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The microscopic observations of lymphatic capillaries in
the living mammal has been carried out for the past 5 years
by means of transparent chambers permanently installed in
the ears of rabbits. In the ‘round table’ chamber, in which a
hole is cut clear through the ear and a celluloid table inserted
in the gap, the regeneration of new tissue takes place in a
space approximately 6.5 mm. in diameter, the thickness of
which is controlled by means of small celluloid buffers glued
to the surface of the table on which the mica cover slip rests
(Clark et al,, ’30). Since in such chambers the thickness of
the new tissue with its circulating blood vessels (40 p to THu)
plus that of the mica cover slip (60 p to 70u) is about equal
to the thickness of a mo. 1 glass cover slip, the finest evto-
logical details can be studied” at high microscopic magni-
fications.

Descriptions of the manner in which new blood vessels in-
vade the table space and of the remodelling of the primitive
capillary plexus into a stable vascular pattern, have heen
oiven (Clark et al., "31). The erowth of new lymphaties 1nto
the table space and the morphological characteristics of lym-
phatic capillaries in the living mammal have also been de-
seribed (Clark and Clark, 32, ’33). By means of prolonged

1 These studies have been aided by a grant from the Rockefeller Foundation.
They were carried out, in part, at the Marine Biological Laboratory, Woods Hole,

Massachusetts.
253




254 ELIOT K. CLARK AND ELEANOR L. CLARK

obscrvation of individual vessels with the oil immersion lens,
with frequent camera lucida sketches, it was possible to
demonstrate positively that the regeneration of lymphatics in
the adult miammal occurred by a process of sprouting from
the preexisting endothelium of lymphatic vesscls outside the
table area, accompanied by division of endothelial nuclei, in
the same manner as in the lymphatic vessels of amphibian
larvae (Clark and Clark, ’82; Clark, 09, "12).

In a former study a description was given of the relation-
ship between the lymphatic vessels in the transparent
chambers and the connective tissue and intervascular sub-
stance (Clark and Clark, ’33). The growth pattern of the
regenerating lymphatics was found to be modified by differ-
ences in the density of the conmective tissue present in the
region of invasion. Following the invasion of the table area
by lymphatics their further extension was frequently impeded
by the development of connective tissue fibers, and in such
rases the lymphaties ceased to grow, lost the pointed tips
characteristic of growing capillaries, and acquired rounded,
bulbous endings. In the region at the edge of the table the
growth of connective tissue frequently became so dense as
to block the lumen of lymphatics which previously had grown
well out across the table area. A description was also given
of the modification in form of lymphatic capillaries following
the development of unyielding fibers and bands of connective
tissue around them, which constricted the lymphatic vessels
at various points. Although the growth and form of the re-
generating lymphatic capillaries were influenced in these ways
by the character of the connective tissue outside, our studies
showed clearly that the lymphatic endothelium always re-
mained distinet from connective tissue cells. Moreover,
fibroblasts showed no tendency to adhere to the lymphatic wall
and to form adventitial cells as they did in the case of the
newly formed blood capillaries. The question whether the
‘reticulum and collagen fibrils’ of the surrounding tissue ad-
here to the outside of the lymphatic endothelium as recently
described by Pullinger and Florey (’35) we have not in-
vestigated.
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Our studies on the relation of living mammalian capillaries
to the ‘tissue spaces’ showed that normally the endothelial
wall of these lymphaties, like that of amphibian lymphaties is
closed, and that their contents remain fluid, while under usual
couditions there is no free fluid present in the outside tissue;
that, however, under certain conditions, such as in inflamma-
tions, free fluid makes its appearance in the intervascular
tissue and that in such cases occasionally a lymphatic may be
broken open and remain open for from 1 to 10 days, during
which time there is a free passage of fluid and blood cells back
and forth between the outside tissue and the lumen of the
injured vessel (Clark and Clark, ’33; Henry, ’33). Such
persistent holes in the endothelium of injured blood capillaries
were never seen.

In the present study we desire to present further observa-
tions which have been made upon living lymphatic capillaries
in the rabbit, especially upon their relation to the blood
vessels.

GROWTH AND DISTRIBUTION OF LYMPHATICS IN RELATION TO
BLOOD VESSELS

In previous studies on regenerating lymphatics in the
‘round table’ chambers we reported the tendency of lym-
phatics to follow the course of the larger blood vessels in their
growth and showed this to be due to mechanical factors rather
than to a special affinity of the two types of vessels (Clark
and Clark, ’32). In chambers in which dense connective tissue
developed between the blood vessels before any lymphatics
had invaded the table area a loose perivascular space was
frequently present beside the larger veins and arteries and
it was into this space that a new lymphatic capillary, which
invaded the growth area after it had been completely covered
by new connective tissue and a network of blood vessels, ad-
vanced (fig. 1). Recently it has been found that lymphatics
which followed the course of larger blood vessels in their
growth showed a greater tendency to maintain persistent open
connections with the preformed vessels outside the thin space
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I had erown in
carly and followed more randon Diths between the vessels,
This was evidently due to {he support and protection from
squeezing afforded by sueh an accompanying blood vessel
with its perivascular space, i the region at the edge of the
table wheve the gecondary formation of dense intervasenlar
connective tissue frequently blocked the lumen of the lvm-
phaties not so located (Clavk and Clark, '33).

Thus according to our observations, the presence of 4 looser
tissue around blood vessels determined the course ol re-
generating lvmphatics which enfere a region of dense jnfer-
vascular tissue and helped to preserve the connections of

over the table, than «id the lrmphaties whi

IPigr, Photomicrograph of part of the table HEE
var of a rahbit 8 months previously. Table aren o
affer operation. Ly,

of a4 chamber ingts

e the
npletely vasenlarized 21 ihys
PRTeW dnto table 1 month before taking
phiotograph and exter mg the course of a vein (VL) and its branches.  See
text page 255, 8 1 asceular spaee surrounding branch of vein, whicli was not
invided by Iymphatie. 3 14,

Iympliatie wl

a

lymphatic vessels which had followed sueh » conrse, in thin
regions which were largely free from movement (‘massage’).
Although the perivascular space, or loose tissue, surrounding
larger blood vessels in the transparent chambers afforded an
casy path for the growth of new Iymphatics, and consequently
"ame to be occupied in many cases by such vessels, there were,
in all chambers studied, a number of large vessels with no coni-
panion lymph vessel, while in most cases, the lymphatic ae-
companied a blood vessel on one side only, although the loose
fissue or space on the opposite side was apparently identieal.

—_—
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me ol the problems e

7 to the gvowlh and behavioy
of Iyvmphatics in close proximity to hlood vessels have been
elarvified by the reeent 15-month study of a splinted chamber
the base of which was reinforced to prevent w ping. The
ile area was completely vasenlarized at 21 days after the
ation, after which the whole ohservation area and the
ttern of the blood vessels remained remar thly stable with
no signs of inflammation or mechanieal disturbance for 6
months, and the formation of ¢ nneetive tissue was greatly
retarded. Not only were connective tissue fibers between the
vessels less numerons hut a wide clear space free of counee-
tive tissue cells and fibers was present around an unusual
number of hlood vessels in the central area of the chamber,
Figure 2 is a photomicrograph of a venule in this chamber
which shows such a clear space outside its wall. These peri-
vascular spaces were found to he the remains of clear spaces
which appeared following dissolution of fibrin outside the
erowing blood capillaries in the early growth stages in all
the ehambers studied and which in this specimen had not
heen eneroached upon hy the new growing connective tissue.
In many places the connective tissue at the outer border of
these persistent perivascular spaces formed a continuous
longitudinal arrangement of fibers, with oceasional flattened
cell bodies, which at cursory examination had the appearance
of a definite wall. Very probably such a space in fixed tissue
might be mistaken for a Iymphatic. However, by observa-
tion in the living with high microscopic magnifications, such
perivascular spaces could be distinguished from the true
lymphaties, with their continuous endothelial wallg and typical
lens-shaped nuclei, which frequently occupied the same posi-
tion adjacent to a blood vessel. (Compare fig. 2 and fig. 3.)
The clear spaces beside the blood vessels contained oe-
casional macrophages, lenkoeytes and erythroeytes, but were
tree from connective tissue cells or fibers. At times localized
portions of such a space contained free fluid as evidenced hy
the bobbing of blood cells or small particles present in it,
while at other points the cells were motionless, indicating the
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prescuce of a {ransparent gelatinous substance similar to that
present between the growing capillaries at early stages of
invasion (Clark and Clark, ’33). The fluid aveas in the clear
space varied from day to day; cells which were freely movable
at one time of observation were scen to be motionless on the
tollowing day or at a later period of the same day.

Several lymphatic capillaries invaded the table arca in this
specimen. As was the case with all growing lymphatics previ-
ously studied the new vessels extended as outerowths from
preexisting lymphatic vessels in the preformed tissue sur-
rounding the table by the proces: of endothelial sprouting
already deseribed (Clark, "09, '12; Clark and Clark, ¢32). In
the case of one of the lymphatic capillaries watehed inten-
sively the growing vessel extended from the periphery of the
table for some distance across the table area, ad -ancing in
the clear space beside one of the blood vessels. For the first
part of its course in the peripheral part of the chamber where
the perivascular space was narrower, the growing lymphatic
filled the space so that the endothelial walls of the two vessels
were practically in contact (fig. 3). More distally, where the
space was wider, the lymphatic occupied onmly its outer
portion. Later, after the lymphatic had extended further out
into the central area of the chamber, its growing tip diverged
from the blood vessel and the perivascular space (fig. 4).
At this time the new connective tissue which had developed
in this area formed two sheets, one on the celluloid table and
one immediately beneath the mica cover slip, leaving a thin,
loose region between, filled with gelatinous, intercellular sub-
stance, into which the growing lymphatic capillary continued
to extend. The clear space next the venule, beyond the point
at which the accompanying lymphatic diverged from it, re-
mained unchanged for several months with no sign of a lym-
phatic appearing therein (fig. 2). Similar clear spaces were
also present, surrounding a number of other blood vessels in
the central table area which likewise persisted for months, and
which were never invaded by a lymphatic capillary.
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At the end of 6 monihs an extensive arowtl of o
tissue tool place so that this chamber then nired the ap-
bearance usually scen after the fivst 011, No new lym-
bhatics had invaded the table area duri * this period. The
lymphaties whieh had 2rown In previously were stil] present
but had ceased to advance and had acquired bulbous ends.

cetive

U=

Fig. 4 Sketeh made with Leitz drawing eye-piece of the distal portion of the
same lymphatic and venule shown in figure 3. Shows relation of growing tip
of lymphatie capillary (Lym.) on 2 suceessive days to the extra-venous clear space.
April 10th, lymphatic (solid outline) occupied outer portion of extra-venous
Space.  April 11th, lymphatie (broken outline) enlarged and filled entire space in
this region and its growing tip had diverged from the vein and extended into
the extravaseular mc.umS:o? growing between two layers of connective tissue
fibers (C.T.). See page 259. The extra-vascular clear space beyond the point
of divergence of the Iymphatic persisted for severa) months and was not invaded

by a Iymphatic. See figure 2, a godosaﬁoms@: of more distal portion of same
blood vessel. il immersion. X 2835.

At this time the development of an infected spot outside
the chamber area resulted in several days of increased ecircu-
lation through the blood vessels of the ear, including those in
the observation area, which was accompanied by an increase
I extravascular fluid and emigration of leukocytes from
Mmany of the vessels. This disturbance to the stability of the
tissue in the chamber was followed by changes in the vascular
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pattern of the nature previously described (Clark et al, ’31).
New blood vessel sprouts grew out, several formerly small
vessels enlarged to form veins, while other vessels located 1n
portions of the chamber subjected to pressure disappeared.
Two lyvmphatics, located in a compressed area, were obliter-
ated, one of them entirely and the other one for all but a
short stretch mear the table edge. Following this, a new
lymphatic began to grow into the observation space as an
extension from a preformed lymphatic outside the table area.
Simullaneously and in the same region, a new medullated
nerve, the first up to this time, grew onto the table. This new
lymphatic extended rapidly toward the center of the table
growing close beside a large vein. A number of branches
from this Iymph vessel also followed the course of the venous
branches (fig. 1). During its period of extension the new
Iyinphatic grew so close to the vein that it filled the loose
space beside it and the two endothelial walls were practically
in contact.

Three months later, the circulation had diminished through
the blood vessels of the observation area, including the large
vein which was accompanied for part of its course by the
lymphatic, and following this the caliber of the vein decreased
and a wide clear shrinkage space appeared surrounding it.
On the side next the lymphatic, a clear space now appeared
between the endothelial walls of the two vessels. The wide
clear space on the opposite side of this vein persisted for
several weeks but was not invaded by a lymphatic. The outer
border of the perivascular space was seen to be formed by
a dense, refractile band of connective tssue which ran parallel
with the vein, marking the former outline of the vessel
Similar ‘shrinkage spaces’ developed simultaneously outside
several other vessels in the table area. Ome of these was
especially marked in the case of a former vein which received
an arterial blood supply following the disturbance to. the
circulation in the chamber, and subsequently acquired a typical
thick wall and the narrower caliber distinctive of arteries as
compared to veins of the same importance.
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In this chamber in which, owing to ity grealer vigidity, the
Formation of an intervaseular comnective tissue network was
delayed, the perivaseular Spaces usually present avound iiost
of the new growing blood vessels bersisted longer than in CasCy
previously studied. Again, following the development of
dense connective tissuo several months later, a secondary type
of perivascular Space was observed whicly was in the nature of
a shrinkage space. In hoth instances an excellent opportunity
was afforded for the study of the vrowth of new lympliatic
capillaries in relation to such periviiseular spaces. Tt Wit s
clear from these observations that suech Spaces were not con-
cerned with the formation of new lvmphatics except in af-
fording convenient pathways fov their extension into the
growth area, since many spaces outside vessels were never
invaded by lymphatics, while others into which Sﬂ.%gsom
grew became wider secondarily, owing to shrinkage of the
blood vessel, leaving an extra space between the two vessals,
Moreover, a Iymphatic which grew along a perivaseular space
in the proximal part of the chamber Wwas seen to diverge
from the space distally and (o STOW out into an area of loose
tissue away from the blood vessel.

Aside from the relationship just described in which a new
lymphatic grew close beside a blood vessel for the greater
part of its course across the table space, there were numerous
instances, in many of the chambers studied, in which growing
lymphatic capillaries which tollowed more random paths came
In contact with blood vessels, For example, in a number of
cases, the tip of a growing lymphatic, extending in the inter-
vascular tissue, was seen to approach a large blood vessel

which crossed its growth path and filled the thiy space be-
tween cover slip and table. In certain of these cases the lym-
phatic then sent out g sprout laterally anq followed the course
of the blood vessel in its further growth, while in others it
ceased to advance, withdrvew its -soli( sprout and acquired
a bulbous ending which remained in contact with the large
blood vessel (fig. 10).
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At other times lymphatics have been seen to cross smaller
blood vessels which did not fill the space completely, and to
remain theveafter in contact at the point of crossing. In
some of the latter cases, the blood vessel was scen to enlarge
subsequently, following circulatory changes, until it com-
pressed the lumen of the lymphatic at the point of crossing
to such an extent that no cells were able to pass hetween the
distal and proximal portions. Occasionally the lymphatic was
completely severed at such a crossing point, following the
enlargement of the former blood capillary into a vein or
artery, after which the two isolated ends of the formerly con-
tinuous lymphatic remained as rounded bulbs one on each side
of the intervening blood vessel. The instances in which
growth of lymphatics was interfered with by the presence or
later development of large blood vessels in their path oc-
curred chiefly in thin chambers in which the space over the
table was maintained at a wniform thickness of 40y to 75 p.
In thicker chambers the lymphatics often formed an inter-
lacing plexus with the blood vessel network, sometimes cross-
ing superficially to the blood vessels and sometimes beneath
them (Clark and Clark, '32). No instance of anastomosis be-
tween a lymphatic and a blood vessel with which it came in
contact in these various ways was ever seen.

In all of the chambers in shich the growth of new lym-
phatics was studied, it could be clearly seen that the new
lymphatic capillaries grew out independently as sprouts from
preexisting lymphatic vessels and that their endothelium re-
mained specific, with no addition from connective tissue cells
or spaces or from perivascular spaces and although frequently
running in such close proximity to blood vessels that the walls
of the two vessels were in contact, they never anastomosed
with them.

BEHAVIOR OF LYMPHATICS IN RELATION TO BLOOD VESSELS

Although the lymphatic vessels which grew into the space
over the central table area in the round table chambers, as
well as those present in the preformed tissue chambers and in
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the intact ear formed a specific svstem of endothelial-lincd
vessels which remained morphologically distinet from the
blood vessels their tendency to run for long distances in such
close proximity to blood vessels introduced nteresting physio-
logical relationships between the two sets of vessels.

In the case of lvmphatics which follow the course of veins
and their branches and the smaller, thin-walled vessels the
two endothelial walls are frequently scparated merely by a
clear space which is free from connective tissue cells and fibers
and contains either no cells at all or an occasional leukocyte or
macrophage while in many instances the two walls are practi-
‘ally in contact, with no other type of cell intervening except
the scattered adventitial cells on the blood vessels. Figures
D, 6 and 8 illustrate this relationship. Tt is clear that in the
case of Iymphatic vessels and portions of such vessels which
run for considerable distances beside thin-walled blood

Figures 5 to 10. Photomicrographs of vessels in seven different transparent
¢hambers showing relationship of lymphatic capillaries to thin-walled blood vessels.

Fig.5 Venule (V.) and companion lymphatic (Lym.). No intervening tissue.
Blood vessel endothelium in phase T (p. 269). Lymphatic filled with clear fluid.
Oil immersion. X 450.

Fig. 6 Venule (V.) with endothelium in Thase I1 (p,
clinging momentarily to wall. No emigration of Jeul
capillary, with clear fluid, in close proximity tu vein, il

Fig.7 Vein (V.) and accompanying |vmphatic (1,
¢ between. Poly.,

Lew,, lenkoeytes
yres. Livm,, Iymplatie
lersion, X 450,

1) with narrow tissue
whieh emigrated from
nt vein on previous day, follpwing chang idothalium to phase IV
At time of photograph venoes endo reverted to phase IT,
no farther emigration of leukoeytes: Oil immersion, ~ 4350.

Fig. 8 Vein (V.) and ace nying lymphatic (Lym.). Leuk., leukocytes
sticking to wall of blood wvessel. Mo, macrophage in lumen of lymphatic sur-
ronnded by blood cells which entered it from adjacent vein several days previously
tollowing endothelial change to phases IV and V (p. 270). X 400.

Fig.9 Vein (V.) and accompanying lymphatic (Lym.) Photographed on the
day after a hemorrhage from blood vessel to lymphatic caused by mechanical
bressure (p. 268). Ery., erythrocytes packed in Iumen of lymphatic. Art.,
arteriole crossing vein. X 400.

Fig. 10 Bulbous end of Iymphatie (Lym.}) in contaet with (V.]. Dw.P.,
dwindled polymorphs in end of Iympha emigrated from vein to lvm-
phatic and remained in ond of lymphatic where tley went degenerative
cliinges. Compare size with that of recently emigroted polymorphs in figure 7.
Oil immersion, X 450.

lymorphs in lumen of




NOILVIAI

T0

=
)<
=
-
el
jar
>
H
=
@]
wn
3
<
ol
&
(@]
=
<
—

Y

STHASS




266 ELLOT R. CLARK AND ELEANOR 1. CLARK

vessels in thig mauner, the fluid which enters them mirst
sent in no small degree what may be termed o
from the hlood stream, vather thay o product of absorption

from tissue spacos. The term: “leakage’ as here used s 30
intended to imply the passace of fnid through definite apen-
ings between the two, but rather the diffasion of Auid throy @
first the blood vaseular and then through the lymphatic ondo-
thelial lavers without bathing cells of outsice tissyes.

Demonstration of such fluid leakage by direct observation
under normal circulatory conditions ig difficult, owing to the
case with which the lumen of the lymphatic may be com-
bressed by the surrounding tissue in the thin, semi-rigid
chamber space and also to the extremely meager spontaneous
flow of lymph in the peripheral termina) vessels (Clark and
Clark, 732, Henry, ’33).

In all of the chambers studied, an increase in blood flow
through the chamber, following local heating of the ear for
¢xample, vesulted as a rule in the lymphatics’ becoming
temporarily more prominent. When the increased blood flow
Was prolonged for several hours, resulting in a change in the
blood vascular endothelium characterized by pronounced
sticking of leukocytes to the vesse] wall, increased passage
of fluid from the blood vessels was evidenced by the appear-
ance ot free fluid outside the vessels and over the surface of
the tissue. Whether or not there was actyal increased absorp-
tion on the part of the neighboring Iymphatics in such cases
corresponding to their apparent increase in diameter, or
Whether this appearance was due to change in pressure condi-
tions caused by raising of the thin ang somewhat elastic mica
cover (p. 253) was diffcult to determine. Henry (733) found
10 increase in the flow of Iymph from the whole ear, following
the use of heat.

When the circulation in a chamber was increased for 24
hours or more—as was the case in inflammation due to irri-
tation or local infection near the chamber area—g definite
increase in the caliber of Iymphatic vessels situated near veins
was observed, which followed the widening of the actively




RELATION OF LYMPHATICS TO BLOOD VESSELS 267

circulating blood vessels and which persisted for about 24
hours or longer after the blood vessels had returned to their
former  ealiber, Moreover, in the ‘preformed tigssuc’
chambers, i which the original ear vessels and tissue are
meluded in the ehamber (Clark and Clark; ’32), the lym-
phatics were usually markedly enlarged during the first few
days after the operation for installation of the chamber. In
both of these cases the enlargement of lymphatics in inflam-
mation or edema could not be attributed definitely to increased
absorption of fluid from veins or surrounding tissue as it was
observed that the normally slugeish flow in the lymphatics
became even slower or was absent under such conditions. For
example, in preformed tissne chambers clumps of red hlood
cells have frequently been seen in the lumen of distended lym-
phatics for the first few days following the operation, which
moved back and forth within the lumen with no forward
progression, so that the same group of cells could be ident; fied
from day to day. After 4 or 5 days, when the blood vessels
In the chamber area had reached a stable circulatory condition,
the clumps of blood cells in the lymphatics were gradually
washed away from the observation area.

However, in one instance, ocular demonsttation of direct
leakage from a vein to a contiguous lymphatic was obtained,
during the course of an experimental procedure in one of the
round table chambers. In this experiment methylene blue (5
cc. of a 1:200 solution in 0.9% sodium chloride) was injected
into the large border vein of the ear, at a point near the
chamber, with the purpose of obtaining a vital stain of the
nerves in the chamber area. A description of this experi-
ment has already been given (Clark, Clark and Williams, ’34)
in which the deep blue vital staining of the nerves, which took
place 7 minutes after the injection and persisted for 40
minutes, was emphasized. The amount of methylene blue
solution injected intravenously was sufficient to replace
temporarily the blood in the vessels of the chamber area.
Following the injection, which lasted for 1 minute, the stain
was held in the ear vessels by pressure at the base of the ear




268 ELIOT R. CLARK AND ELEANOR L. CLARIK

for 2 minutes ,52.9 after which the ear was placed on the
stage of the compound microscope for observation. When
first examined (3 minn after the injection) a pale blue
stain was noticeable i the e jnst outside many of the
veins and capillaries, which quickly faded. A Ivmphatic on
the table, which ran parallel with and in cloge proximity to
one of the larger veins, was conspicunys by reason of the
distinetly blue stain of its fluid contents. Asjde from a few
macrophages lying close to one of the veins which also took
a blue coloration, there was no s

i present elsewhere in the
chanther for 4 minntes, af which time the nerves of the
chamber became stained in {he manner described. The blue
in the lymphatic disappeared within g feyw minutes, but the
promptness with which it appeared in fhis vessel in close
broximity to the vein afforded & visual demonstration of
‘leakage’ of fluid from vein to lymphatic.

In addition to the leakage of fluid from vein to lymphatie,
the close proximity of the two vessels resulfs in the passage
of formed elements from vein or capillary to lymphatic under
certain conditions. Local dirvect hemorrhage from vein to
accompanying lymphatic has been produced mechanically, by
slight pressure on the cover slip (fig. 9). This mechanical
toreing of blood cells from a blood vessel into the lumen of
an adjacent lymphatic was noted on a number of occasions
when the rabbit struggled slichtly and cansed the cover slip
to come into sudden contact with the objective of the micro-
scope. Small extravasations into the tissue in regions where
no lymphatic was present were produced in the same way.
On the other hand, when care was taken to avoid such aceci-
dents during the observation period, lymphatics usually re-
mained clear with only a very few widely scattered cells in
their interior for many weeks, in chambers free from inflam-
mation, since the detached celluloid splints effectively pro-
teeted the chamber areas from mechanical pressure or strain
between observation periods when the rabbit was in its cage.

Aside from mechanical pressure, another condition in which
cells from the blood stream were seen to enter lvmphatics was
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that following changes in the consistency of the Dblood
vaseular endothelium. A deseription of the progressive
changes which endothelium of blood vesscls may undereo in
vespouse to various external and internal stimuli has already
been given (Clark and Clark, '33). The six different phases

in the consisteney of blood vaseular endothelinm were shown
to form a progressive series of changes from the smooth
clastic lining of normal vessels (phase I) through phases IT
and 111 in which the endothelium beeame inereasingly sticky
for leukoevtes and apparently more permeable to fluid, to a
softer consisteney (phase TV) in which leukoeytes could pene-
trafe the walls, on to phase V in which the endothelium
showed weakening and loss of elasticity, evidenced by the oc-
currence of hemorrhages and hulging of the wall, and finally
to phase VI in which it broke into segments and disintegrated.
The changes to phases IT and 111 were produced =o easily and
by such slight stimuli that they could not be considered patho-
logical. Reversals in consistency from phases IT, IIT and IV
took place abruptly. When the vessel wall had undergone the
change to phase V, an appreciable time of days or even weeks
intervened before its complete recovery. There was no re-
covery from phase V1.

On many occasions mild mechanical, thermal and chemical
stimuli resulted in change in consistency of the vascular
endothelium of single vessels or parts thereof or of many or
all of the vessels, to phases IT or III, in which the leukocytes
adhered slightly or more tightly without migrating through
to the wall. With a stronger stimulus, such as prolonged
heating or the presence of a small abscess outside the chamber,
the endothelinm apparently became softer and leukocytes
penetrated the wall (phase IV). When such a change oc-
curred in a vein or capillary with an accompanying lymphatic,
the process of migration of individual leukocytes through the
wall of the blood vessel and of the lymphatic into the lumen
of the latter was observed.. In certain instances in which the
lymphatic concerned was blocked at the table edge or isolated
(rounded at both ends) the leukocytes which entered it fre-
quently remained imprisoned in the lymphatic for many
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weeks.  The changes whiceh such a group of leukocytes, most
of which were polymorphs, underwent into a collection of
small, round cells with round nuele; have been deseribed clse-
where (Clark, Clark and Rex. 36). In the ease of g Jymi-
phatic possessing #n open conneetion with other vessels oui-
side the table areq, group of leukocytes whicl had entered
It in the manner Just deseribed, remained for day or longer
i {he bulbous end, and later moved el and forth in the
vessel before they finally dvifted off the tabe area into the
communicating preformed lymphatics. It was frequently
found that following periods of inflammation in which leuko-
evles had emigrated from many of the blood vessels in the
chamber, new collections of lenkocytes were present in the
lumen of a lymphatic located close to i vein while the con-
feuts of other lymphatic vessels not so situated, remained
tr. Conversely, we have observed cases ot emigration of
leukocytes into the tissue in one region of a chamber, following
which a lymphatie, located close to a vein but in another
portion of the chamber in which no endothelial change had
oceurred, remained clear.

In chambers in which the inflammatory reaction continued
longer or was more intense the endothelium of some of the
blood vessels or portions thereof underwent the further
change in consistency characterized by loss of elasticity and
increased tenderness and the occurrence of small hemorrhages
(phase V). In casesin which a thin-walled blood vessel (vein
or capillary) located close to a Iymphatic: underwent such an
endothelial change an extravasation of erythrocytes into the
lumen of the lymphatic was frequently observed. As in the
case of hemorrhages into the tissue the endothelium closed
Immediately after the extrusion of cells as no break in the
wall of the blood vessel could be seen at the point where the
extrusion of blood cells had oceurre (Clark and (lark, D).
Similarly, no hole in the lymphatic wall could he perceived at
the point at which the blood cells had heen squeezed through it.
Following such an occurrence the fate of the blood cells which
entered the lymphatic from the adjacent blood vessel varied
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according to the following factors: 1) The presence or
absence of an open connection of the lymphatic concerned with
vessels outside the table area, 2) the amount of movement in
the lymphatic, 3) the amount of blood in the extravasation in
proportion to the size of the lymphatic, and 4) the presence
or absence of macrophages in the lumen of the lymphatie.

In most cases in which open connections with other pre-
formed lymphatic vessels had been maintained the blood cells
from such a hemorrhage remained for several days bobbing
back and forth in the Iymphatic near their poinf of entrance
from the neighboring blood vessel, before moving off the
table into the connecting vessels. This was also true of-the
cases in which blood cells entered the lymphatic vessels of
preformed tissue chambers at the time of operation. In
those instances in which the lymphatic was blocked at the
table edge, the erythrocytes from such as extravasation often
remained for indefinite periods—several weeks—in the lumen,
as did the emigrated pelymorphs in the cases already de-
seribed (p. 270). g

In the specimen described on page 270, 40 minutes after
the injection of methylene blue, numerous small hemorrhages
in the tissue appeared and at the same time a hemorrhage
from one of the larger veins of the table area, into its ac-
companying lymphatic was observed. The blood cells were
seen to move jerkily along this vessel in the direction of the
table edge and within a few minutes to enter the connecting
preformed lymphatics. At this time there was a very rapid
flow through all the blood vessels of the chamber, accom-
panied by a great increase in intervascular fluid which ele-
vated the cover slip, thus temperarily increasing the space
over the table. On the following days, although the inflamma-
tory condition was still present and the whole ear edematous,
the circulation in the blood vessels of the chamber was some-
what less rapid and there was evidence of squeezing from
the increased pressure around the table area. At this time,
a few erythrocytes entered the lymphatic from the same vein
and in this case they were not washed out, but remained
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bobbing back and forth in a short stretch of the lymphatic
for 3 days before finally moving out of the observation area.

In some instances the hemorrhage from vein to adjacent
Iymphatic was so massive as to pack the lumen out to its
bulbous end. In a number of such cases the blood cells were
So closely pressed together that no cell outlines could be
distinguished, and the blood then gave the appearance of
being laked. That this appearance was caused by crowding
of the cells together and loss of fluid from the lymphatic was
shown when such vessels were studied continuously. In a
number of these cases some of the blood was squeezed out
of the end of such Iymphatics into the tissye and it could then
be seen that the erythrocytes were still distinet haemoglobin-
containing cells. In the course of days such lymphatics fre-
quently became wider and contained more fluid and the masses
of blood then became broken up into individual cells which
bobbed back and forth in the lumen. In two cases of hemor-
rhage into a completely isolated Iymphatic from an adjacent
venule, slicht pressure over the region resulted in hemor-
rhage in the reverse direction—from Iymphatic back into the
vein.

When a hemorrhage consisting of a moderate number of
erythrocytes first entered a lymphatic from g nearby vein the
blood cells could be seen to move freely back and forth, either
singly or in rouleaux, with no tendency to stick to each other,
to the lymphatic endothelium, or to any leukocytes which
might be present. On succeeding days erythrocytes inside
the lymphatic were frequently seen to cling together in
clumps, which moved back and forth in the lumen. At times
and in certain localized places, such agglutinated masses as
well as individual erythrocytes were observed to adhere to
the vessel wall. At this time also erythrocytes were seen to
stick to macrophages which chanced to be present in the lumen
of the lymphatic. This change in the physical character of
erythrocytes which have remained for several days in the in-
terior of a lymphatic capillary, evidenced by sticking of such
cells to macrophages, to each other and at times to localized
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regions of the lymphatic endothelium, was not permanent
since the same group of cells, imprisoned in an isolated or
blocked lymphatie, which showed this property on one day
have been seen on succeeding days to bob back and forth
freely, withont adhering to each other, to macrophages, or to
the vessel wall. At certain times also erythrocytes which
stuck to each other or to macrophages inside the lymphatic
failed to adhere to the endothelium.

The fate of the blood cells which entered a lymphatic from
a nearby blood vessel and lingered for some time in the trans.
parent observation area was influenced to a great extent by
the presence or absence of macrophages or monoeytes in the
lumen of the lymphatie, Monocytes, outside the hlood stream,
have been shown to change into macrophages after engaging
in phagocytosis (Clark and Clark, *30; Lewis and Lewis, 26
and Elliott, ’26). In some instances monoeytes were ineluded
in the extravasation into the Iymphatic while in others the
hemorrhage consisted of erythrocytes and polymorpho-
nuclear leukocytes alone,

In one specimen, for example, two successive hemorrhages
into the bulbous end of a lymphatic from an adjacent vein were
observed, which consisted of erythrocytes, polymorphs and a
few monocytes. The cells for the first day floated freely back
and forth in the Iymphatic. After 24 hours many of the
erythrocytes were seen to stick together in clumps which ad-
hered temporarily in a few places to the wall of the Iymphatiec.
Three days after this first hemorrhage a number of typical
macrophages were present in the lymphatic lumen, some of
which may have wandered in from the tissue but others of
which from their clearer cytoplasm appeared to be enlarged
monocytes. Both erythrocytes and changed polymorphs were
seen to cling to the macrophages and many of them to be
ingested on this day. On the following day most of the cells
had moved back from the end of the lymphatic capillary into
the connecting Iymphaties located around the periphery of the
table. Later, on this day, a new and more massive hemorrhage
occurred which distended the end of the lymphatic. On the
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following day the erythrocytes inside the lymphatic clung to-
gether in clumps, while some of them were forced out of the
vessel tip into the tissue where their phagocytosis by tissue
macrophages was observed. The blood cells remained inside
the terminal portion of the ] ymphatic for 3 days longer during
which time the number of erythroeytes and polymorphs
diminished and the macrophages with cell inclusions became
larger and more conspicuous. After this the group of cells
again moved off the table into the connecting peripheral
lymphatics where they could be seen bobbing back and forth.
Two days later, a number of cells drifted back onto the table
and out toward the tip of the lymphatic and at this time they
were seen to consist for the most part of typical macrophages
containing pigment and cell fragments (Clark, Clark and Rex,
36, p. 157, fig. 9).

According to our observations, although macrophages from
the tissues have been seen to migrate into the lumen of a
Iymphatic capillary and to phagoeytize erythrocytes and de-
generated polymorphs present therein, they apparently make
their way through the lymphatic wall less frequently than was
the case in our studies on Amphibia (Clark and Clark, ’28,
’30). Hence in many cases studied in which monocytes were
absent in the orginal hemorrhage from blood vessels to
lymphatie, the erythrocytes in blocked or cut-off lymphaties
remained intact for much longer periods than did those which
had been extruded at the same time into the tissue. This was
undoubtedly due in part at least to the greater number of
macrophages present in the region of tissue hemorrhages
than in the lumen of the lymphatic. Tor example, in a
chamber studied recently a single hemorrhage into a cut-off
lymphatic, rounded at both ends, oceurred from an adjacent
vein, which consisted of a few polymorphonuclear leukocytes
and a large number of erythroeytes. The blood cells were
packed very closely together in the lumen of the lymphatic,
especially at the two bulbous ends. Several days later some
of the erythrocytes were squeezed out through the lymphatic
wall into the tissue where they were phagoeytized by macro-
phages which had been present in this region for several




. el

e B

-

RELATION OF LYMPHATICS TO BLOOD' VESSELS 275

weeks. The erythroeytes left in the lymphatic remained un-
changed in eolor for over a month, during which time the
polymorphs in the same vessel wnderwent the change into
small, clear, round cells with round nuclei already described
(Clark, Clark and Rex, ’36). At the end of this time a macro-
phage made its way into the Iymphatic from the outside tissue
and ingested a number of the erythrocytes and degenerated
polymorphs.

The foregoing observations showed that, due to the tendency
of blood vessels and lymphatics to follow the same course and
in such close proximity to each other, not only leakage of
fluid but passage of formed elements can oceur directly from
blood stream to lymphatic. The active migration of lenko-
cytes from blood vessel to lymphatie, following the change
in blood vascular endothelinm to phase IV, often took place
following relatively mild stimuli such as over-heating, while
the hemorrhages into the lymphatic either followed a further
change in the wall of the blood vessel to a weaker condition
(phase V) or direct mechanical pressure over the vessels,

The entrance of red blood cells into the nearby lymphatic
capillaries by the process observed frequently in amphibian
larvae—i.e., by the growth of Iymphatic sprouts to extra-
vasated blood ecells and the active taking of sumech cells into
the lumen of the lymphatic (Clark, *09; Clark and Clark, ’26)
—Wwas never observed in our studies on the rabbit’s ear, al-
though numerous extravasations of blood cellg were produced
in the tissue just outside lymphatic capillaries which were
watched carefully with this possibility in view.

As mentioned in our previous study, in the case of the
vessels in both Amphibia and the rabbit which have undergone
the change in endothelial consistency in which there is an
observable weakened condition characterized by distortion in
shape, bulging of the wall and the occurence of ecchymoses
designated as phase V, an appreciable recovery period inter-
vened (Clark and Clark, '35). Frequently when the Tecovery
from an inflammation wag accompanied by the sudden return
of an active blood flow through temporarily non-circulating
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vessels, marked bulgings or aneurvsmal swellings of some of
the veins were noticed which persisted for days in the tadpole
and for weeks or even months in some of the rabbit’s vessels.
The localized swellings of arteries and arterioles sometimes
Present in the preformed tissue chamber following the
original operation were apparently due to trauma at the time
of operation to the muscle and nerve supply rather than to
such an injury to the endothelium (Clark and Clark, ’32).

According to our studies, bulges present in the walls of
veins or venules whose endothelinm had hecome weakened in
this manner were larger and persisted longer in cases in
which such vessels were located in close proximity to a Iym-
phatic vessel. Apparently the Hodm.zs&:m_._w arranged con-
nective tissue fibers surrounding the hlood vessels supported
the wall of such injured vessels more effectively than did the
accompanying lymphatic vessel with its delicate endothelium
and relatively low internal pressure. This was also borne
out by observations that bulges were less apt to occur in blood
vessels surrounded by a dense connective tissue framework
than in those with a perivascular space,

In the case of one chamber installed 3 months previously,
intensive observations were carried out on a lymphatic vessel
which extended to the center of the table and for most of its
course in such close proximity to a vein that no connective
tissue cells or fibers were present between the endothelial
walls of the two vessels. The chamber area from the time
of its complete vascularization, 24 days after the operation,
had remained stable and free from inflammation. The
Iymphatic at this time (August 25th) was clear, containing
only a few cells—macrophages and dwindled polymorphs—
which moved back and forth in the lumen with no forward
progression for days at a time.

On August 26th, the appearance of a small infected spot in
the ear outside the chamber, associated with g period of hot
weather, resulted in an increased circulation through all the
€ar vessels which continued for 4 days. During the first 48
hours there was rapid circulation through all the vessels in
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the chamber, inerease in intervaseular fluid. and sticking of
leukocytes to the walls of most of the veins and capillaries
(phases IT and III) but no evidence of endothelial injury in
the chamber area. On the third day (Aungust 29th) in addition
to the above changes all of the blood vessels were markedly
distended and emigration of leukocytes occurred from many
of them (phase IV), while in some of the veins the relaxed
and weakened condition of the endothelium was present
(phase V) which was accompanied by the appearance of
numerous small extravasations of erythroeytes into the tissue
and into the lymphaties at points in which the later were
located close beside them. The fast circulation continued for
another day during which fresh hemorrhages from veins to
lymphatics occurred. On this day (August 30th) several
swellings appeared on a vein accompanied by the lymphatie,
which were especially marked on the side next the lym-
phatie (fig. 11).

On the following day (August 31st) the infection had sub-
sided, the circulation in the chamber had become more moder-
ate, emigration of leukocytes had ceased and most of the en-
dothelium of the chamber vessels had reverted to phase I,
with no leukocyte sticking. However, the bulging places of
the wall of the vein next the lymphatie, at the site of the
former hemorrhages into the lymphatic, were still con-
spicuous.

During the next 2 days, as had been roticed previously fol-
lowing periods of inflammation, there was an accumulation of
fluid and cells between the vessels and also between the tissue
and the cover slip which squeezed the blood out of the vessels
over the table at times when the supplying arteries underwent
rhythmie contractions. After a day or two, with the removal
of the excess fluid, the tissue and vessels again became ad-
Justed to the thin space over the table and normal circulation
was resumed. In the regions of the venous dilatations still
present next the lymphatic, the spontaneous contractions of
the supplying arteries (Clark and Clark, '32) eansed inter-
esting changes in the two neighboring vessels. With the artery
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dilated and a full blood stream coursing through the vein, the
venous bulges indented the lymphatie, encroaching on its
lumen to a considerable extent. Following a confraction of
the supplying artery, the flow in the vein diminished and the
lymphatie, possessing greater obstruction to its outflow than
the vein, then hulged into the lumen of the vein at this point
(figs. 11 and 12). When the animal was warmed, or heat
from an electric light applied locally to the ear, the arterial

greater and correspondingly
the flapping back and forth of the double membrane formed

by the two endothelial walls occurred oftener and the bulging
of the vein into the lymphatic lasted longer. Conversely,
when the ear was cooled the arterial contractions lasted
longer, the amount of blood flow diminished in the vein, the
back and forth movement of the combined venous-lymphatic
endothelium occurred less frequently, while the periods of
bulging of the Iymphatic into the vein were of greater
duration.

During the next week, the cireulation of the ear was moder-
ate and steady and the chamber area was beautifully clear,
showing no signs of the former inflammation aside from the
balloon-like swellings between the vein and lymphatic. The
bulging places on the vein during this time became less con-
spicuous, although whenever the circulation was stimulated
by heat, they became temporarily as prominent as before.
Eleven days after the first inflammation (September 6th)
another day of inereased blood flow occurred due to unusually
high atmospheric temperature, Although this period of in-
creased circulation was not truly inflammatory, since only

vein bulged into adjacent Iymphatic. Dotted lines in veins at these three places
mark the point to which the lymphatic encroached on the lumen of the vein
periods of decreased venous pressure (p. 278),
Parallel with Iymphatic on its other side, X 40,

during
Art., (black) arteriole running

45
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shght leukocyte sticking (phase 11) was observed in the
majority of the blood vessels in the chamber and no emigra-
{ion of leukoeytes or extravasations of blood cells into the
tissue occurred, [resh hemorrhages took place from the
weakened vein into the accompanying lymphatic in the region
of the hulee Following a rc:::.q.y:,\. at one of fhese
points, an erythrocyte remained caught in the membrane
formed by the venous and lymphatic @b&o:HoEzEw half in the
vein and half in the [vmphatie (fie. 12, )

On the following day (September ith) the cireulation had
again subsided but the voin next the Iymphatic showed siens
of further injury following the day of rapid blood flow. The
bulges into the Iymphatic had become still larger and the
venous endothelium in the regions of th
be thinner and to have suffered a stjl] further loss in elasticity.
The latter was shown by the fact that at times when the
venous pressure fell helow that of the lymphatic and the sweoll-
Ing was inverted and bulged into the vein, instead of retaining
its former round balloon-like form such as that shown in
figure 12, A, it became elongated in the direction of the
current in the vein.

For the next § days, the circulatory conditions in the
chamber remained stable and the venous bulges into the lumen
of the lymphatic although still present, gradually became loss
conspicuous except when the ear was heated. On one day,
local heat was applied to the ear continuously for an hour
without producing any che nges in endothelial

e bulges appeared to

consistency of

Fig. 12 High power drawings showing the same points of bulging (A, B, C)
of the injured vein into the adjacent lymphatic shown in figure 11. Drawings
of regions A and B made 3 weeks after the original injury to the venous en-
dothelium. V., vein; L., lymphatic; A., artery; Ret., reticulum. Dotted lines
W vein indicate extent to which lymphatie bulged into vein when the flow
through the latter vessel diminished (p. 278). Leitz drawing eye-piece. X 175.
Drawing C made 1 week after original injury to vein, on a day of increased
circulation in which fresh hemorrhages from vein to lymphatic occurred at the
weakened (bulging) points. V., vein; L., lymphatie; V.E., venous endothelial
nucleus; L.E., lymphatic endothelial nucleus; R., red blood eell half in vein and

halt in lymphatie; M., macrophage in lumen of Iymphatic. Free hand, approxi-
mately X 250.
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any of the blood vessels of the observation area hevond phise

I (transitory sticking of leukoeyvtes). Althouel the bul 2y
places became more prominent and the Happing back and

Forth of the (hin walls corresponding to the pressure
became more frequent, no emigration of leukoeytes or oxlra-
vasation of blood at these points oceurred and the bulges re-
mained firm and round as shown in fieure 12, instead of
clongating in the manner observed following their sccond
period of weakening. This experiment seemed to point to
a partial recovery of the venous endothelium  from the
original injury which resulted in the formation of the
swellings.

nues

On September 25th and again on October 4th, the ear again
becane temporarily inflamed. Op both oceasionsg the same
phenomena were repeated—i.e., inereased blood flow with
sticking of leukocytes in most of the bload vessels of the
chamber, emigration of lenkoeytes from many of the vessels,
tollowed by the appearance of small hemorrhages  at
scattered points in the tissue. () both of these days fresh
extravasations of blood cells from the vein under observation
into its accompanying lymphatie ocen rred, and following this
the endothelial bulges again enlarged. The bulges gradunlly
became less prominent during the davs of moderate cireula-
fion which succeeded each of these periods of inflammation.
By October 15th, 2 months after the first appearance of the
bulges in the wall of the veln, the accompanying lvmphatic
had grown narrower and the venous bulges were smaller and
less conspicuous. A week later, the endothelium of this vein
had apparently recovered its original firm and elastic quality.
In another specimen, a number of similar bulging places
appeared on the wall of a vein following a period of inflam-
mation caused by a small area of infection outside the
chamber area. During the week after the period of active
circulation the vein gradually acquired its original contour
except for four bulging places which were located at points
where a lymphatic crossed the vein. The bulges from the vein
into the lymphatic persisted for 2% months in this specimen.

i
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During this time the same inversiou of the bulec—from lym-
phatic into the lumen of the vein—vas noticed ut times when
the pressure in the vein fell below that in the lymphatic,
tollowing contraction of the supplying artery.

These examples demonstrated that the aneurysmal bulgings
in the weakened endothelial wall of veins and other {hin-
walled blood vessels which frequently oceur following inflan-
mation tend to be larger and to persist longer when such
blood vessels are located close heside a Ivmphatiec and that
subsequent inerease in blood How throneh such injured
vessels exaggerates the condition, ca ing the bulges to en-
large still further and their endothelinm to become thinner
and more sensitive to changes in consistency, so that hemor-
rhage may occur at these points in response to stimuli too
slight to induce such changes elsewhere. The inversion of
such swellings, in which the lymphatic bulges into- the vein
when its pressure falls, is apparently also due to the weaken-
g of the blood vascular endothelium af these points, rather
than to a similar change in the lvmphatic wall, sinee our ob-
servations have shiown that the Ilvmphatic endothelium is
normally thinner, more delicate, and less elastic than that of
all but the youngest of blood capillarvies, so that Iymphatics
usually tend to bulge out into sac-like forms in regions in
which the surrounding tissue is loose enough to permit their
distension. However, our records showed a thinning of the
Iymphatic as well as of the venous endothelium in the region
of venous bulges which have persisted for some time
(fig. 12, B, C).

In all of our studies on the relationship of lymphatics to
blood vessels, the independence of the two systems both in
their growth period and subsequently has been obvious. Al-
though growing lymphatic vessels frequently followed the
course of blood vessels for considerable distances and in such
close proximity that the walls of the two were practically
in contact, no anastomoses of the two were ever seen. Imthe
case of bulging of blood vessels into adjacent lymphatics, in
which the two endothelial walls became thinner and so closely
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applied as to form » double membrane throug]
tion of leukoevtes and extravasations of blood cells oceurred
following comparatively slight circulatory changes, no in-
stance of a fistula developing between the two vessels was
observed.
The observationg Just described op the relation of lym-
phaties to blood vessels have beep conecrned with thin-walled
vessels—veing ang capillaries—ip which the two endotliclial
walls were separated by few or p counective tissue cellg. As
alveady remarked, lymphatic capillaries which invade the
chamber Space also ?Bcos:% grow beside arteries. Ac-
cording to our studies, the new arteries which form in the
chambers especially those which develop active contractility,
are ?m@ﬁobzw surrounded hy g loose Space into which
Ivmphatics which invade the table area after itg vasculari-
zation often advance. Thig Space beside the arteries also
atfords a path of growth for companiop veins the development
of which as secondary outgrowthg has been observed (Clark
et al, ’31). In Some specimens in el a lvmphatic grew
along one side of an avtery in this fashion, a ¢onpanion vein
developed on the opposite side of t]e same vessel,

The early development of a muscular wall on the newly
formed arterioles in the chamber aregs modifies the relation.
ship of such blood vessels to ap accompanying Iymphatie in
COmparison with that of thin-walleq vessels. Emigration of
lenkocytes through the walls of arteries has not been observed
and hemorrhages from arteries oceur very rarely in the pro-
tected environment of the chambers. Hence in most cases the
lymphatics located in close proximity to arterjeg are clear
and contain only a few cells evep at times in which emigra-
tion of leukocytes and extravasationg of blood have oceurred
from many of the veins and capillaries of the same chamber,

Active contraction of arteries the caliber of which is rela-
tively large for the confineq Space of the table areg (40
to 50 u) was seen to produce Passive changes in the caliber
of the lymphatics in the observation ares and in the movement
of their contents. QoEEoE%v the dilatation of such an artery,

1 which emigra-
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aside from allowing move blood to cireulate through the
vessels of the chamber, lifted the mica cover slip slightly,
thereby inereasing the space over the table avea. At such
times the majority of the lymphatics on the table became more
distended and fluid and -cells from communicating vessels
outside the table area might be sucked back into their hulbous
ends.  When such an artery contracted, a slioht squeezing of
the tissne over the table ocen rred, the lyvmphatics were
slightly compressed and fluid and cells wore frequently seen
to move 1n the reverse direction.

In the case of lymphatics which occupied a position close
beside an actively contracting artery the opposite effect was
observed. In such cases when the artery dilated, it filled the
loose space around it, thereby encroaching on the accompany-
ing lymphatic, frequently to such an extent as to oblite ‘ate its
lumen. When it contracted the lymphatic again became filled
with fluid which was sucked back into it from communicating
vesscls outside the thin space. Figure 13, A and B illustrates
such a case. Thus contractions of arteries in the thin chamber
space apparently exert a massaging effect on lymphaties in
the area, which is especially marked when the two vessels are
in close proximity. In many of the splinted chambers studied,
the newly formed arterioles of the regenerated vascular plexus
remained relatively small and frequently failed to display
active spontaneous contractions. When such specimens were
protected from irritation the thin space over the table re-
mained relatively rigid and uniform in thickness for weeks or
months, and the movement inside the lymphatic capillaries
present therein was very slight, consisting chiefly of a bobbing
of the cells in the vessel lumen with short back and forth
excursions, and with no forward progression for days.

S T A ——
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Fig.13 A and B. Successive w:oﬁosmowom:_vrw of the same feld showing
relationship of a lymphatic capillary to a newly formed artery which had aec-
quired aective contractility (p. 283). Lymphatic (Lym.) located close beside
artery (Art.) with a vein (V.) on its other side, A, artery contricted, Iymphatic
lumen open. B, artery dilated (3 minutes later) Jymphatic lumen obliteratad.

W., muscular wall of artery—note increase in thickness with arfery contracted.
X 450.
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DISCUSSION

The fact that lymphatic vessels frequently occupy a posi-
tion in close proximity to blood vessels has led some in-
vestigators to conclude that the lymphatic system in its
embryonic development arises from a transformation of peri-
vascular spaces. This view was advanced at oneé time by
Huntington and McClure (’08) as ‘‘the extra-intimal origin
of lymphatics.”” They claimed that the endothelial wall of the
lymphatic was derived on one side from the mesenchyme and
on the other from the venous endothelium. They later
abandoned this theory in favor of the view that Iymphaties
arise through the coalescence of spaces in the mesenchyme.
Recently Zimmermann (’35) has revived the theory of -the
origin of lymphatics from perivascular spaces. Both of these
investigations, as well as those which formed the basis for the
view that lymphatics are derived from tissue spaces, were
based upon reconstructions of cross sections, a method which
has been shown to be inadequate for demonstrating the extent
of delicate lymphatic capillaries (Clark, ’11, ’12). Sabin
(’11) showed that many of the so-called extra-intimal spaces
around embryonic blood vessels were shrinkage spaces which
appeared after fixation. —

The question of the origin of the first Ilymphatic endothelium
in the embryo has never been finally settled owing to the lack
of a sufficiently transparent region in which fine microscopic
details could be studied in'the living animal. The supposedly
isolated lymph sacs in embryos, which have been thought from
the study of cross sections to establish connections with veins
after their formation and thus to prove the origin of lym-
phatics from tissue spaces, have been shown, wherever the
same embryonic stage was tested by injection, to be connected
with the venous system and to be preceded as a rule at a still
earlier stage by a plexus of Iymphatic capillaries possessing
a great number of venous connections. Thus in the case of
the jugular lymph sac in the chick, injections in the living
embryo showed definite connections between a lymphatic
plexus and the jugular vein in the same region and at the same
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stage in which Miller ("11) deseribed an isolated Iymph sac

(E. L. Clark, '12). The subocular ‘Iymph sac’ of the trout

described by McClure (’15) as appearing first ag » completely

1solated tissue Space was demonstrated by Haj, a pupil of

Hoyer (734) to be connected at thig stage with the veins.

In the case of the posterior Iymph heart of chick embryos,
observation in the living and miero-injections supplemented
by oil immersion reconsiructions of embryos with the blood
vessels completely injected, demonstrated the presence of a
plexus of definite lymphatic vessels, Possessing numerous
commections with the veins, 3 days before the stage (8 days)
at which Sala ('00) deseribed the origin of the lymph heart
as an isolated sac (Clark and Clark, '20). Tt was further
shown that the first Iymphatic capillarieg appeared at a time
when the intervascular tissue was dense and no mesenchymal
Or exira-intimal spaces were bresent.

Although on acecount of the limitations of the methods
available the possibility that the first lymphatics may arise
from differentiation of mesenchyma] cells into angioblasts,
which form temporary connections with veins, has not been
excluded, the fact that the earliest identifiable lymphatics
Possess numerous connections with blood vessels while in
later stages the number of such connections diminishes in-
stead of increasing, appears to favor the orj
Sabin (’02) that the lymphatic endothelium arises as an out-

growth from the blood vascular endothelium.

Whatever the exact mode of origin of the first Iymphatics
in the embryo, the fact that they soon acquire specifieity and
spread through the body by a process of endothelial sprout-
ing, as inferred by Ranvier (1897), has been definitely es-
tablished. In studies on the transparent tails of amphibian
larvae, in which every cell could be clearly seen, prolonged ob-
servation of the same cells and vessels demonstrated, beyond
question, the growth of Iymphatie capillaries by sprouting
from preexisting lymphatic vessels without the addition of
connective tissue cells or Spaces, of blood vascular en-
dothelium or of any type of wandering cell (Clark, *09, ’12).
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Djiurzinski (’11) using the same method of observation in
the living found that the same type of independent growth is
characteristic of the regenerating lymphatics of Amphibia.
With the development of a method for study of microscopic
details in the living rabbit, the same specificity and method of
growth has been found to characterize the regenerating lym-
phatic eapillaries in adult mammalian tissue. . .

Tn the transpavent fing of tadpoles, in which the connective
tissue is composed of widely spaced stellate cells and in
which no perivascular spaces are present, the new lymphatic
capillaries were found to grow for the most part at a distance
from blood vessels and to make their way through the homo-
geneous intercellular substance as far as possible from the
bodies of the connective tissue cells (Clark, "12).

In the new tissue which forms over the table area in the
chambers inserted in rabbits’ ears, clear spaces were regu-
larly present around the newly formed blood capillaries and,
in splinted chambers in which .the formation of “connective
tissue fibers was delayed, many such perivascular spaces per-
sisted for several months. After the formation of dense inter-
vascular connective tissue, loose spaces were often present
around some of the larger blood vessels, while in one specimen
wide, clear, perivascular spaces appeared-secondarily, sur-
rounding several of the larger blood vessels, the diameter of
which had diminished following a change in circulatory condi-
tions, thus showing that true ‘shrinkage spaces’ may form in
the living adult animal. The pattern which the regenerating
lymphatics assumed in the transparent chambers varied with

the character of the intervascular tissue present at the time of
their invasion of the chamber space. Thus, in chambers in
which this tissue consisted mainly of a soft gel, the new lym-
phaties sometimes advanced along perivascular spaces for
part of their course while frequently they grew at random in
the intervaseular tissue in a manner similar to the growth
of such vessels in amphibian larvae. In chambers in which a
dense connective tissue had formed prior to their appearance,
the new lymphatics tended to advance in the loose space- be-
side the blood vessels (Clark and Clark, ’32, ’33). However,
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in all specimens studied perivaseular spaces were present at
one time or another which were never invaded by lymphatics.

These observations showed definitely {hat although peri-
vascular spaces frequently provide c¢onvenient pathwaysy for
the growth of regenerating lymphatic capillaries they play
no essential part in their formation. The opportunity to

study regenerating lymphatics in the living mammal in a

transparent region in which the finest microscopic details can

be seen has enabled us, we hope, to throw further light on their
embryonie growth and to explain their true relationship to

‘tissue spaces’ and to ‘exfra-intimal spaces.’

Although the lymphatic endothelium, after its primary dif-
ferentiation, remains specific both in its extension in the
embryo and in its regeneration in the adult marnmal, the
pattern which the Iymphatic, capillaries finally assume in dif-
ferent regions produces interesting physiological relation-
ships. The frequency with which lymphatic vessels ac-
company the larger blood vessels in the adult human body is
well known. Henry (’33) in his studies of the intact ear of
the rabbit showed that not only do most of the larger Iym-
phaties follow the course of veins and arteries, but that many
of the lymphatic capillaries of the skin are located in close
proximity fo veins and capillaries, When the two vessels are
80 close together as to he practically in contact, with no inter-
vening tissue, the fluid which enters the lymphatic in such a
region, whatever its chemieal composition in comparison with
the blood plasma, undoubtedly represents in part at least
a direct ‘leakage’ from blood vessel to Iymphatic rather than
a drainage of lymph which has first ‘bathed the tissue cells.’
The direct passage of fluid from blood vesse] to lymphatic
was demonstrated in the methylene blue experiment described
on page 267 of this paper.

This direct ‘leakage’ of fluid from blood vessel to lymphatie
brings up interesting possibilities for lymphatie behavior in
various parts of the body. In the villus of ithe intestine, the
central position of the lymphatic at g distance from the
peripherally arranged blood capillaries resembles the arrange-
ment of lymphatics in the tadpole’s tail. In the liver, on
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the other hand, the lymphatics are located in the interlobular
tissue, in close proximity to the portal blood vessels, and
separated from the liver cells by the perilobular connective
tissue capsule. No lymphatic capillaries have ever been
demonstrated which penetrated the liver lobules. Moreover,
the vessels in the liver appear to be unusually permeable,
since particulate matter injected into the hepatic artery or
portal vein appears quickly in the lymphaties of this organ
(Mall, 06). Hence, it is probable that much of the fluid in
the lymphatics draining the liver—which is generally con-
sidered to constitute a large proportion of the lymph entering
the thoracie duet—represents a direct ‘leakage’ from the peri-
lobular portal venules to the accompanying lymphaties and
that it has not been in contact with the cells of the liver lobule.

In addition to the direct leakage of fluid from blood vessel
to lymphatic made possible by the close proximity of the two
thin-walled vessels, the passage of blood cells from vein to
accompanying lymphatic is facilitated by such a relation-
ship. Following slight mechanical pressure over vessels so
located, the foreing of blood cells into a lymphatic located be-
side a vein has been noted repeatedly. "Changes in consistency
of the blood vascular endothelinm which oceur in response to
chemical, thermal and mechanieal stimuli (Clark and Clark,
'35) have also been seen to result in the passage of formed
elements of the blood into lymphaties in the absence of ex-
ternal pressure. Thus with a moderate degree of endothelial
softening unaccompanied by visible injury, leukocytes in con-
siderable numbers have frequently been seen to make their
way through the wall of a vein or capillary into an adjacent
lymphatic (Clark, Clark and Rex, '36), passing through the
two endothelial layers in succession, while with a greater
degree of change in the vaseunlar endothelium involving loss
of elasticity, hemorrhages from vein to lymphatic have been
observed. These direct obgervations on the passage of blood
cells from blood vessel to lymphatic at points in which the
two vessels lie close together, in addition to the observation
reported previously on the entrance of blood cells into lym-
phatic capillaries which have been broken open either in the
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region of inflammatory exndates or during a sn rgical opera-
tion (Clark and Clark, ’33), have demonstrated two ways in
which some at least of the erythrocytes, which are always
found in samples of Iymph taken from thoracie duet, may
have entered the lymphatic system. The property of actively
picking up extruded erythrocytes, displayed so commonly by
the lymphatic capillaries of Amphibia (Clark, *09; Clark and
Clark, 26) appears to be absent in those of the mammal as
Judged by the behavior of the lymphaties in the rabbit’s ear.

The recent studies of Drinker and his associates (’35) are
of interest in this connection. The anthors found that
bneumococel injected Munwmﬁmzcsiw appeared in the thoracie
duet within 1 to 20 hours, depending on the amount injected,
and that the bacteria inereased in the lymph and continued to
be fed into the blood stream during succeeding days. It is
probable that the bacteria entered the lymphatics from the
blood stream following an endothelia] change in the manner
observed for blood cells.

The fact that individual red blood cells and clumps of cells
which had entered a Iymphatie from an adjacent blood vesgel
were frequently seen to adhere to the wall of the lymphatic
at certain points and not at others and on some days and not
on others, seems to indicate that lymphatie as wel] as blood
Vessel endothelium may undergo changes in consistency, In
the case of blood vessels, however, the first change in en-
dothelial consistency is characterized by a tendeney of leuko-
cytes to stick to the vessel walls, while erythroeytes rarely if
ever adhere to the lining of the blood vessel in any of its
phases, although occasionally erythrocytes have been observed
to be imprisoned in the endothelium following a change to
4 pronouncedly softer consistency followed by abrupt reversal
(Clark and Clark, ’35). On the other hand, in the Iymphatie,
sticking of either recently emigrated or changed polymorphs
to the endothelium, has not been observed. The character of
changes in consistency of Iymphatic endothelium shonld re-
ceive further investigation but these observations point to a
difference in the physieal properties of the endothelium of
the two sets of vessels.
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Unlike the conditions present in Amphibia in which the
lymph flow is greatly aided by contractions of the lymph
hearts and in which there is continuous absorption of water
through the skin (Clark and Clark, '21; Moore, ’15) the flow
in mammals, at least from peripheral regions of the animal,
is very slow. In the resting limbs of dogs the flow has been
shown to be so slight as to be negligible (Starling, 1898).
Henry (’33) demonstrated the relatively slight flow of lymph
from the vessels of the rabbit’s ear in proportion to their
surface area. In the thin protected areas in the chambers
our observations have shown that the flow in-the lymphatic
capillaries is very slow and is often absent for long periods.
Menkin (’31) has found that the lymph flow from areas of
inflammation is less than normal and that it may be blocked
completely. Our direct observations on the stagnation of
the contents of lymphatic capillaries in areas of inflammation
confirm Menkin’s work in this respect. .

SUMMARY

In this and in previous studies in which the regeneration
of lymphatic capillaries into the thin transparent space of
‘round table’ chambers inserted into the ears of rabbits was
observed in the living animal under high microscopic magnifi-
cations, it was established that the new lymphatic capillaries
grow by a process of sprouting from preexisting lymphatic
endothelium and that, throughout their period of regenera-
tion and their subsequent life in the chamber, they form a
system of specific vessels, independent of connective tissue
cells or spaces and of blood vascular endothelium.

Clear perivascular spaces were observed to surround most
of the newly formed blood capillaries, and to persist for' many
weeks in the central table area of especially protected
chambers. Such persistent perivascular spaces occasionally
acquired an outer border of longitudinally arranged connec-
tive tissue fibers which caused them to resemble definite
channels. They could, however, be distinguished ‘micro-
scopically from endothelial-lined lymphatic capillaries ad-
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Jacent to blood vessels. After the development of dense inter-

vascular connective tissue, loose areag were frequently present

around the newly formod arteries and veins, The secondary
formation of wide clear ‘shrinkage Spaces’ around arteries

and veins, the diameter of which hag decreased following a

change in circulatory conditions, was observed in one specimen.

Lymphatic capillaries which invadeq the table area previous
to the formation of dense intervasenlay tissue sometimes fol-
lowed the course of blood vessels byt frequently grew at
random in the gelatinous intervascular substance, while lym-
phatics which appeared on the table after the formati
intervascular commective tissue advanced in the loose space
beside an artery or vein.

Although perivascular spaces afforded convenient pathways
for the extension of regenerating lymphaties and helped to
preserve their open connections with preformed vessels in
rigid chambers, they played no essential part in thejr forma-
tion. Around many blood vessels spaces persisted for months
Which were never invaded by lymphaties, Moreover, lym-
phatic capillaries were seen to follow g perivascular space
for part of their growth and subsequently to diverge from
1t and invade the intervascular substance, Again, the grow-
ing lymphatic in some cases occupied the entire perivascular
space at one side of a blood vesse] and in others only a portion
of it.

Lymphaties which have followed the course of blood vessels
In their growth frequently 0cCupy a position, thereafter, in
such close proximity that the walls of the two vessels are
practically in contact, with no Fﬂqumiuom. cells or tissue.
In instances in which the blood vessel is 5 capillary or thin-
walled vein, direct leakage of fluid from the blood stream can
take place. Sneh leakage has been demonstrated experi-

mentally.

Following a change in endothelia] consistency of such a
thin-walled blood vessel, emigration of leukocytes from the
blood vessel to the interior of the adjacent lymphatic was
observed. After a more pronounced endothelig] change direct
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hemorrhages from blood vessel to lymphatic were seen.
Hemorrhages from blood vessel to lymphatic were also pro-
duced experimentally by localized pressure on the cover slip.
The endothelium of both blood vessel and lymphatic closed
immediately after such a hemorrhage as in no case was there
a visible break in the wall of either vessel before or after
the emigration of leukocytes or extravasation of erythrocytes.

Following periods of inflammation, veins and capillaries

which had undergone a change to a softer endothelial con-
sistency often showed localized widenings which persisted for
days or even weeks. Such bulges in the vessel wall were
relatively larger and persisted longer in veins which were
accompanied by lymphatics and on the side next to a lym-
phatic than was the case in blood vessels or parts thereof not
so situated. At times of active blood flow the bulges in the
wall of such a blood vessel indented the wall of the accom-
panying lymphatie, encroaching on its lumen, while with de-
creased pressure in the blood vessel the ‘aneurysm’ was in-
verted and the wall of the lymphatic then protruded into the
vein. The weakening of the endothelium of such a blood
vessel was further demonstrated by the ease with which re-
peated hemorrhages occurred at such a bulging place following
stimuli too slight to produce them elsewhere in the observa-
tion area. Although the walls of both blood vessel and lym-
phatic in the region of such bulges became thinner than at
other points and were in contact for weeks, they remained dis-
tinct and no fistula developed.

Owing to the sluggishness of lymph flow in peripheral lym-
phatics—a flow which is further retarded in the thin semi-
rigid chamber areas—cells which entered a lymphatic from
a neighboring blood vessel frequently remained for hours or
days within its lumen before moving on. During periods of
inflammation the movement in the lymphatics was still slower
and stagnation of the vessel contents usually persisted for
days. In blocked or severed lymphatics the imprisoned blood

cells remained in the lumen for several months.

TS 4y e (1
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Erythrocytes in the lumen of Iymphatics showed agglutina-
tion on some days and at times they were observed to adhere
temporarily to the Iymphatic endothelium. Inp casoy  of
massive hemorrhage into a lymphatic capillary, squeezing of
some of the blood cells through the wall of the lymphatic into
the tissue and at times the forcing of erythrocytes back from

erythrocytes by macrophages, occasionally present inside the
Iumen of Iym phatic capillaries, wag observed.

Passage of leukoeytes and erythrocytes from blood vessel to
lymphatic was not seen in cases in which the lymphatics
followed the course of the thick-walleq arteries and arterioles.
In those instances in which newly formed arteries had ac-
quired active contractility, an dccompanying lymphatic was

compressed when the artery dilated and €xpanded when the
artery contracted.
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