat cells and many capillaries (arrowheads) are
covered with very fine reticular meshworks. A&B: Silver
staining is done to visualize reticular fibers.

(from Ezaki, 2014)2

mally form a squamous-to-cuboidal layer. Perhaps
because they are preparing for the periodic release
of an ovum, these cells do not form a simple
squamous layer like the mesothelial cells of other
sites. Alternatively, the predisposition of these cells
to ovarian cancer may be inversely correlated with
adjuvant-induced mesotheliomas.

3. Reticular tissue: A fundamental structure
of the lymphatic system and adipose tissues

Normally, the lymphatics and lymphoid tissues
are inextricably related to adipose tissue. Another
mystery appears here. Both tissues have an abun-
dance of so-called reticular fibers (primarily made of
type III collagen fiber) and are therefore examples

of reticular tissue. Reticular tissue is composed of
mesenchymal reticular cells (a special type of fibro-
blast and also part of the histiocyte group) and the
reticular fibers produced by these cells. This special
connective tissue provides a space for the smooth

movement of interstitial fluid, cells, and substances.

Reticular fibers are particularly well-developed in
hematopoietic, lymphoid, and adipose tissues (Fig-
ure 10). In other words, all lymphoid and hema-
topoietic tissues contain these reticular tissues as
their basic structure, and freeloader blood-type cells
also migrate to these sites. In adipose tissue, adipo-
cytes are surrounded by reticular fibers, where ac-
tive metabolism takes place, also making it a type of
reticular tissue. Lymph nodes are normally buried
in adipose tissue in bends of the body (below the
jaw: submaxilla, armpit: axilla, groin: inguen, and
back of the knee: poples). Consequently, it is nor-
mally difficult to palpate the lymph nodes, and they
can only be palpated after they become inflamed
because of infection or some other process. At these
times, the lymph nodes may swell anywhere from
2-3 times the normal size to 20-30 times, depending
on the extent of inflammation. As mentioned earlier,
the lymph nodes are normally buried in adipose tis-
sue, allowing them the freedom they require to
carry out immune responses and to maintain ther-
mostability. Further, extravascular fluid pathways®
exist between the serosal cavities and the vascular
system, and reticular fibers are distributed in abun-
dance particularly in these areas. These pathways
serve as an important route for the drainage of ex-
tracellular fluid into the lymphatic system. Conse-
quently, when lymphatic or adipose congestion oc-
curs, these areas are often prone to lymphedema or
lipedema. Thus, further studies to investigate the
components that form reticular tissue are impor-
tant to provide insight into the mysterious relation-
ship between the lymphatic system and the adipose
tissue.

4. Age-dependent involution and fat replace-
ment (infiltration of adipose cells)

Generally, hematopoietic and lymphatic tissue de-
generate with age, eventually being replaced with
adipose tissue. For example, the bone marrow of
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Figure 11 Normal thymus of a woman of around 20
years old.

Only the medulla (M) remain, whereas the cortex (C) is
almost completely involuted and replaced with adipose tis-
sues. (from Ezaki, 2014) 2

humans changes from red to yellow with age. The
thymus has the most severe age-dependent involu-
tion. Here is a mystery. As explained previously, it
is not an exaggeration to state that lymphatic tissue
and adipose tissue are of the same origin. Develop-
mentally, both descended from mesenchymal cells
and are regarded as differentiated reticular cells
that produce reticular fibers. Consequently, al-
though lymphatic tissue (hematopoietic tissue) is a
microenvironment formed by reticular cells for the
movement of particles and vigorous metabolism,
where the blood cell system resides, as the hema-
topoiesis of this tissue decreases with age, the resid-
ing blood cells disappear, while the remaining cells
accumulate excess nutrients and waste products
and may eventually turn into adipocytes. This may
be another form of transformation. Nagasawa et
al." reported that bone marrow reticular cells act
as a microenvironment (niche) for hematopoietic
stem cells, while simultaneously differentiating into
adipocytes or osteoblasts. However, the mechanism
that promotes mutual differentiation among these
cells remains unclear. Further, it is still unclear
whether the age-dependent involution and fat re-
placement observed in lymphoid tissues occur be-
cause the reticular cells directly transform into adi-
pocytes or because other cell types transform. How-

ever, it is very important to determine the mecha-

nism behind this progress, as such findings would
reveal the nature of diseases and pathologies such
as myelofibrosis, which involves characteristic fat
replacement and fibrosis of bone marrow tissue.
The fat replacement and fibrotic changes in the
bone marrow observed in chronic lymphedema, in a
sense, greatly resemble the age-induced regression
of lymphatic tissue. Thus we hope for future ad-
vancement in this area of research.

5. Lymphoid tissues and steroid hormones

To the clinician, steroid hormones are truly a
double-edged sword, confirming the very close rela-
tionship between the lymphatic system and steroid
hormones.” Previously, it was common to measure
the medicinal efficacy of steroid hormones by moni-
toring the degree of regression of the thymus. Tra-
ditionally, corticosteroids have been used as power-
ful immunosuppressants, and lymphocytes possess
glucocorticoid receptors. ' Similarly, the age-
dependent involution of lymphoid tissues is
strongly influenced by the puberty-induced release
of sex hormones that cause development of secon-
dary sex characteristics. The mystery here is that,
despite both being steroid hormones, corticoster-
oids and sex hormones have completely different
targets and effects. Sex hormones in particular are
far more effective at inducing aging effects and, are
responsible for causing the dramatic changes seen
during puberty and menopause. Sex hormones are
a type of lipid steroid hormones, demonstrating the
connection between the lymphoid and adipose tis-
sue. As we enter puberty and the production of sex
hormones increases, almost all lymphoid tissues, be-
ginning with the thymus, are affected by this
change, and this triggers age-dependent regression.
After passing through puberty, the thymus ceases
nearly all of its immunological functions, undergo-
ing involution, and most of the remaining reticular
tissues undergo fat replacement (Figure 11). An in-
teresting question is whether the remaining reticu-
lar cells,™ including the stroma cells, have receptors
for steroid hormones. According to Haruki et al.,'”
the main structures with estrogen receptors in the
thymus are not thymic lymphocytes, but are rather
reticular epithelial cells. This suggests that the in-
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Table 6 Autoimmune diseases common in women.

Major disorder

Incidence ratio in female (compared with male)*

Systemic lupus erythematosus (SLE)
Takayasu arteritis

Sjogren syndrome

Fibromyalgia syndrome

Systemic sclerosis

Rheumatoid arthritis
Polymyositis/Dermatomyositis
Basedow disease

Hashimoto’s thyroiditis

Myasthenia gravis

9~10
10
14

3~9
5
25
4~7

10 ~ 20
2

* References: Internal Medicine, 8th edition (Sugimoto T, Omata M, Mizuno Y eds), Asakura

Shoten, Tokyo (2003) etc. (from Ezaki, 2014) 2
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Figure 12 Effects of estriol (E3) on immune system.
Weights of the thymus, spleen, mesenteric lymph nodes
(MLN), and the number of white blood cells (WBCs) in the
peripheral blood in adult male mice were measured at
various times after having received 10 mg of E3 by the
intraperitoneal injection. On day 5 after E3 treatment, the
thymus quickly involuted, whereas both weights of the
spleen and MLN and the number of WBCs in the periph-
eral blood reversely increased. (from Ezaki, 2014) 2

volution and fat replacement of the thymus does
not occur in a unified manner, but that the effect of
sex hormones may occur in the lymphocytes of the
thymus and in the microenvironment in a plural-
istic manner.

6. Diseases with gender differences: High
prevalence of autoimmune diseases and primary
chronic lymphedema in women

Generally, it remains a complete mystery as to
why many autoimmune diseases exhibit gender dif-
ferences (Table 6). Fundamentally, women have

stronger autoimmune responses than men, but, ac-
cording to Ahmed et al.,"” the effect of these sex
hormones are almost completely mediated by the
thymus, namely T cells. Moreover, immunomodula-
tory T cells are the most sensitive to sex hormones
during peripheral immune responses.

Based on the effects of thymus weight in our ex-
periments using mice, corticosteroid hormones
have the strongest regressive effects, followed by
female hormones (estrogen), while the hormones
showing the weakest effect were androgens (testos-
terone). However, the actual targets of these hor-
mones may differ. First, corticosteroid hormones
not only Kill peripheral mature lymphocytes di-
rectly, but also deliver a lethal blow to thymocytes.
However, estrogen does not directly damage thy-
mocytes, but appears to force them to emigrate
from the thymus (Figure 12).

A particularly interesting aspect is that the estro-
gen estriol (E3) has the lowest physiological activity
among the female hormones. Compared to estradiol
(E2) and estrone (E1), E3 has an extremely weak ac-
tivity (1/10-1/100) towards its original target as a fe-
male hormone (namely against the reproductive
system). However, it has a similar level of potency
as other estrogens have on lymphoid tissue or any
tissues other than its original target, and it may
even have a unique effect not found in E1 or
E2.*"* Therefore, during the feto-maternal rela-
tionship, E3 levels rapidly increase in the maternal
body at the end of pregnancy not only to maintain
maternal immune function and continuation of
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Table 7 Possible effects of estrogen (E3) on various targets in vivo.

Target Action - Effect *
Reproductive organs (original targets) 1} : growth and maturation (promote function)
Lymphoid tissues
+ thymus involution (driving thymocytes out of thymus)
- hematopoietic tissues (e.g. bone marrow) {r : hematopoiesis (production of EPO, GM-CSF)
1} : production of platelet-derived factors
Connective tissues
- fibroblast 1} : synthesis of extracellular matrix (hyaluronic acid etc)
Il : synthesis of fiber
- vascular endothelial cell 1} : vascular growth and permeability
- macrophage 1} : phagocytic activity of RES cells
1 : tissue MMP-9
- natural killer cell 1} : killer function
- mast cell 1} : degranulation (histamine - serotonin release)
Metabolic system
+ bone metabolism {} : osteoclasts (— prevent osteoporosis)
1} : osteoblasts
- lipid metabolism 1} : blood cholesterol and triglyceride
4} : oxidation of LDL ( — prevent arteriosclerosis)
- hepatocyte 1} : proliferation
1} : synthesis of alpha-fetoprotein ( — blastogenesis of
hepatocyte?)
{} : synthesis of albumin
- submandibular gland {} : production of EGF by duct cells
Central nervous system 1} : sexual differentiation of the brain
{} : synthesis of amyloid (— prevent Alzheimer disease)

* According to our data and general textbooks. (from Ezaki, 2014) 2

pregnancy, but also to promote differentiation and
development of organs and tissues of the fetus (Ta-
ble 7). Like the fat-soluble vitamins Vitamin A and
Vitamin D, thyroid or other steroid hormones, es-
trogen is thought to exert an extremely powerful
effect on the body through its ability to regulate the
transcription of a large number of genes by binding
to and activating the nuclear receptor. These lipids
have a basic chemical structure in common, known
as the steroid ring. However, they are mysterious
substances, as they can also exert the exact oppo-
site action with only slight differences in their re-
spective terminal residues. This indicates that gen-
der differences in autoimmune diseases may origi-
nate from the wide range of the effects of estrogen.
In contrast, androgens affect only immature B

124

cells.” An animal model in which B cell defects
(chemical bursectomy) were produced by soaking
chicken eggs in a testosterone solution has been
widely cited.

We do hope that in the future, the direct relation-

ship between sex hormones and

age-related

changes, and sex hormones and lymphatic systems

is clarified.

Appendix: Four Principles of the Course and

Distribution of the Lymphatics and the Lymph

Nodes

As described above, tissues or organs in which

blood vessels are not distributed (epithelial tissue,
cornea, cartilage tissue, hard tissues of the teeth,
etc.) naturally lack lymphatics. However, there are
organs in which blood vessels are distributed while
lymph vessels are not. For example, in parenchy-
mal organs such as the liver, kidney, mammary
gland, and pancreas, lymphatic vessels are distrib-
uted in the interlobular connective tissue and in the
capsule that covers the organ, while no lymphatic
vessels are present in the parenchyma. Further-
more, the lymph capillary network exists only at a
certain distance from the capillary network and
runs alongside blood vessels only after becoming a
slightly larger collecting lymphatic vessel and is at
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some distance from the tissues and organs.

Additionally, there are principles concerning the
lymphatic vessel system which are extremely im-
portant in clinical practice, particularly in the surgi-
cal treatment of malignant tumors. These were de-
scribed more than half a century ago by Kutsuna®”
as the “Three Principles of the Course and Distribu-
tion of the Lymphatics.”

Principle 1: In the human body, all lymphatics
must pass through at least one or more lymph
nodes before merging with a vein. (Law of Inter-
vention)

Principle 2: Lymph flows only in one direction:
from the periphery towards the core of the body.
(Law of Conduction)

Thus, because valves are present in the lymphat-
ics after the collecting lymphatic vessels, under nor-
mal conditions, a specific lymphatic will not empty
into a non-associated node, nor will backflow occur.

Principle 3: Near the midline of the human body,
all lymphatic vessels, whether superficial or deep,
will form left-right anastomoses. (Midline Cross-
over Phenomenon)

In addition to these, we propose another impor-
tant point, and thus would like to retitle this list to
“Four Principles of the Course and Distribution of
the Lymphatics and Lymph Nodes.”

Principle 4: Lymph vessels regenerate, but once
excised, lymph nodes do not, because the number of
lymph node primordium is constant in one’s whole
life. (Non-regeneracy of Lymph Nodes)

As described above, according to Kotani, the
number of lymph nodes, like the spleen, is deter-
mined during development. At present, research
into regeneration of lymph nodes has received at-
tention as a putative countermeasure against infec-
tion and cancer metastasis. However, once the
lymph node itself is removed, it will not regenerate.
This is an extremely serious concern for clinicians
who remove lymph nodes alongside malignant tu-
mors. Recently, there have been attempts to pro-
duce artificial lymph nodes,” but so far, there has
been no reliable successful cases of producing one
similar to that of a natural lymph node.

We would therefore like to reaffirm the deeply

clinically relevant “Four Principles of the Course
and Distribution of the Lymphatics and Lymph
Nodes” and hope that they will be a point of refer-
ence for future clinical activities and research de-
velopment.
Afterword

Lymphatic research is now in a completely new era
in terms of both basic and clinical medicine. This is
demonstrated by the great progress made in the
imaging of lymphatics.” Elucidating the proc-
esses and mechanisms of lymphatic development
will continue to gradually provide insight into lym-
phatic function and its physiological, immunological,
and oncological significance. If comparing the blood
vessels in the body to a plumbing system, the lym-
phatics would function as the sewer. Although the
lymphatic system is not as immediately and direly
linked to life or death as the cardiovascular system,
we must not forget that when these sewers are
clogged and they stop functioning, life activities be-
come quite arduous. Therefore, it is no exaggera-
tion to claim that “the emergence and recovery of

all diseases depend on the microvasculature, includ-

ing the lymphatics”. We hope that these words and

this article are useful in the future development of
basic and clinical medicine.

Mystery is everywhere. The topics presented
here have been examined since the beginning of
our studies of the lymphatic system. Many months
and years have passed since then. There may be
some who question why the issues presented here
are even considered mysteries. However, it would
be ideal if even a single person finds one small as-
pect of these issues interesting. We would also very
much appreciate any objections and counter-
arguments you may be inclined to give us.
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Prevo et al. (2001) 0

Podoplanin H M, R LIRS 43 HeAg e Breiteneder-Geleff et al. (1999) 4V
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Schacht et al. (2005) 43

VEGFR-3 (Flt4) H, M, R SHH e 2% 1 170 VEGF-C %1k Kaipainen et al. (1995) 40
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B27 R R ? ? Ezaki et al. (1990) 13
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CD105 H M, R SR e 2 i 90, 180 TGF-B %%k, endoglin  Gougos and Letarte (1990) 13V
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(e b PV-1)
0X-43 R LTES] 90 ? Robinson et al. (1986) 156
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MR SR IRI AL & & 12 LIRIGMIE
AWML T “MRIGEE oRRZzEL, SS5ICEY
b LTSI 2 &R DSIE L T Xwv K
WRETH L8 (B5) &%5. Lo T,
Pl OACH 2 HI#H4 5 2 & T, W5 ZFRid 5720
T, WITLERY VOMEREZHEHFR T D EE R
s, NG % & T AT EE R O 7 B R E o 7
Bi « SWED7d) VMR ELIN T 5.

A B ARIEERZER A I D 5 IR Tid v as,
FUIATE MBI & v ) BIUAIZ & o TITHE A 2
BV BHIZY T YT LTS R LRETH L
&, FCEMAFRE 2 TIER 52 O The { il
WEDTDDOEL b ONFIX) Y VERETH B
ZEEENTREZL W, Sy, BEE ) »x
BLOMDYIZOWTOMNRED S 5 7% 558 EA MR
INhs.

Part 3: U /\AH LT D/ BEBAOHMREE
RETIX, Vw8 ) VSRR ICIETET B MR
WZ2OWTZEDT a7 4 — NV EFRAE - IOV TH
L THR7z,

1. U NAfilR#EO7O7 « —Jb

1) vk

) USERIE, RO v oShICHEE T AR
FEAEZED BT ) 8B & 18 I
William Hewson 2%5%4 L7 & ENTWAEYH, Z0
FEREIL 1960 SEMRIC R 2 FTIREA LSS THH
ENLZ b ol TOREZHNOTHHL
DIE, BROHE W2 NDOFREZETH-72. £D1
ANDSF — A+ 1) 7 ® Jacques F Miller ¢, H L5
DR % M5 7201247 o T2 A~ 7 2 O gl
W& oT, U YRERBOWEA &b Bl kS
REANH R (B BAMERC MR BN DTEL) $52 &
YL, Thhshl & M ARAAE Y > 238k (Thy-
mus QYL T % M- T T M) OREBEMI D50 &
oz, b9 — NIKRED/NEEE Max D Cooper
T, HEREDREASEO/NEEZ LI 720, RiF
DEEOC I aoRRE 7 7 7Y F oy AEOHEE
BRc, =7 M)ICBIET77T7T)F I RAEORE L

Cells/Hr /Ka.

108)
fx";—y/

104

60 +

40
20-

P -,
i A - 4 bl

6 HEWEIC BT DY) o SRIT R
KT 1kg %72 ) ORERIE ) >/ SMITEE Y B R T.
(Reinhardt, 1964 & 0 5[J) 0

ZZTHAET %Y v 238k (bursa of Faburicius ®¥H
R o T BMING) ASPESRERE (PUMA R LB RE)
S VR L7

v M ESOMILBWOME ) SO 85~
95% DL EASY) Y oNERT, MK v 2RERD EE R
BCThb, 1 HITWE» SISz ) v ox
BB LY THITIZHE > TWT, MY » %
KRB/ TH LY. oK%
D.RF.(daily replacement factor) W95 %. v
AA L, M) Y RERIFHIZ2~5BANEDLS. &
CWAEEN D L. NS VEPITEHL K ANRED
D (X6), HaORNBIWIZ LML S ANFD LT,
I AR B0, HFFEOT—FIZH L7720 TdH
. FLEHYWTHECEHWIEML S ANEDS.
EHRBMOMBEY) ¥ P —E L TWwWbHDIX,
EhOIMERICBHENE ) V8B —E L Tw
206 Th5D. HHERIM, FEITERT B ER
EHRES T 5 L, W) oRimIE T ClET S
A%, FAUTREBI L TIE Y v S BRBUTBA T 5.
M) BRI A VAR TFCTHI ST TWw 5
A, EEMISRVEELRTORREETHY, TE
HRTH27. B ERINT 5L, BE) v E5REUS
ABHNZHMS 5. BIEEERNVE ) Y8k
BIEIIEIER OH 5 Z I3 X L MSNTWBDS, F
RS & B 5 ) ¥ SERE o BE I I 4 2
FTLRMTIEEZEZONZVIEIERVWOT, &5 H
BRI E o T, VI HiRED) YRR E
DEINTWY) YREROE2E 2NN D DO TIE
MEEZONS. IMEY) V5B HANZEH LU
X9 BBECTHMETE 20 MR, KR7ZH,
B F TS v MIZA ML A (GEALD V) 7 DB OE
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MRN$EG) 52 % EHE ) ¥ BRI 7205 T
%<, ACOHAEE (DOF ) IRHOWINE) 25802
AT 5. LA, A (F 7213 T A
W) L7z y PTRFALA ML ZAZ52THIHUD
FEEIEDL St LAKINT 2™ ™. 2ol
CAFEIE R E ARV E D BREOWINZ HEL b -
TW5 2 EERET 200 Mz,

XC, WEY Y SERO TR BIBFIZ LT O 3078
EzZzbhb.

(1) V) YRR Tz D) VLT,
M~ >~ S~ TGS 2 3 0,

(2) ) YRR WK, MRz o) 2R TH
ZIESENS B D,

(3) TXTOLE, MHEDOREDB/NMILE A 5 H
R L72d o,

9, (1) OFEE) 2 8BKIZMWEE ) > 233k 60
~T70%% 5. FHEBRDMTON D HTILY) /3
R8N A TV @ & N KM IR high  endothelial
venules (HEV) TH» 5™, W& > 738k 80~85%
Z TV Y 8ERT, 10~20%AB U ¥ /85kT, ZDlt
RIIMPFEIEEAEES B, TY VB B Y ¥
NERPH HEV # 4 L CHAGREZ LTS, 20
HEV % /v 5 IR 2 ) > 7S Ek o i B % i)
T 5H72DIZVAH WA R EE R EsE s
TWw3™, HEV Zi#i- TGRS 2MIZzL A L
DPUEIZ F 72 & 5 722 L A%\ naive 72 &
WO Ty MTIIE ) 2 3ERO#) 80% A3 T cell
T, D9 H90%A naive T cell THH. ZZI2F
AN D 5. HMAREEMTH DD, FEERT 5
HMFIRO NI 2 LR DEAL ) h. Zh
IZoWTlE, FREREEIEHLOL SNz TR
. 72720, TS OE N RHERIR LM I
W2 & KRPE Y 2SRRI —FH Pz L
PREL 2w, P L TE ooy g eI
DRV, TS LT, PR RIfkTH
2 Bt OMEIR (T L A Lo B M2 S K
ENDBIENLZVH, 2T THILEA L 72
T e 0 M i 52 20 7 5 SRR IR L ) A ) i) &
ORELRZ L. OF ) MROMEFIRIZEHOHT
ME— oM B 2 WREICT A ME TH 5.
Z DML B O J7 ik & WML S & ORI
DPERDSBHHDIEAH 2 TR LT, B
fg = graft-versus-host (GVH) FIGTY ¥ 73iCTo
M5 & BT 2RI & L AR &
b, BIIETHERBDH™. IR I AR

B3 A2, BRIRNERIIIE AR < 7o THr
FHAZHR Y, ) 3Bz Z 2 2o THBRMICA .

WIZ, (2) V) U HiRENE, IS5l ZEDY
YOSHERTEI 2 W ES ) v oSERIGMAS ) oo SER
ODEELMBIHEE L. Sy bOWEY V5% 7
Zal—=YarTRIRITADE, VU 3EKBUIE
WAL, 4~5 HHIZIEH 1/10 124345, Fh
DIBE SR D KelF T &, flaEuE 2 D RIS 2.
Z Z % thoracic duct baseline & A TW5. H -k
1) VOSERDSHIRIIZ £ (20~30%) 7B WHIEAR
V) oSE, B SosE, BB (RRICECED, Mo
ER 1/4~1/5 12845 5. 2ok, a0 %8R
BLT, VUNERERLTRALE, VU 5o R
fild 1/2~3/4 TTEL™. ) vk E RS LT ¥
INERDOFEM % 0O 20 50O T3 ¥ /75120 2
ADOTIE Gt Ebis.

HRE ) > SHLEEC B 2 B B M) > 2 sk it
IR LTREREHEZHS . ~ 7 ANt % 5
T 5 &, WAEY SEREUZ T H % 50% DL 2R A
L, EVEY FOMBREZRIT 5 &, W& >33k
Bix 14 Hi% 40% DL TIZHA 3 5. L TV 8
HogEhtmE LTashTB), S THEISHh
720 UONERISEEEFIRRICA S SN TE 7275,
FRRIZ ) ¥ o SE DA D53 o TELR, ) v 23T
BHICERZ AT LD 72", EVEY bO
JRRA ) PRI T HIZ S s ) v ossjkE
I BRI 16% TH 5. B, HILD)
WeiE-T, BETIET ) v5sskidhgc, BY ~
WNERIZ 7 770 F 7 AFETHIAIZREH S N5 DS,
T TN FTAEICS IFELRY YN ED
ARSI, S THEBSNAZBY V8Ekb ) 8
TSI E NS 2 &% - 72% . KD » o5
T d 2 Wl b E ) X EROBHERHEDO 1 D TH S
A, B~ AWBEO FIREEIZ b Y Vo OFFAEDS
FAES N, W TR SNz Y o8ERD ) VT
PRI S a etk s EaE s 7z (B 7).

(3) W ¥oNERIE, BIRIPMEREE o T, RIEAL
TH, TRTOHBE, BB TR ORI
B ORI L, 8o —v L2 KR T
Y UREIZAL. 2F ), —RY YNEHOEAY)
NWEIZEEICLT RO v kP~ ra7 7 —
VROMBEPIFET B NOEHLNTHA. L
2L, TOFMAEARIZ EDIE D SHHEH LT
LOMIEHHOETETH L. —HE L TREBRIZIE,
HREN CHURTE M2 15720 8 BRIZHTIR ) 8T
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K7 <~ ZAfED) v

Jef L — W —EABEMEIIC X B FITCE# P~ PL Y F
v (k) & LYVE-l GR) o mHmgmig Hkgi (WP) W
OFLENR (CA) DEFEIHALND ) ¥ DMRIEEE (%)
HRDH LS. RP :FREzEE, TA @ 248K, Bar : 50 um.
(Shimizu &, 2009 X Y 5[H)

REINE X BT 5. MR- ¥ S~ OIEBR
ELTiE, (1) EFULSFERISGENRWY, £2
WZEWNEMIEIR (HEV) 3fEET 2 D725 9 H.

—75, BREDIEE 2 S L7z ¥/ SBRIT R
RIS L, 2 2 THURE S TR RTE
DY NEIRY, TR VOREi CRIERE F AR
THLEZLOVMEDOMETHSD. LAV, K
Ji bRz B L 72 B0 ) v oSERIGE I & RS &
BABEICRALTLEY). STAEEND .
) URERICE ST, BEIXESICEYTH L. BE
WAL YRGS CHEINDG D, £ OB
GBS E AL, U g, FalR, W, 5
R ECHINBMRERZ E LTHAM SN Y, 512
IR BEBLO B 2> SIS 72 ¥ 7 SEROFZRL
SRR OEMBEHIL 2 X U Vo5, Mg, W
i 7 & OMBBICFHFH SN Y. ZOBBME R 7
LAV N, X2LFFFOLXUVTHINE NG 2T
T7% <, DNA LNV THES L OV ¥ 7L s
NABY. T Y8R GIEFEER E KK T 5
HEMEZ O TV 5.

MR P2 1 EF F 2 5V F 5 — (NK) Mg & I
EN LB B, Z oMK EEMIE D 5 v
A NVAREGT b T v AT+ — A L7zl & JEdE R
Mk ES M CTdH 5. NK Mg 7 X — v ik
ZFro KA »/3Ek (large granular lymphocytes :
LGL, KM ¥ 738k 5~10% % 5 %) O—#B
ELTY UYROEREICAN SN T WS, & 2 A7,

NK R ) 2320 Yiic Bl L v, 2
CICAEEN DD, LY 8BkITY o8 Y
YOSHRRICE { A DN DM 2 5 DS HD T 5
N7=b DT, MoIMmEKD X ) IBERLEEZ KT D
DT RWY, 2512, WREAEFTFhoEF v
nude ZH % b DX — K 2121%, Mk ~
NERTH B T MIfa%E K A5, NKAMIE#EICE <,
NK iGED B, 20720, ZoMEo 2 & %k
AL T A R 2 b H 5

2) FEV oSERVERINE (HLBR, AERANN)

HERIZ e b RAEIMAIMERD 5%, WY > 2 SPIHl
oD 3% REZ 05D, £ ZAD, KUY ¥ 3Tl
5~22%12 B5-3 5. R IMER & - T, HERIE
) YRBRETH U RIED R < T ME—Mik-1) > 7%
ANEPEER L TWA, HERIZAERBI RO F S T
5. WAL FEED, MERICRALZEY, bt
JE 2 B0 AARLILS 2122, MIIBND S 4 V) — 24
ZHIRBAMCBOE L, MRk BHE, HEZET L oR
b, MPRIZEE L mERIGIAN i L2 5 A
V= B K o TNy BOV/ME & Bl L0
RO AL A Z BT 5. S HERO EE 2 BRI
JEDHLY ARGIRIC & o THESRMLE 22 0, K
R v ERT, FiE) v/ SEi TREILE % Ak
THILTHLY Y, PUREZI AAZHERITHC
RIEZFIET S NZB/w Fl <7 ZDRIRAIC B
5",

HERE I35 01283 (1~3%) 25, #fkh
AR Y XEERT, V) ySEIICHEIER T E R
MRE W%, ZoMEBEIROZEEEZ > Tnwb
DT, BRI dendritic cells (DC) & FEHEIB™,
Z DORFER ML AN 8 O F g O BN BIR D Fev
BRE2DIXLZT ¥ 7 IV v ZH Langerhans
cell THAH. ZOMBBIZONE, WHEH, AR E O
W E R LR DT 5. REND T 27
Y AMNBIEEE ZENER DY YREICAL L, &
FTHICZ I TIEHEVWREEZHEOT, toesLy v
INOHERWTHRY Y SHiIICA L. TD20,
v — VIRAIE veiled cell & FFENS. T2 —
P PRI R 1o LTaHSRTW S
B, LT Uy AR E R T 572010
FEELIMBLEGEENL EEbNS. DC LR
RAE LRI D DOKKE) ¥ E ORI ST
. F72H) SIS T Y. FHiA S D DC
HEHI X R OB & 1, 74 v e EE AT/
WEMHRRICIE T BT v 28 ORI DC & LTL%
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BHbL, Y 8@ iGEL THRIEISE 2 BT 5.
ZCEABHESH L. DCIEY v osHiomAY v o8
BT A5, BB ) v oI FE L v, DC
U U EIoBRE (T HMRE) A, 2250
fid AlE (hAd\v) ML interdigitating cells
(IDC) PR & 7z i3 PiEEHZ b7z L BRERT %
D, HBHNIIDC & LTEREL, V) v 3BkE2EN
LT D259 . Kig) v 283 %lEdb 1
ID) 8 ERET, WEICAS &) ERI (TR
H) D20, HHY) v o8FICE TN DC I
Mgy oICHBILaWnwZ LIl 5.

2. VNNRlRORMRE

1) v o8Ek

Y URERIZY Y Ay ¥ (BHEOMNOE) 123 F
727K, A (EHRE) ko THDTHBLT .
NSO voFIRIMNE R S 2L T
W T Y XEY EIEAREIRELOT, MR
WCEENDHNLT T V28BN G. ) v E
RHSMEE 7> M7 U 7R D S I FLBIC W 7z
HFRTOBWICBNT, ) Y 8EKIZMAEIC BT 5
XD RZIEENITEETHIT 27V (RS). &
EH IOV ERWEEE) U 8 Tid, ) voSERAS
BEWZY) SN D 52% % 5 5. T4 543
7, A YA A (RHHH) TREICHFRLRY, T

V(B e () <) 3oz
LAETRTRY) vSEkS LD 5. WFLETIRY &
NEID L CRELTVDDT, V) V8B T2 it
WE) USEIROLZ LN TELD, B (T
WV, HFa) TIRERBR TS WY 3N FHid e
IATE LT (M) 12 1k, BEE MR 12

BEZE 5w 0) v EiE vy, TlRIh s oo
) SN U NEROMERIRE E2IZRO 0.
NS OB TIIHERED A2 & F RN v/ RE
2, KDL YOREEDSNE T Y Y 2UNEL, N
R YoSBHOE TEBICIBLIT 229, K
YOVENBETHEDN D72 T, EEICERTAH0
L%\ (K8). EIFY v O LRELTVWLE

X3 FIHWAICHBIT DY ¥ SERO MBI,

Bl ) s (%) Mg (%)
v F 62.1 20.6
F= X 435 220
b Tov 52.1 32.3
TEEA T ay 80.0 56.0
4 AR 86.1 470
7 e 96.7 26.9
e b 97.0 230

(Kotani, 2012 X9 5IM) Y

8 MATONETY v 8RRk

A E (T) DR SPEIZZEE LRIRD ) 7N
B : /NMEONEREH DY ¥ (L) OWIEIZZEH L72ERIKO ) 7 S

(Kotani, 1961 X Y H[H) »
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M RAMDOBFFLFI D) P 8EFIZH, R X9 %Y »8
NIRRT SN ) v osEEE L LTIR L A
HLTWAS.

2) IV oSERVERMIND CERIETIMER, HAZER)
fE, BEE, TeHUE I, BE, WEFLEIC IR,
) YIRS BRI O H BLER AT R WY (R
4). WBIEZT TR, ) BRSO
%L BT (K5). X ATILD) »oSIIE i,
FehrvE, MEIEAFPEO R Bk % 1L U, HIREER,
Ml &, DRiisk & Bisiie (H2LE O i/
WER U &) & %23 55k I 2 AR
fa) ZBd] M o3 XCTOMBATHNS. fHlE
BETHREFETHLFA LI ENVZ S, TZICAR
DD, WIFTIIIIEN R WY Y 2 icHih
e WIERL A MER DS TC HOSE, B, g o) v
NIZHREBNLOH». ZOM/BIFRITEZ RO, W
FUH, S o YR M ER I BT RE S A RIS
‘oD, LAY, MEHRBOTHEITE ZHED
W RIS 2 o T TEBIEMLAED 5
NBD, TNHLRD DD IEBEOEAN 721
Thb. FHMEMIREEICZ > TRREAILL D
A, MR, BEO X SRR o EARE 25 X
I B OTIE R, 72b Z R MERO FEA A i
TEAATDONIZE LTH, FHEIC) Y% I3 e w
DT, ) YXNHIREOEREOBAGIR L 1372 D 15\,
ZITEZOLNLOIE, MM, WHE, RO
liggs, AR CIiTbh B BMNEMTH D, 37 Pk
FLIER S I P T o 85 OFIRM) , ki £
FCITAmR R, M) oME, MaflETIX
HEOMYE, HRWEECTRFOME GRCHET)
Tiibib, HxTv (FRWHEE) 25 2 (CdUH)
DR 1B MGk (I ER O MBS 0, 4
LM OMNEAAT RXTIIET 5. 2O X9 iy

HCREA L 22 R A MERIZ AT 12 A B & RS, 2%
LA THY) YV EICO AL EHEREE R
o FhEd, WFLEEES T, M, B,
e TlE, RIEDA M Ab S§F, JkL T MER
2 SHKRICER L, ) VI ALDES D
i

KIEHENLDIE, 7FFRFI XD 802
HENLHEEOFORBSICIH S (F5). MED
EEFE 87~101%) ITHERTHIEE0ICHL. &
TS HLERDAMHERER RN I EAE VW 2x 71
T77—=7) BPELEEINTVDL-OTHL. WEM
BCIIHERCR & MRkER & 2 FE S5, M
FRERIZRY VR BRD 2~3 DR EE03H A, b F 7
IV OHBERO LRI ND, 2O PEITHE, H
EDOYEHIHBEIRTH B, TNENOMEDEHHE
(48~37%) X0 Ry, MBI IZEE 0
o Xg=vtuFErARELI~Yr70T7 7)) &
INL. THTA Y a0 YSOEBEREAERIX
MK (266%) X RS, HERDIZD, HIAR
RLEATYS, HRRERKIZHEERFEREEMEICE A,
HRNICRALZZEZY, M2 T4V —LATH
3 2135, PUESORMILE LTS Tns, 2
CWEABESH L. LR TIVOF—FENICT S

x4 FHYWED) >N OHE.

Byt Y UosER (%) IV oERVERIE (%)
¥ 62 38
F=< X 51 49
[ 36 64
TAEETA T ay 80 20
2 86 14
T el 98 2
ek 97 3

(Kotani, 2012 X 9 HH) V

x5 KHWEDY SN 2L OEE.

LOEYR IR (%) IFRRER (%) AR (%) HAEk (%)
vt s 9.2 0 0 25.8*
F= R 12.9 0 0.1 43.3*

v F T 42.0 19.0 0.3 4.6%
TEIAay 38%* 0 0 16.2%
4TI A 8.2%* 0 0 5.7%
VA% 0 0 0 0.6
(< 0 0 0 30

* LR PERICHIY AL TdH 2 2%, AR X 0 R BRI A B 2 7R T

# HERE X OHIREER % &t
(Kotani, 2012 X 9 5IH) ¥
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&, TCHHED S ABEIC S DITHITHE - THMEERD
D SNBSS E B FRICABICE NN 5.
AR IC B 2~ 7 a7 7 — VRO
DESIERTEDE-bNG, — NI D)
YOI I L v E ERTWAED, S
TN v ZAABE FLEE A & F R P R o0 SR
JE IR LM, oMl RO~ 7 1
77—V LRI IUEY, TRToOHY (BEITE
) OERWY VNIRRT A2 8 B,

Part4: U INREBHED LDV

AR, BH L b wb s IR E R R
WCORLOEEY L LI, VLo
DDIZOVTIESF LR - BIEF LNV TORFE
QAN TETWA Y i F Tk L7z
LB OEBND LS MNR DS, ) R ENR
i DBEbIZONTY, FRFEG> TR
HRHMY VBB, FIT, KETRIVBS
AN LAV T ORHES IRV E2 28, B
7B RHIRE DO X A —HICE 2 TIHE 2w,
1. BBIEORANEELTDY D NE

— iz, BE DS ORI ORIIE, WL RO
N2 5 B2 5 Tld e BEHOERISALE
FTAHHLY NERS LRI E R, DF D),
) VRGN I B W TS R TIXENUT & 7%
Whbo, $hbb—EOKESLULEOEKRSGT (b
TAa Vg, BATERARY), REB12 2
5RO A2l E & HITRINT A2 LT
BB —fg 7 RSRIRIIEE T & 2 MR 7 A
fa3zay (01~03um) & LTY ¥ 7SIl
ENB. ZD7D, BEOBEY) 3 AGRICE >
Thz, ‘A miky" EFEhLHEE R L
7230 T, RFEHAT12 HZ ST 72 R W~ O
NI (X548 O BRI A N~ FARIEHUC & > T
I RE 2 D Td b, BMIMAE 2 SIS B 2,
EMY 2 ¥EDL S LRI S N wirld, BRI
X ZFDOWE DT A R B, B ofEe IR
WiOMEIZL > T, HTOEPHLL L. 12721
KR DTRTOEMY v & D RO RE % A
T 200, HDVIIMNILER & FERIZERAIC X -
TELLEREEFOON, DF ) HAIFRE % 5
DONRIRFROFFETHS. LI L, DVl
o TEIRL, BREFFRN Y ¥ N OIFAED
WS NURD T 51919,

ETAT, Moy oVERBEICEO B S

Wyx v HFETLE R RA LaRE (Fu—
i) BRI L7225, 202 EIZEICHYEDORAA
) UVEICHFATHINEN L Z LR L2 0T
HbH. 52, WKRBHITOY »oVEERICIE, B
AT b HFUERT T O 3 — FEADH S
NI D D, DORAKEMEEEAOR M THH 5
EHRE ORENRLEVWIEF F— LRI LD &
T B MREMEEEAPIH SN TE 72, i
lg.iii»%u;ofu>mﬁﬁﬁ%ﬁ16ﬂ

EHRn, BHZIYALOIZY v RIED
DT SE) 72 ML & OB % 85 TR M
fa b IR 3 2 A OB & & 727

F213 1970 4EARIC 2 A T IOV I /K E H O pris-
tane 7 EVMIE O E 2 BEENICHRS-§5 L, it D
MileOMEg; (&REE, B MRS % &) 23FhES
HZEDMENTWZ2S, AR I IR T 12 135
OFEDOMEEAFAE L Tz, HERZITZ & A LR
THEDO TR o708, FN0 6 T HEERIC Man-
cardi 5 HE Ttk 7 ¥ 28 b (FIA) = Hw
TREWED) YV EELZFE L LA Lz 151,
FRERIIC ) B E & B L7228, IR IS
ARk O BN~ 70T 7 =V &
fili 2 DML % % ZAA TIEEAL L TR Eo—fli%
TS5 (9. 2F 0, MK iz ZIT5 L
B I3 B R S e B IR ST 2 IR L 22 255, 3L
Jb$ 5 L & HICHlER oA %KD, —RIC
WEZRSD. 61, FEOR—HA—THLKRFT

9 YUADT TV aNy NEEWY) V.

LRV 72 WM IR RENESS (T) 257094 v PREET Y an
v b (FIA) %2BEWERLELG#ZICHIET 5. FIA LRARY
L 72 EM-blue ta 3 (KFH) HWEBNCTEINE N, H\IZEE
ALTX Y RBOBERME~NEEZOND.
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7 = v PDPN Z @3Bl 9 5 L MR EH A4 >~
CCL2 7% & %& 43ilh L T3 il ok o Ml % I OV 5 &
T, WHEFE D W5 L 2 ATEHRIEE 2R L
T, COEEEROMIET, FICL 22 H
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1T 5 TEROREE L E R ERIRORE S % 5
5. oML, PEMRBIUNI S B RO
e~ 2 a7 7 — V%, A FIA Z38HL THRE
WIZHEA L TESEOIKICES LTWwh. R THE
IREEREDSREEITY) 2V ERRIZO S5 TV E, k&
PICHEREM 22 ) VX Z RN T 5 2 & 2R L 72
XHICFkAIE, ITRICCOEEAFEL, ZolE
B 2 g LTIy b2RIEL, YT AD
) VOSENZICRTT BE ) 7 0 —F ik R
5T YL, EER T AD) yoNENE &
PUROMAELE L TREIZED L Z LR HOFE -
7emHTHDH. Juk, EENOFEETA, SF Dk
PRI IR AAAE S A fIRBE T, IEE o vz il &
V) N N B M ) AT A R IS R LT
BN L7 TC, MENEWIIBITLAEZS L)
BIEFICBELZERCDLEVZL. DF),
W EELOT Y 2Ny NEEEDY XD
&, 7YY R B & Rl R R
ez a7 7 — ISR L T AL, S HICIKER
ARG T 5L, HOZNS 2 BENAPBET 2720
2, HWICREE L TERICER D, DWIZIZELM
D729 U NERROPEEE R TR T 2 O TIE vk
ZATWD, CZEABEN D L. e ED
HEEEOR S EWHEZ LT HEKNO 12
(IAFV) PEBRLTVEETHS. SRR
&, - BRIGEBEGH-) > 2 S Rz [ o R s
(W Rz - I i) A3k 2 » T B ek 2 $2
B2 LTwb, o2 e, RibFICHEHZEDT
WBY YNETED X B = XL BRI S ETHRD
TEELMETHH LW, el v v 88N
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