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INTRODUCTION

The development of the method for serting {ransparent
chambers, or windows, into the ears of rabbits, as worked
ouf i this lahoratory ( Sandison, “28; Clark, Kirhv-Smith,
Rex, and Williams, *30) has made possible the same type of
precise, long-continped microseopic study of celle and tissues
in the living mammal which had previously been earried out
in the naturally trapsparent tail fins of amplibian larvae
(Clark, "09, "12, ete.). Preliminary observations on the new

growth of mammalian blood vessels were made by Sandison

(28}, and a number of workers in this laborato v have since
described the growth of new blood vessels and the subgequent
changes in the vascular pattern over period of montlis in
sixty ‘round table’ chambers of the same size and shape and
of known and controlled fhickness (Clark et al., '31).

In the course of observations upon the growth of new
blood vessels and their further changes in a chamber of the
‘round table’ type, undoubted lymphatie vessels, continuous
with similar vessels in the surrounding preformed tissue were
observed on the table area. Sinee the ‘round table’ in this

*The work in this Jabornic
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form of chamber oceupies the space left by a hole cut clear
through the ear at the time of the operation for insertion of
the chamber, all of the (issues which develop in it are newly
formed (regencrated) structures. Thus positive evidence for
the regeneration of mammalian lymphatics was obtained. It
soon became evident that the same type of long-continued cy-
tological study ol the growth of lymphatic vessels was pos-
sible in the artificial transparent chambers as had previously
been ecarried out upon the growing lymphatic vessels in the
transparent tails of tadpoles (Clark, °09, 12, 29).

In the past two vears, lymphatic vessels li:ive been identi-
fied in most of the ¢hambers inserted, while in 1 dozen cases
prolonged microscopic studies of individual lymphatic vessels
over a period of months have been carried out. Preliminary
accounts of such studies were presented in 1931 before the
American \ssociation of Anatomists and the Physiological
Society of I’hiladelphia, and a deseription of the wrowth of
lympliatic capillaries, as seen for the first time woder the
oil immersion lens in the living mammal, has- recently been
published (Clark and Clark, '32). Fron careful prolonged
study of the same growing vessels and of {he 1 ighboring
blood vessels and surrounding connective tigsie with the il
imniersion lens and with the aid of frequent eamera lueida
and photomicrographic records, it was definitely established
that new lymphatic vessels invaded the observation space in
the chambers by extension from preexisting lymphatic endo-
thelinm and that they grew by the sprouting of blind ending
tips, accompanied by mitotic division of their endothelial
nuclei, in the same manner as the lymphatic vessels of am-
phibian larvae, and that, throughout their growth period and
later life in the transparent chambers, they formed a definite,
specific system of vessels. Lymphatics were found to be
less labile than blood vessels—thev sent out fewer sprouts,
anastomosed less frequently, and their growth was more
casily interfered with, but, once formed, thev showed less
tendency toward vetraction or toward changes in size and
form than did the blood vessels.
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As reported; we found that the
ties in o ent clign .
Teney of the connective tissne preseny in ih

the new
renees i
ivided
regions,  In chambers in whiel the Iymphatie Zrew onto the
“table” velatively early, when the spaces between the aetively
and rapidly changing blood vessel network were
Gecupied by new-forming connective tissne of a loose char-
acter, the lyrophatics showad a tendency to grow at randem
atd to form & wide-meshed plexus, while in ¢ases of late inva-
sion, after densely packed eonnective tissue fibors had formed
bt blood vessels, the growing lymphaties showed a
tendeney 1o advance as single vessels in a loose spaiee along
one or more of the larger blood vessels. [n chambers in
which the detached collars were nsed (Clark and (lark, °
and the erowth of connective tistue was greatly rotarded
amd muely less dense, the new Lrmphaties formed a pels ively
vicll plexus, even when their inorowth fook plave gome time
alier the complete vasenlarization of the table area.

A deseription has also been given of the mnditicaiing in the
torm of individual growing lypmhaties in adaptation to the
comparative looseness or density of the s rrounding con-
nective fizssue. In the loose connective tissue {1 contony of
the lymphatic vessel was smooth, while in casax in which the
oufllow from the table was interfered with, wide sae-like bnlg-
ings ocenvred somewhat suggestive of emhryonic lymph saee.
In regions of denser connective tisswe the ¢o

re varied

four of the
Iymphatic was constricted. at intervals, by connective tissye
nds. In cases in which the conneetive tissne in il path
of the growing lymphatic vessel was partienla rly dense, the
vessel stopped growing and aequired a bulbous end, which
persisted unchanged for weeks.

It was found from the direct observations of ] ing grow-
ing Iymphatic vessels in the rabbit’s ear, that they grew out
as a detinite independent specific svstem of vessels and that.
althongh the richness of the resnlting lvmphatic plexus and
the form of individual vessels composing it might be modified
by the eharacter of the conneetive tissne outside, the ‘owth

=

‘M T Sk




276 B, B. CLARK AND B, L. CLARK

ol the lvmphaties occurred, as in Amphibia, by ireet spront-
e from preexistivg endothelinm and quite ind vendently of
blood vissel endothelinm or of anv tvpe of connective
cell.

Thus, regardless of the still nuseitled question of the exact
mode of origin of the frst lymphaties in the embryo—
whether from venous endothelium o) from mesenchyme cells
—these studies showed definitely that the mode of growth (or
regeneration) of lyvmphafics in the rabbit is the same as that
stggested by Ruanvier ('99) and confirmed by the injection
experiments o’ Subin ('02, "04) in the pig embryo, Polingki
("10) in bovine embryos, and by Mierzyjewski ('09) in the
chick, and demonsivateld conelusively by direet observation
of the living growing vessels in the transparent tail fins of
amphibian larvae (Clark, 09, "12), viz., by the spronting of
endothelium * just a~ the roots of a tree penetrate the wronnd”
(Ranvier).

In addition to making possible observations on the mode of
growth of mammalian lymphatics, the present method affords
an nnequaled field for iuvestigation of their morphological
and physiolowical properties. A number of preliminary oh-
servations of this kind have beeu carried out and still olhiers
arve in progress which will be reported later. The present
investigation is concerned with rurther observations nupon
the morphology of living lvmphatic vessels with espeeial ro-
gard to the tissie outside

Before the first discovery of lymphatic vessels (the lacteals
by Aselli in 1622 and other lvmphatics by Rudbeck in 1653)
the name ‘Iymplh’—for colorless fluid—was in common use,
and later was retained and attributed, more or less indis-
criminately, to the fluid in true lvmphatic vessels, to the fluid
m the cavities of the eve, ear, and joints, to cerebro-spinal
fuid, to the fluid of the pevineural spaces, and to the ‘tissue
Auid,” which was presumed to fill the spaces between cells of
the subcutaneous tissue. After the discovery of definite lym-
phatie ducts, a hazv conception of the small terminal vessels
(‘lymph radicles’). which were supposed to be open at the

3UC
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b membrane—swhile by the method of long
imned observation on living vessels of the transparent
tails of amphibian lavvae, where the finest

; tils of the vessel
walls with their endothelial nuelei can be seen with marselous
clenrness; it was possible to establish, hevond a doubt, t
faet that the lymphatics of this region. like the blood vessels,
are all lined by definite endothelial membrane (Clark,
09, "12).

In investiv

itions extending over many years, in which -
merous individual vessels in many ditferent amphibian larvae
were followed by prolonged daily observations under botl,
normal and a variety of experimental conditions, only two
instances of a definite openiny in a [ymphatic were observed.
The first of these wis noted npon one of the nnmerous occa-
sions in which the picking up of extruded e vthroeytes by
Ivmphatie eapilliry was being followed. Tu this case, in which
one red blood coll was seen to enter the Iymphatie quite rap-
uily, a distinet opening in the tip, which remaimed for half a

4
v

minute, was seen ((lark, ‘09, p. 194). In the second case,
an injury to the tip of the tail involving the most posterior
Iymphatic capillary had oceurred which resulted in a loealized
area of edemu.  On the day following the injury, the lvim-
phatic had a bulbous end instead of the nsual pointed tin, and
with the oil immersion lens it was possible to see wove
minute openings to the exterior through which small pigment
granules from the tissue just outside were seen to enter the
end of the lymphatic vessel and to move along inside its lu-
men. On the day following, the edema had subsided and the
openings to the lymphatic were no longer visible (Clark and
Clark, ’27, pp. 371-372). Such openings are evidently excep-
tional and transient, in the case of lvmphatics of the tad-
pole’s tail.
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Morcover, eavelnl osconie sindies ot living lvmphatics
e amphibian larvac showed that their wall was coraposed of
fwo layers, i.e,, a clear, homogeneous exoplasm and a basket-
work-like anastomosing network of endoplasm containing the
nnelei (Clavk, ’11). This structure was demonstrated strik-
mgly on one oceasion when a large macrophage was seen to
make its way through the wall of a lvmvhatic and into the
lumen where, as it moved along, it was observed to push an
cudothelial nucleus with surrounding endoplasm completely
off the inner wall of the vessel without leaving any visible
hole (Clark and Clark, 27, p. 370). It was found that, in
the growing lymphatic of the tadpole’s tail, the endothelium
evidently forms a synevtium, since mo silver markings of
cell boundaries can be demonstrated, since the endoplasmic
fibers anastomose, and since individual nuclei have been seen
to move past one another in the wall of living vessels
(Clark, ’12).

The conception of a closed sysiem of lymphatic vessels has
been generally accepted for the past 20 vears. Sabin (’16)
has reviewed the modern morphological evidence for this
viewpoint and has emphasized the importance of distinguish-
ing between ‘tissue fluid’ outside and ‘lymph’ as the content
of the system of lymphatic vessels. Recently, however,
Drinker (°31) has revived the older conception of the inter-
changeability of tissue fluid and lymph. While admitting the
existence of anatomically closed Iymphatics, he considers that
the terminal lymphatic vessels are so delicate as to be con-
tinually ruptured, and hence physiologically open, and that
the content of the lymphatic vessels draining any given region
of the body is a ‘cross seetioh’ of the tissue fluid there present.

CHARACTER OF LYMPHATIC ENDOTHELIUM IN THE LIVING
MAMMAL

Until the development of the method of introducing trans-
parent chambers into rabbit’s ears, there existed no satisfac-
tory region for the study of the finer microscopic details of the
terminal lymphaties in the living mammal. Hence it was not

v -
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vinphatic endothelinm of amphi

LS N ere ap-
plicable to those of mammals. However, in the standard
tround table’ chamber, in which the thickness of the observa-
tionr space, tinto which the new tissue and vessels 2row, was
reeulated and maintained at 40 to ) g, the same Jymphatie
vessels could be studied, with high magnifications, hoth during
their period of ingrowth and often for mouths afters ard, in
the living mammal.

The lymphatic vessels in such chambers normally show as
clear channels lined by a complete wall of endothelinm in
which the endothelial nueclei, scen in profile, stand out as
clear, flattened, lens-shaped structives or, occasionally, as oval
swellings which bulge into the lumen. At fimes, when such
a bulging nucleus was located at a narrow point in a vessel
which contained a few leucocytes, the soft jellv-like character
of the nuclear material was demon trated, for the cells were
scen to indent the nucleus as thev squeezed by. Nuclei on
the wall toward the observer (en face) are more diffieult to
see, but, when visible, they show as clear oval structures
siunilar in their appearance to thosxe Found in amphibian ves-
sels.  Delicate protoplasmic prolongations from the region
surronnding the nncleus, similar to those found in Amphibia,
were sometimes visible. Tvom caretul day-by-dav camera
lucida records, made with the oil immersion lens, of the same
lvmphatic vessels, it was clear that the endothelial nuelei were
not fixed structures, but that, like those of Ampbhibia, thev
changed their position in the vessel wall. Records of mitotic
division of the endothelial nuclei were given in the preceding
article (Clark and Clark, '32).

The outer contour ot the mammalian lyvmphatic capillary,
as scen In the chambers, is smooth—the numerous fine lateral
processes characteristic of the amphibian lymphatic being
absent. Trregularities in contour sometimes seen were founcd
to be due to the presence of unvielding bands of connective
tissue which formed constrictions around it, a description of
the formation of which has been given (Clark and Clark,
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32, p. 279). The walls of the lymphatic vessels were found
to be composed of endothelivin alone, regavdless of their
diameter (compare 0 L, 2, aud 3). The longitudinally
arranged adventitial cells (the so-called Rouget cells) found
on the blood capillaries of Amphibia (Rouget, 1873; “imtrup,
22; Clark and Clark, '25) and of the rabbit (Sandison, ’31)

arc absent on the living lymphatices of the table area. (This
1s {rue also of the lymphatic vessels of the tadpole’s tatil.)
That lymphatic endothelium is slightly distensible is elear
from the great differences in caliber of ditferent vessels.
Moreover, on occasion the same vessel has been observed to

9

enlarge to 2 or 3 times its former caliber in the course of
days (figs. 3 and 6), or even hours following a period of
mflammation, while still retaining the samc delicate wall.
Such cnlarged vessels have also been observed to return to
a narrower caliber following the disappearance of the inflam-
matory condition or blockage responsible for the distention.
However, this property of moderate elasticity appears to be
less marked in the case of the lymphatic endothelinum than
1 that of the blood capillaries.

The lymphatic vessels, which grew into the space over the
table, anastomosed with neighboring lymphatics or ended
blindly either in a somewhat tapering poini. characteristic
of the growing tip, or as a rounded bulb (figs. 4 and 35).
Figures 1 to 6 are all oil immersion photomicrographs of
typical living lvmphaties, with one or more ncighboring blood
vessels and show the ditferences in caliber of different vessels
and the characteristic appearance of the endothelial wall.
They also show differences in cellular contentsiof different
lymphatics. Observations have been made on the cellular
content of lymphatics, the kinds of cells present, and their
mode of entry, and will be reported separately in connection
with: studies upon the activity of mammalian lymphaties. It
is of interest here, however, to note that flow in the lymphatics
present in the transparent chambers is frequently sluggish
and often counsists of a back and forth movement with no
real progression and that in many cases the same cells have
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been identificd tuside one of the hulhons ends, sueh as that

Naown in fAgure 6, for davs and even woeels.

2. 7 Low power photon

—
=
A

the srowing Iyuiphatic, open
on Jule 8th, 22 days after
Lym.. lymphatic: .{rt., art

blood vessels: .\, region of

ited in figure 8.

ot the chamber,

uhinvded arveas (f.7., growi
aeled apey

g zone of

! L which movem
flakd in and out of open lymphaties was observed ( arrows in fig. 8)

el

ARTIFICIAL HOLES IN LYMPHATTC ENDOTHELITM—COMI"ARISON
WITH BLOOD VIISSKL KNDOTIHELITM

In long-continued intensive observations ot the same living
vessels it was found that, under normal conditions, Ismphatic
capillavies of the rabbit's car, like those observed in Am-
phibia, formed a completels closed svstem. The few cxcep-
tions to this rule, which will now he deseribed, were so rare
that they served to emphasize mor strikingly the usual con-
dition.
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[ne the course of oh=ormvalions on arovwing Ivmphatics in
the trans exceplion to the

arent chamber, one interesti

nsnab condition of closed Lvmphatios wis enconntercd.  In

Loilie table arca at o

Gince, new Dvmphaties |

relatively carly stage—14 davs after the operation and 6

~.<.f.~:._3,::,_.:.y__uN:.v%.:_.::q:i.ch;A_:t:_:_.r.y_::::;‘:Zc
—and the period of their turther growth coiucided with that
of miany of fhe advancing blood vessels. At 18 day= after

the operation, the growing Iymphatic vessels kept pace with
the blood capillavies so that [heir tips veached the central
arvd of the table, whieh liad ot vot hesn eovered by the

tvading zone of tew blood vessels and connee! ive Tigsne goul
wlijeh, as

seribed (Clack o al, 51, was sl ocenpied by
hlood clot, sernm, fibrin network, and varving quautities of
Feeely movable crvthroevtes amd 1o vies. O this day, a
delinite opeuing in the tip of the advaneing lymphatie
vessels was noticed which communuicntwd freely with the -
travusendar s _

Heoest

e

over the cemival table area. We were ahle.
with the oil fmmersion lens, fo follow indisiduat blood eolls
s they weve forced into this apen lsmphatic capillary, where
thitr moved for a considerabile «ist:nee along the vessel lumen
and then haek again into the Tree floid ontside.

On the day following, the opening into this particular lym-
phatie vessel had elosed and, although the same vessel was
studied caretully every dav for over two weeks, 1o reopening
could be deteeted. However, another lymphatie, located near
the first, was observed on this day to have an uudoubted
opening at its end which communicated freely with the fuid
present e the region hevond the outermost zone ot CIOWINg
blood capillaries.  Individnal eryvthroeyioes, bobbing treely in
the 1luid of this uninvaded area, were =cen to cuter thie lvm-
phatic, where they moved along tor relatively long distance,
occasionally even passing off the table, into the communicat-
ing lymphatic vessels of the preformed tissue. Tn most CASCS,
however, after moving along the lymphatic for a distance of
2 or 3 mm,, the course of these blood cells was reversed, and
they moved back to the lymphatic tip and ont again into the

es
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Free centeal space, where they spread out over o wide fan-

shaped area, as shown

v the camera hieida rawing (fig. 8,
Jnly5)0 The *hobhine ' of cells Was caused by the heart beat,
while the extensive movements of cells was the result of alfor-

nating dilatat

vand conlraction of artevies whicl produoceed

:_.k.:./.:__.f,_.3:3:.2_ _J.:_::.E._.:A.J_A:_‘.::,::3#oo,d_.. When
radsed, the cells moved onl the peripheral ends of the Lhm-
phatios; and when lowered they were forced from the exlra-
Vascular space into the lvmphatics,

TFhix second open vmphatic Vessel was observed on sie-
ceeding davs and daily camera lucida records of it aucl of the
neighboring blood vessols and Iymphaties were made. The
opening at s tip persisted for days. During {his time

::17‘5.5::1 ,‘czy_i,x:::tm:.n:;,:o tip, fogether with sev-
eral other vessels and a whole plexus of blood capillavies,
continued {0 encroach upon the nuinvaded arvea, which hecame
progressively smaller. Duving (his (i iy of e free
ervtlnroeyies were phagoceytized by mactophases. It was
found that the endothelium of this oper lvimphintic Lrew o1
along the very path taken by the blood ealls swlijels Lo moved
back and forth in the uninvaded ey . Kl ;
During the succeeding days, coineident witl, decrense in the
size ol the eentral area contaming freo fluid a Iood eells,
fewer aud fewer cells moved i and ol of e lemphiitie,
Finally, it united with « neigliboring lvinphaiie sprout which
had Deen growing out simultanconsly and parallel with it.
At the sume time the free Muid oulside disappeared, as sliown
by the stillness of colls there, and the Iymphatic hecame
closed, no new cells entering it (g, 8 Julv 13th).

Although we have made miensive long-continued miero-
scopic studies of many other growing and new-formed Iym-
phaties, we have not seen a repetition of sueh an open vessel
i any of onr studies npon the Ivmphaties in the ‘round table’
chambers.  We have, however, observed several instances
of temporavy artificial openines o preformed Iymphatics
followine tle operation for the installation of another type
of chamber—ie, the ‘preformed tisgue’ chamber, in which
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UNINVADED  AREA

L2860 July Sthowith fig
A.\i Mae.. mue c RBCL red )
d tip of the Ismphatie, by raising and

lowering of micu cover, following circutatory changes. X 44,
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Pig.o  §

gt ies of ree eve-picee of an artifieinl
hole or formmen (41 in 2 cforned  Tympliatic (L) injured at the time of
operation for insertion of a Spreformed  tissne? cliomber gn Mareh 17th.  {Sce
fext, p. 287.)  Mavch 22nd. Blood eolls CHB.C bobbing with the heart hent
beneath the mica cover were seen to enterand leave the Tnmen of the Ivmphatie
(L) through the open e Arrows fndiente paths of individual blood cells.
Mareh 27th, A few blood colls still moving in the fluid laver,
rmphatie. Iole (&) in lvmphatic still owsc hut new tissuc
vessel and flaid laver.  March 28th. Ifole smaller. No free o
day hole could not be seen. -1, arteciol Covehn v ons

made with Leitz deawi

bhut wone entering

s formed between

. The following
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the orviginal fissue of the ar, inelnding blood vessels, nevves,
and Tymphatics, is retained for observition within a {hin
_ rittion for (he

am_“:._.. [

the Toaen

. , A1y sprrorteinge 1
tiined virtually intaet.,  With mmproved  technigue,
experience, and the use of the “hinoenlar loupe” diving the
aperation, injuries to the tissue have heen veduced to o ming
mum.  Flowever, anaveidalile

el ized :_.?:.m_.f. tiy e

J ._._ ....||_ ol __

vossels and other fissues do ocenr. Moroovery,
Blood and lymphati st
are mevitably broken duving the operation.  The results of
suell i furies to blood vessels amd their subsequent rocovery
have been deseribed (Clark and Olark, 32).

In several ustances in ehambers of this VAriety, we noted,
onthe fivst fow days tollowing tlie operation, the pr ol 3
detinite opening Bito a1 preformed lymphatie vessel. T}
exposed surtface is kept flooded with sterile Rinwer's olution
chieing tle operation, and for several after the insrall-
ton of the eliamber Free Huid is present over phe tissoe s
diveetly beneath the mien h.:E.._.,_:r.“:.,.i..;:.h,

pass thropgh the Bge, and tliese

soof whieh |
of the extravasated hlood eolls
whiel ave moved about in it by ehanges in the blood flow.
I the case of = artificial hole made into a preformed
lymphatic at the time of operation, the movement back s
forth of individual Boeod cells from this laver of free duid
mto the lymen of the injured lvmphatic and back out aqeuin,
conld be elearly seen. Snel artificial OpEnings we
(2 to 4 i the cases studied ) during whieh
e heir size graduoally diminished. Figure 9 «hiow ol
of suelt an artificial tear of a preformed Ivmphatic vessel
which ocenrred at the time of operation amd persisted for
D daxs. At 10 days the region of the holé was <fil] visihle,
but appeared to be coverved Ly a thin laver of tissme s the
free particles had ceased to pass baek and forth hetween

the lemphatie Tnmen and the free fuid over the snrfnce. In

clearly discernible by m

observor

o persist for dayvs

IE AN NAL OF ANATOMY, VoL, 52, NOo 2

CAN JOouU
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a veeent experiment of this type, a Lvmphalic was localed
Just beneath the eartilage removed at the operation. Iive
days later, a group of fonrteen openings was preseut, thro
which eells ckoan beuvwesn the A
and {he ¢

give to the vessel the appearance of a sieve

Vein

,. N 1
h
i

id ontside. The holex lav so closo |

)

Fig. 10 Record, made with Leilz wwing eye-piece, of a lymphatie injured
at the time of operation for insertion of ¢ amber, showing a number of openings
between the vessel lumen and the fluid space outside through which blood cells
were seen to move back and forth.  Chamber inserted April 11th, drawing
made April 16th. The following day the holes had closed. L., smaller branch
lyuphatie;  Lym., lvmphatie; 717, o YLt arteriole; F foramina, or
artificial Dboles, in sac-like enlirgement of Iymphatic.  Arrows indieate back
and forth movement of blood cells between lumen of Iymplatic and layer of
free fluid over surfaece of tissue. Solid dots indieate extravasated blood eells
present over surtace, the stippled ones those inside the lymphatie. X 130.

later, although the outlines of the holes still showed, a thin
layer of tissue had appeared, separating the vessel from the
free fluid still present just beneath the mica cover and no
more cells moved in and out. The following day, the holes
had closed. Later than the first week or 10 dayvs tollowing
this type of operation, no such opening in the lymphaties of
the preformed tissue have been seen.
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Lu the case of the openings into lymphaties following the
operation for installation of the ‘preformed tissue’ chambers.

10 was clear that they were definite artificial icavs. That this

]

rue for the execenfional ease of
bamphatie capillavies (g, %) just deseribed seems
probable, since they weve noted in a chamber in which there
was considerable movement, caused by pulling, on the table
area. fu all of the modified *round table’ echambers in which
stresses were removed by the use ol the detached protective
collaws (Clark and Clavk, '32) the resulting growth area was
mich quicter and in none of these has anv indication of a
persistent opening into a lvmphatic been observed, although
Free Quid was present outside in a number of cases.
That the persistence of an opening into a lyvmphatic iz
dependent upon the presence of free (nid outside was shown
— not only by the closure, in the case mentioned, when the free
fluid disappeared, but by the Lehavior of Iymphaties broken
open when they were surronnded by {he normal tissues, cells,
) and intereellular substance.

In chambers in which the growth of blood vessels and the
growth and differentiation of conncctive tissue has been com-
pleted, and in which there has been no inflammatory condition.
the lymphatic capillaries are surrounded by connective tissne
fibers, various types of wandeving cells, ete., but no free fluid.
Frequently there are ervthrocyvtes in the bulbous ends of the
lvmphaties. Many times, following a sudden pressure on the
mica cover, we have seen erythrocytes foreed out of the lvm-
phatic into the tissue space. Alwayvs under the circumstances
deseribed—that is, with the normal, non-fuid extravascular
material—the Ivmphatic tip closed at once, and the extruded
ervthrocytes remained outside, either directlv against the
Iymphatic or nearby, until they were phagoeytized by macro-

) phages or went to pieces.
{ These observafions have shown that, although mammalian
Ismphatiecs are normally closed, thev may be torn open or
forced open by outside pressure and that thev close imme-
diately if ouiside conditions ave normal. but that if free flnid

the open Lps of
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s present outside at the time, such an artificial hole into a
ymphatic may remain open fo the extravaseular space tor
days. In this respeet, Iymphatic endothelium differs from
blood vasentir endothelinm, for avtifieially prodneed holes i
blood capillavies ave closed immediately, whether the capil-
Inries ave invading an arvea occupted by densely packed cou-
neetive tissue fihers, ov unditferentiated conneetive {issie cells
(a condition resembling that present in the tadpole’s {ail) or
aregion filled merely by serum, fibrin, and extravasated blood.
Rapid closure is also charactervistic of the preformed hlood
vessels squeezed or torn during the operation for inscrtion
of the ‘preformed’ tissue chamber— i) which case the injured
vessels ave in contact with free fluid for several days.

Not only does the Iymphatic endothelinm close quickly when
forced open by artificial pressure, under normal cextra-
tymphatie conditions, but the temporary holes produced by the
migration of macrophages through the vessel wall are appar-
ently closed at once. This latter process has been studied
much more exhaustively in the case of {ho lymphatics and
blood vessels of Amphibia and the deiajls deseribed ((lark
and Clark, ’28, °30).

Y

CHARACTER OF THE CONNECTIVE TISSUL SUBSTANCE

As previously stated, the rare instances in which artificial
holes in lymphatic endothelinm failed to close immediately
were noted only in cases of injured Iyviaphaties, subjected to
massage, and in which free flnid was present immediately
outside the lymphatic. Cytological studies of living subecu-
faneous tissue both in the transparent {ails of amphibian lar-
vae and in the chambers introdnced into rabbit’s ears have
vielded conviuneing evidence that frec fluid is not a normal
coustituent of such tissue. Hence, the old terms of ‘tissue
fluid” and tissue ‘Iymph’ appear to he misnomers—at least
under usual conditions.

Szily (°08) aund others have pointed out the presence ol a
clear homogeneons semi-gelatinous ground substance or
‘matrix’ which precedes the original formation of connective
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tssue fibers in the embeyo. Baitsell (721, 725) has made ex-
tensivie stidies of this primitive tissne substanee in amphibian

and chick embryos and has demonstrated it by microdizsection

ke substuwe

the The prescence of

HV-]

hetore (he Tormation of typical conneetive tissue ix deseribed

mmost ol the recenty published text-books of histology, and
For the most part the authors state that there is a continuois
transition v the physical consistenes of intercellular SUP-
porting subslance trom the primitive soff gelatinons ground
substauce, vepresented by Wharton's jelly” of the umbilical
cord, through areolar and dense [Ahrous tissue to cartilage
and finally bone. However, in the case of arcolar connective

i ‘—the state-
ments are usually made that the spaces between eells are
‘hathed in lymph™ or that the cells and tissues are ‘nourished
by fissne fuid.”  This conception of the presence of Huid
everviwvhere In the spaces of the tissue appears to he univer-
sallv aceepted in physiological investigations of lymph flow,
permeahlity of capillaries, ete.

L studies on the transparvent tail finx of amphibian larvae
contimued over a period of more than 20 vears, involving
prolonged intensive microscopic observation of living blood
vessels, lymphaties, connective tissue cells, and wandering
cell ol different types, we have hecome couvineed that the
presence of free fluid in the tissue spaces of this region is
an exceptional phenomenon. According to published deserip-
tious (Clark, "12), the supporting tissue ol the tail fin of
amphibian larvae is of a simple type consisting of stellate
conuective tissue cells, distributed in a tairly even patteru,
eaclt of which contains a central portion with the nuecleus.
from which extend brauched processes which taper into
minute fibrillae whieh interlace with those trom neighboring
cells.  Careful daily records of all the individual connective
tissue cells of a selected area demonstrated that thev were
not fixed, hut showed a continuous slow change in shape.
accompanicdl by seuding out of cevtain branches and with-
drawal ot othevs, vesulting, in the course of davs, in an actual

fisxue alone—the typical “subeutancous tissue

—
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shifting of position (Clark, 12, p. 366). In earlier studies
(Clark, °16) it was taken for granted that the clear inter-
cellelar spaces of this tissue contained free finid, according to
the orthodox notion. However, evidence gradunally accumu-
lated which definitely precluded this idea.

First, mieroinjections showed the general character of the
tissue of the tail fin to be gelatinous and not finid. On nu-
merous occusions minute quontities of different substances
of a colloidal, flnid, or semifluid nature, such as India ink,
cream, ete., have been injected into the tissue of the tail,
and in many such experiments cimera lucida tracings before
and after showed that the substance liad been injected directly
Into the tissue spaces without {he destruction of a single cell.
When the small glass cannula (measuring about 20 mm. ai
the tip) was inserted and an attempt made to inject India
ink, for example, by blowing, at first no fluid could be forced
out of the needle. IF the needle was then withdrawn slightly,
witheut removing it from the tail and blowing resumed, (e
injeetion fluid then filled a small cavity the exact size and
shape of the cannula. After removal of the glass needle ilie
epidermis soon closed over the hole, and by this means it was
possible to localize small amounts of foreign substance and
to study the reaction of the vessels and tissue cells toward
them (Clark and Clark, 18, 720, ’22). In casés where exces-
sive pressure was used, the injection fuid could be forced
bevond the small cavity made by the needle and it then had a
‘fnzzy’ appearance, apparently caused by the formation of
side pockets from the primary Injection hole. The contrast
when the injected material was introduced directlv into a
vessel (blood or lvmphatic capillarv) was most striking, for in
this latter case, the substance (India ink. parafiin oil, cream,
ete.) did not remain localized, but spread instantly along
the vessel lumen. Then, too, the somewhat subjective evi-
dence of the feel of the subcutaneous tissue, at the time of
mjection, compared with that of the fluid content of the vessel
Inmen, pointed to a difference in consistency of the two. It
was also noted In microinjections in very voung larvae (at
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the time of hatching or omwmohv that the tissue of the tail fins
was mueh seller and Aabbier fan 1ho present a week or more

laier
.f:.r secoudly. tlie non-fluid natnrve of

the tissiue spuees, in
unormal tail fin of ,f,h,::_:_:_.. wag evident from direct
tion with the oll immersion lons Althongh tl
?.TE 1 individial tissue cells transpareur, it dosg 1
except in nnusual cireamstances. show browiian movement.
On the other hand, daneing of <m; ___ particles
seen in the hien of I
cells, in the compariments of ihe peenliar eanalicular
found i many amphibian larvae (Clark and Clark, "18, p.
L..F_._ and in the evtoplasm of dving cells (Clark and Clak,
90, p. 115). Movement of small granules and ozeillation of
extravasated blond eells in the tissue spaces were seen in {he
edema characterizlic of some of the stages of inflammation
aud in loealized vegions after E..A.E..:c:m of various forcien
substances.  Such localized areas in which fhe characteristie
movement of a liquid was present contrasted plainly with
the .,,_":..H.S:::.:_L tissne, The condition was evidently fransi-
tory, sinee the movement disappeared in the conrse of hotirs
or davs.

In the various types of fransparent chamber designed for
the study of new zrowth of tissue in the rabbit ear (the
Sandison chamber, the ‘hay” chamber, the *round table’ cham-
ber and the *combination’ chamber). a small plece of the
edr tissne. varying in size and shape with the type of prepara-
tion used, was removed af the time of operation and an
ettelosed :r,,_,:...,.:..3.9: space in eontact with the ear tissue was
an Integral part of cach of these chambers. This space was
filled with sterile Ringer’s solution at the time of inst tallation
of the chamber and microscopic ohservation immediately
afterward showed the presence in the space of fibrin in v ary-
ing amounts and of freelvy movable H.mg blood cells and len-
kocvtes

In the ‘ronnd table’ chambers the cenclosed space was of
miform shape and size and of known aud coutrolled thicknoess.

always be
in the vaciolos uf many

[1s

I stagnant vesse
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From daily observations of the “table” avea it was obvions
that free Huid was present at some plices hetweon the (ibrin
rands during the davs immuediately following the operation.
Ronnded blood colly and specks of debris oscillated with the
hieart beat, and migralion of wandering cells tank plitee ouly
on the table surtace and on (he under sarface of the mie
cover. At ofher places, uo movement was sewr, indicating
alveady a probable semi-gelatinons condition,.

The regular advance of new blood vessels into and across
the thin space over the ‘table’ trom the periphery where they
made their appearance on an average of T days after the
sertion of the chamber has been followed, witl frequent
photographic records, in over SIXTE of the standard “ronnd
table’ ehambers ((lark et al., 51). This invasion by newly
arowing blood vessels was accompanied by an intnx of fibro-
hlasts and wanderving c¢olls.  The zone of new vessels and
other cells advanced feadily, converging toward the center
of the ronnd table wntil fnally the vessels from the opposite
sides met and anastomosed nnd the ast remnant of the blood
clot was disposed of in part thrangh the phagoertic aetion of
macrophages and in part throush evtolysis (Clark ¢f al., ’3 ‘
figs. 3 to 11).  As the zone of Lrowing capillaries advanced
toward the center of the talle. (he older portions of the vas-
cilar plexus near the periphery were remodeled, through
retraction of many of the vessels and the enlargement of
others iute arterioles and vemiles, while the intervascular
spaces gradually became more and more filled with ‘adult’
conneetive tissue with long fibers anl reticulir threads, eriss-
crossing in every divection. Conneetive tissue fibers appesnred
first at the periphery of the table and gradually extended
toward the center. The exact mode of formation of the fibers
has not yet been determined. The time of appearance of this
tvpieal ‘areolar tissue’ and the density of it diffepred greatly
with the amount of motion present in the individial chamber,
being delayed and less dense in ‘splinted” chambers in com-
parison with those in which continual massage was present,
duc to pressure and tension on the collars, which was trans-
mitted to the chamber proper.
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Carelnl microscopic ohservation <how ed that w

Wl O e VOSse]s and ¢ Hechive Ussioe el o

able, the froo crectlnlae

peviphery into the Space over |l
fhid, where Uresent, progressively dimini«liod and - tinally
disappeared.  Tn sevoral of thessplinfed? elimbers g which
conective tissue growth was refarded—new hlood vessel
Sprouts were seen to grow directly ont into the spaces hetween
the fhrin strauds, but soon afrer ihe mvasion of the central
area hy vessels and sometimes even hefove, a chanve in the
i material onrsile evidently occarred; for oseil-
lntion and the hobihing hack and forth of extravasated blood
tells conser] eritirely,

After the complete vaseularization of the table PEH, N0 e
il was present, ns arude, nthe tissue hetweoen the vossels,
althonglh Froquently o thin layer of nid tmmediately heneatl
the mica eover and superficial fo the vasenlar plexns persisted
for <ome time. ﬂ,...._,".::m__:u,.. T < completely fqlled the
whole spiee over the “table” and movement conld he detectnd

nowhere in the tissye outside the vessels, The change from
Huid to non-flyid cousistenes ol {he mtervasenlar material,
dceompanying the ngrowth of new sels awd cells, oeceurrad
1 cases in which migrating fibroblasts and other wandering
cells were scattered with relatively wide spaces between them
(a state comparable to the noroil tigsue of the tadpole’s tail)
as well ax iy those chambers in which o velatively rapid and
abundant tormation of conneetive tizsue fheors fook place,
When stahle, compl, vitsetilavized ehambers weye gxgm-
med with the ol mmersion lens, it was apparent that free
Mid was present iy the interior of vessels, hut not, under
ordinary civeumstanees, i the tissue outside. The Auid con-
tents of cirenlating vessels was of course obvious, hnt it was
also easy to detect the presence of free fhuid in stawnant vex.
sels by means of the vibration and the oscillation. with the
respiratory movements and the heart beat, of any hlood cells
or smalley particles present in the interior of either blood
vessel or Ivmphatie.

I
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Deseriptions have been published of lymphatic vessels
which werce isola cxperimentally in tha tadpole’s tail and
Limphaties which hecame eut off accidentally in the rabbif’s
:ar chambers and ol their subsequent union, in both cases,
with other Jvmphatics which grew out toward them (Clark,
22 Clark and Clark, "32). The fluid content of such a cut-off
vessel, surrounded by iis complete endothelial membrane, con-
trasted sharply with the non-fluid character of the gelatinous
or fibrous material outside. In comparing daily camera Incida
fracings of such a cut-olf vessel in the tadpole’s tail, it was
noted that it was wider on one day, returned to its former
caliber, and widened again a fow days later, thereby indi-
cating the passage of fluid in both directions through its wall.

[n one chamber in the rabbit's car a transitory change from
the tvpical flnid content of two cut-off lymphaties was ob-
scrved. The vessels in question both contaimed a number of
blood cells on the dayv they became isolated. Ten davs later,
It was noted that these blood cells were adherent and moved
slowly back and torth inside the Ivmphatic as a single violet-
colored mass. Three days later, the entire content of both
vessels became motionless and opaque. oy days later, the
coutents of the two lymphatics were avain freely movable.
In the interval, one vessel had been reineorporated in the
Iymphatic system by uniting distallv with a new sprout which
had grown out to it, but the other one was still disconnected.

In the typical stable chamber after {lie stage of invasion
was complete (3 weeks {0 a month after operation in the case
of the standard ‘round table’ chambers), free fluid was seen
to be present in the interior of blood vessels and lymphaties
(whether cireulating or stagnan{) and apparently to be absent
In the ‘tissue spaces,” whether the latter were relatively wide
or were merely minute slits between adjacent connective tissue
fibers.

Although free fluid was absent from the tissue of a ‘stable’
chamber, its reappearance was noted, following a prolonged
period of increased cireulation. Inflammation, caused by
overheating, for example, evidently accompanied by inereased
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transudation through the walls of the blood vessels, was fol-
« ; vrance of vibratiorn and oscillation of exira-
vaseular blood cells and by the dancing of fine specks of debrix
over the swrface ol the tissue, and oceasionally in the inie
stices of the vasewlar nmetwork. (U oees sion, also, slight
localized injuries to one or two =mall blood vessels w
induced by pressure, which were followed by temporary
stickiness of the endothelinm for a short streteh. by the sub-
sequent emigration of a few lenkoevtes. and by the extrusion
of & lew ervthroeytes. In some of these cases, a transitory
appearance of free flnid in the tissue jnst outside sneh an
imjured blood vessel was indicated by the oscillation of ex-
truded blood eells in this loealized area. Tha appearance of
free fiid (exucate) under such eirenmstances iz a repatition,
o a more minute scale, of the eondifion present over the
entire fable area following the original operation for installa-
tion of the chamber.

Oy LG ay

s

DISCUSSION

Our observations seem to agree with thosc of Baitsell (716,
"20) as to the appearance of a ‘gelatinous matrix’ in wound
healing—comparable to the embrvonic ‘ground substance '—
which precedes the formation of *adult’ connective tissue. In
regard to the exact manner of formation of connective tissue
tibers in the transparent chambers, however—whether
through the agency of fbroblasts or, as Baitsell has con-
cluded, directly trom this matrix or from fibrin, without the
intervention of cells—our stadies are still too Incomplete 1o
give a definite answer.

Aside from the observed change from fiuid to non-fluid con-
sistency of the intercellular substance accompanying the
growth of new vessels into the space enclosed, nothing defi-
nite is known in regard to the character of this substance, in
the transparent chambers in the rabbit’s ear. Our observa-
tions appear to show that the fluid exudate in a wound be-
comes fransformed into a ‘gel,” which is the normal state of
the contents of tissue spaces, and that in case of an increased

- —
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iomreat opportunity for sneh
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nl the chanees wl

preseut method  off
st e
T
s¢present in intlammation—
ie wonnd made in the fusertion of {he ¢ham-
vis an example—it which free tluid a e et os
ion present
in the cases deseribed here in whicl artificial openings hoe-
fween an injured lymphatic vessel and the tissie ontside wer
Found.  Althonel sueh ai U loles in the lsmphatie cudo-
thelium ave evidently exceptional, the observation that they
can ocenr, in case free flnid Is present outside, and that the
presence of such free flnid, although also excepiional, ocenrs
m inflammatory eonditi is of obvious elinieal importance.
The faet that delicate blood-vaseular endothelinm when in-
Jured may allow leakage of vessel coutents, hut that it always
closes immediately, while the Iymphatie endotheliimn when
torn open may remain open tor davs, gives a histologieal
explanation for the manner in which living bacteria, present
e a localized area of infeetion, may enter the system hy way
of the lymphatic chanunels. While, again, the faet that such
an opening was not observed In the ‘splinted’ chambers, gives
ohjective microscopie justification for the eclinical practice of
immobilization in cases of iufection.

The interesting experiments of Drinker and Field (’31) on
the absorption of protein from the subeutaneous tissue have
viclded evidence of differences in the permeability of the
blood capillaries ot ditferent regions of the body, since thev

ations have shown clearly that
el Seh as fl

ol which (e
herinto the o

i the fissie spaces, and that this was the Con¢
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thentaneonysly

orelgn serum injecied

blood vessels, while i Wits

the Ivmph ehannels and not ()
| 1

R n

observations on the two 1vpes of vessels in the

Hsparent tails of Amphibia under hoth normal s
avaviely of experimental condif ons, differences in {heir reac-
Hve powers were obgerved divectly (Clark, 09 Clark and

Clark, "7, 26), while many ol

avations on ditfferences in

the properties of the two sets of ve sels in the mammal are
acecumlaling from our microseopic stadies of the living ves-

as sean in the transparent chambers. The diff erence in
ool growth

of vessels, manifesting
el B the greater lability of the blood vasenlar svstem, las

been emphasized (p. 274). Further differences e the pwo sets
of vessels will be

eported later, together with mteresting
¢ differences noted between the properties of the manumalian
Irmphatics dind those of Amphibia. In observiig the same
living vrowing capillarvies day after day in hoth the tadpoles
tail and the rabbit's ear chambers, the manuer i whieh a
Iymphatic spront always anastomoses with another lvmphatie
and @ blood capillavy with a blood capillary, and a wrowinw
Ivmphatic gever conneets with a blood capillary, no matter
how great the proximity of the two, demoustrates in striking
ashiion the faet that there must be an essentia ditference

e the constitution of the two types of endothelinm.

As for the hypothesis proposed by Drinker that lvmph trom
the =ubentancous lymphatic vessels is identical with tissue
Huid, it is elear from the direet observation of the living ves-
ertain oceasions, in localized
regions. sueh as o wound, infection, or hurn, in which there
an inereased civenlation through the blood vessels and in-
creased passage of fluid through the vessel walls followed by
an accumulation of free Auwid in the outside fissue, there mav
be mjured Iymphatic capillaries in such a region in which
this 1s actually frie. We have seen minute artificial tears in
Iymphatic capillaries of such an mjured or inflamed area
which remained open for days and in which there was not

sels reported here, that o
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only a free passage back and forth of fluid between the vessel
lumen and the exterior, but also of formed elements, such as
crythroevtes and tai globnles. However, it s equally clear
that, regardless ot whal may be true of the permeability ot
the lymphatic capillary {o the various chemical elements pres-
ent in the tissue outside, the assumption that ‘lvmph is tissue
fAuid’ cannot be generally frue in a physical sense, for not only
lo the lymphatics normally form a closed system, separated
from the tissue evervwhere by an intact endothelial mem-
brane, but under normal circumstances all our evidence ap-
pears to indicate that there is no free fluid present in the
tissue spaces.

SUMMARY

By the method ot installing transparent chambers in the
rabbit’s ear, it has heen possible to make prolonged micro-
scopic studies of living mammalian lymphatic capillaries—
to watch the same vessels day after day by a method similar
to that used for previous studies in the transparent tails of
amphibian larvae. The wrowth by sprouting of the new lym-
phaties which invade the thin space enclosed in the ‘round
table” chamber has been described recently, together with va-
riations in their pattern associated with differences in the
character of the connective fissue growth.

Lymphatic capillaries of the mammal, as seen in the living
animal, appear as channcls containing a clear fluid which mayv
have a varying number ol blood cells suspended in it. They
vary greatly in caliber, but are all lined by an endothelial
membrane, which is distensible and which appears to possess
a slight degree of elasticity. The lymphatics either form
anastomoses with neighboring Ivymphatic vessels or end
blindly in a point, or rounded bulb.

In contrast to the obviously liquid character of the lym-
phatic contents (whether moving or stagnant) no free fluid
is present in the tissue outside under usunal conditions. This
is true also of the intercellular substance of the tadpole’s tail
which is normally gelatinous.
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Under certain conditions, sueh as that present immediatelv
surgical operation and i nflommations following
g for example, accumulation of thotd outst
fthe vessels was observed.  Under snch clrenmstances, there
was oceastonally seen an artificial hole into a Iymphatic,
which remained open for from 1 to 9 days, during which timo
there was a free passage of fAuid and blood cells back and
forth between the outside tissue space and the lumen of the
injured vessel. Such holes in Iymphatics were probably pro-
dueced either by diveet tearing or by excessive ountside pres-
sarc. They were not seen in the ‘splinted’ chambers, in which
the observation avea was immobilized and protected from out-
side trauma, nov in anv chamber after the disappearance of
frec finid outside the lymphatics. Persistent holes in the
blood vascular endothelium were never seen, although in-
Juries to blood vessels were more common than to the lym-
phatics, owing to the greater number present in the region of
the experiment. Tlese uicroscopic observations emphasize
the clinical importance mnmobilization in the treatment
of localized injuries and intections as a means of preventing
the entrance of living bacteria into the system by way of a
possible hole into a lympliatic vessel.

The results of the diveet microscopic observation of the
lymphatic capillaries and of the connective tissue, as viewed
through a transparent double-walled window introduced in the
living mammal, show the presence normally of intact mem-
branes lining both blood and lymphatic vessels and separating
their fluid contents from the tissue oulside, and the absence,
under normal conditions, of free fluid in the tissue spaces.
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