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Summary.—Light and electron microscopy was used to examine portions of the
brain, the circle of Willis, and the internal carotid arteries of normal cats and rabbits,
of sham-operated ones, and of those whose cervical lymphatics had been ligated.
Carbon was injected into the cerebral cortex of some lymphoedematous animals.
It was found that lymphatic ligation produced oedema of the brain, and a dilatation
of the prelymphatic spaces around the vessels. Carbon was traced in these from
the injection site, around the minor and major vessels, in the adventitia of the internal
carotid artery, entering lymphatics adjacent to it, and finally in the draining lymph
nodes. The oedema and dilated spaces were not present in the control animals.
This was taken to indicate that there is a continuous system of non-endothelialized
spaces and potential spaces—the prelymphatics—draining the brain into the cervical
lymphatics. The protein in these spaces appeared to be increased if the lymph-
oedema had lasted three weeks as compared to 24 hours, indicating that one of the

major roles of this system is the removal of protein.

It 18 well known that there are no true
lymphatics in the brain and retina.
However, spaces which have been termed
“ prelymphatics ’ have repeatedly been
demonstrated in these organs when the
lymph flow in the collecting lymphatics in
the neck has been obstructed (Csanda et
al., 1974; Csanda and Obal, 1974; Foldi,
1968; Foldi et aol., 1968a¢; Foldi et al.,
1968b; Foldi et al., 1968¢c; Kozma ef al.,
1972; Obal et al., 1973; Varkonyi et al.,
1969; Varkonyi ¢ al., 1970) as well as in
normal animals (Frederickson and Low,
1969; Gértner, 1968) and in man (Cervos-
Navarro and Ferszt, 1973). These spaces
have been seen around all sizes of vessels,
from the capillaries to the internal carotid
arteries. They occur in the adventitia of
the larger vessels and in the basement
membrane region of the smaller ones. The
lymphatic obstruction also causes an
oedema of the brain. These experiments
have therefore been interpreted as indi-
cating that there is normally a passage of
fluid (and presumably protein) from the

brain to the cervical lymphatics via a
connected series of spaces, and potential
spaces, situated peripherally to the blood
vessels, which eventually drain into the
true lymphatics around the great vessels
in the neck. The physiological importance
of this system has been demonstrated by
the experimental oedema produced when
they are obstructed; such obstruction also
occurs in man, causing the syndrome of
“ lymphostatic encephalopathy ”” (Foldi,
1969; Foldi, 1972).

This coneept of the prelymphatics has
aroused some controversy. While similar
systems have been described in other
tissues e.g., the intestine (Kalima and
Collan, 1976) cortical bone (Deysine,
1976), the tongue (Casley-Smith, 1976)
and many other regions (Rodbard and
Taller, 1969). It has been objected that
these are simply spaces in the interstitial
tissue, which are present everywhere, and
hence do not justify any special title.
Certainly in some primitive animals, c.g.
amphioxus (Casley-Smith, 1971) it can be
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seen that the whole vascular system and
all the spaces in the tissues are in direct
continuity. In higher animals this is no
doubt also true, however it would seem
that this series of interstitial spaces and
potential spaces is of considerable im-
portance in the normal functioning of the
drainage of the brain and retina. Hence,
if only for brevity, it appears that they
warrant a specific name.

A more serious objection has been that
of Fiedler (1975). He considers that
many of these spaces are artefacts caused
by immersion fixation, since he finds
similar, although lessened, evidence of
brain oedemsa and dilated spaces in both
normal animals and those with ligated
cervical lymphatics when he uses per-
fusion fixation. It is cerbainly true
(Sjostrand, 1967) that perfusion fixation
avoids some of the artefacts produced by
immersion; however, it is equally true
that it introduces its own artefacts, in
particular oedema, unless the colloid
osmotic pressure of the perfusant is
increased by the addition of macro-
molecules (Bohman, 1970). Even then
there is a difficulty: oedema can be
artefactually produced by insufficient col-
loid osmotic pressure, or artefactually
removed by too much. It would appear
safest to use both immersion and perfusion.
The former has frequently been employed;
the present report concerns the latter—
with increased colloid osmotic pressure.
While the fact that Fiedler found similar
spaces in both normal and lymphoede-
matous animals might appear to indicate
that they are not important for the
drainage of the brain, the fact that he did
not increase the colloid osmotie pressure
of his perfusant probably meant that
artefactual oedema was produced in both
cases, thus masking the effect of cervical
lymphatic ligation.

There is yet a further objection to the
suggestion that the prelymphatics of the
brain are important for its drainage.
Courtice and Simmonds (1951) found that
protein passed from the subarachnoid
space of cats and rabbits mainly via the

arachnoid villi, but also via the lymphatics
near the cribriform plate and, slightly, via
the dorsal root ganglia. They made no
mention of the prelymphatic system,
although this is probably in continuity
with the subarachnoid space (Brightmaun,
1866; Gardner, 1972), and did not report
any passage of the protein along the
internal carotid artery, These results are,
however, not incompatible with the
concept of prelymphatics. There is a
basement membrane lining the glial border
fronting the subarachnoid space, and the
interstices between the cells are long,
winding and narrow. In the absence of
brain cedema it is evident that the rato of
penetration of material from the space to
the prelymphatics must be very slow.
Material injected into the subarachnoid
space will obviously pass preferentially Ly
the other routes and will not model
macromolecules in the interstices of tho
brain itself. In addition, Courtice and
Simmonds (1951) do not positively record
examining the internal carotids and the
lymph nodes draining the lymphatics
around them, while Stober (1972) states
that subarachnoidly injected carbon is
concentrated perivascularly and passes to
the cervical lymph nodes, not to the nasal
mucosa.

We therefore decided to re-examine
the question of the prelymphatic system
in the brain. We used perfusion fixation
(with raised colloidal osmotic pressure) of
the brains of cats and rabbits, both
normal animals, sham-operated ones, and
those whose cervical lymphatics hadd been
ligated 24 h or 3 weeks hefore death. In
order to positively show whether drainage
occurred from the brain to the cervieal
lymphatics and to discover if there were
more than one path, Indian ink was
injected into the cerebral cortices of {he
animals whose lymphatics were ligated
24 h before death.

MATERTALS AND METHODS

Two normal rabbits and 2 noral cots wepe
used, and 2 of oach elass of aniinnl were sham .
operated.  Two  rabbits had  their corvienl
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lymphatics ligated 24 h before death, and 2 cats
had theirs ligated 3 weeks before death. The
animals weighed ~ 2 kg and were fed normal
diets. The ligations involved dissecting out all
tho eervical lymph nodes and passing a ligature
around thom; a wedge-shaped portion of
subeutaneous tissue was also extirpated from
both sides of the neck. The lymphoedematous
rabbits had 0-1 ml of Pelikan ink (c11/1431a—
Gunther Wagner, Hannover) injected ~ 2 mm
below the surface of one cerebral hemisphere
vig & noedle which was sealed into the skull, and
cut off and sealed aftor the injection with dental
coment,  This procedure prevents gross CSF
Jﬁ,ﬂz:i altorations due to leakage through the
BIKUIL.

The animals wore anaesthetised with pento-
barbitone and perfused through an internal
carotid artery for 8h at 100 munHg prossure
and ot 207 with Karnovsky (1965) formaldehyde-
glutaraldohydo fixative,  (The colloid osmotic
prosswre was mised by the addition of 49
polyvinylpyrrolidono—PVP,)  Portions were
taken of tho corebral cortex (both near the
injection sito and remoto from it), tho hype-
thalumus, the anterior and posterior pituitary,
the eirele of Willis, and tho intornal carotid
artery outside theskull,  Small picces (~1 mm?)
wore post-fixed in 2% osmium tetroxido, de-
hydratod in aseonding coneentrations of aeetone
(starting ot 70%) and cmbedded in araldite.
Somi-thin seetions wore oxamined under phasoe-
contrast, Thin seetions wore stained with uranyl
acetate nnd lead eitrato (pH 1),

RESULTS

Macroscopically the brains of all the
animals whose lymphatics had been ligated,
and none of the others, were quite
oedematous, with flattened sulei. Those
animals which had been injected with
carbon hal this in the injection site, some
in the subarachnoid space, and much
around the major arteries inside the skull,
the internal carotids outside the skull, and
in the lymph nodes adjacent to these. No
carbon wuas visible in the region of the
cribriform plate, or in the submandibular
lymphnode. The light microscope showed
that the animals with ligated lymphaties
had oedoma of the brain (Fig. 2), while the
normal ones and the sham operated ones
did not (Fig. 1). (The anterior and
posterior pituitaries were normal in all
cases.) The animals injected with carbon
had this diffusely throughout the tissue

181

adjacent to the injection site, but not in
remote areas. They also showed carbon
localized around the minor vessels (Fig. 2),
in the adventitia of the major ones
(Fig. 3, 4), and in the adjacent lymph
nodes. The carbon appeared to be in two
or three dilated spaces in the adventitia
around the perimeter of the major vessels.
These occupied about a quarter to a half of
the circumference. In the lymphoede-
matous animals without carbon (Fig. 5)
these spaces were also visible. The
material in the spaces seemed somewhat
more dense in those animals which had had
their lymphatics ligated 3 weeks before.
In the normal and sham-operated animals
the spaces were minimal or not visible.

The electron microscope confirmed the
findings with the light microscope. In
particular, it confirmed that the material
in the perivascular spaces of the injected
animals was indeed carbon. (Fig. 6-9). It
also showed that this was present inside
the brain in non-endothelialized spaces;
i.. In the interstitial spaces, which were
partly occupied by the basement mem-
brane, around the minor vessels (Fig. 6),
and in the interstitial spaces in the adven-
titia of the major vessels (Fig. 7, 8). In
the internal carotid artery outside the
skull the carbon was also often in spaces of
this kind, but occasionally we were
fortunate enough to see it actually
entering the lymphatics around these
vessels (Fig. 9). As usual (Casley-Smith,
19768) this occurred via open endothelial
intercellular junctions, although some was
also contained in vesicles in the endo-
thelium.

There was a moderate amount of pro-
teinaceous material in the spaces of the
animals whose lymphatics had been ligated
for 3 weeks (Fig. 11, 12). This was perhaps
rather less than is normally seen in
lymphoedema (Casley-Smith et al., 1974)
but was more than appeared in the
animals which had only had lymphoedema
for 24 h (Fig. 7, 8). The oedema present
in the cerebral cortex and hypothalamus
of these 2 groups of animals also seemed to
contain similarly different amounts of
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Fre, 1.—A light micrograph of normal rabbit cerebral cortex, X 835.

F1a. 2.—A light micrograph of rabbit cerebral cortex 24 h after the lymphatics woere ligntod ar
the injection of carbon. The cortex is quite cedematous and there are 2 vessols whin
carbon (arrows) around their periphery. Some is also visible deeper in the tissue. X H35

Fra. 3.—A light micrograph of an artery in the eircle of Willis of & rabbit as in Fig. 2. 'T'h
considerabls amount of earbon (some of which iz indicated with arrows) in the periphicay
artery, where there is also a large space, which contains a vasa vasorum. x 834,

Fia. 4,—A light mierograph of an internal earotid artery, outside the skull, of a rabbit nx in
There is a considerable amount of earbon in & space in the adventitia, % 83,
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Fr1a. 5.—A light micrograph of the internal carotid artery of a cat whose cervical lymphatics had been
ligatod 3 weelks previously. There is a large irregular space in the adventitia. x 417.

F1a. B.—An electron micrograph of the cerebral eortex of a rabbit, as in Fig. 2. There is much
oedema and carbon (arrows) can just be seen, at this magnification, in a space at the periphery of
the vessel's wall. x 4170.

Fic, 7—As for Fig. 6. Carbon (arrows) is present in the adventitia of part of the circle of Willis,
together with enlarged spaces botween the collagen fibres. The typical structure of Indian ink js
visible, showing that it is indeed some that was mjected into the cerebral cortex. x 8350.

Fra, 8.—As for Fig. 6. A considerable amount of earbon is present in spaces in the adventitia of
the internal carotid artery outside the skull. x 16,700,
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F1a. 9.—As for Fig. 6. Inthe adventitia of an internal carotid artery outside the skull, a considerable
amount of carbon ean be seen passing via a junction (J) between 2 lymphatic endothelial cells (E)
into part of a complex of lymphatics (L), x 2505.

Fi1a. 10.—An electron micrograph of the hypothalamus of a cat, whose cervieal lymphaties had been
ligated 8 weeks earlier. There is a large cedematous space external to & vessel, 3 4175,

Fra. 11.—As for Fig. 10. There is & large space and & collection of protein in the adventitia of part
of the circle of Willis, x 6680.

Fie. 12.—Asfor Fig. 10. There are irregular spaces containing protein in the adventitia of the internal
carotid artery, cutside the skull. x 3340.
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T1a. 13. - An eloetron miorograph of sham-operatod rabbit eorebral cortex. X 5845.

Tra. 14, Ans for Fig. 13, but 24 h after the ligation of the eorvieal lymphatics. There is considerable
oodoma, with protoinsccous materinl present, and with the spaces being continuous with that
extornal to tho vessol, = 4176,

Fra. 16.  An eloetron micropraph of normal et hypothalamus. There is no oedema, although the
pale glinl colls are n litte dilate 4175,

Fra. 16, As for Wig. 15, but 8 weoks altor the ligation of tho corvieal lymphaties. There is a large
amount. of pr aeious miterial filling the spaees in the tissue, which are eontinuous with those
peripheral to the vessel. o« 4175,
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protein, and to be more severe in the more
chronically affected animals (Fig. 14, 16).
Again the normal and sham operated
animals did not appear oedematous (Fig.
13, 15), nor did the anterior or posterior
pituitaries from any of the animals,

DISCUSSION

The present findings confirm the pre-
vious ones mentioned earlier, They show
that the brain is made oedematous by the
ligation of the cervical lymphatics which
must therefore play an important role in
its funetioning. (The fact that this does
not seem to apply to the pituitary may be
due to its being particularly securely
encased and adjacent to well-drained
tissue, or to the presence of fenestrated
blood capillaries (Casley-Smith, 1976).
Thus, the lymphatic system is important
for the drainage of the brain, and pre-
sumably also of the retina, efc. It would
appear from the present and previous
experiments that this drainage oceurs via
a continuous series of spaces, the pre-
lymphatics. These have been demon-
strated by lymphatic ligation. Their
importance, the reality of their continnity,
and the drainage by them, has been
demonstrated by the carbon injections.
In addition these injections showed that
the prelymphatic system connects with
the cervical lymphatic vessels adjacent to
the internal carotid artery, and that these
transport the material which has drained
from the brain into the cervical lymph
nodes. .

It is of more than passing interest that
pyridoxine, pantothenic acid and the
benzo-pyrone group of drugs have been
shown to be very effective in reducing the
extent of the brain, and other, oedema
caused by the ligation of the cervical
lymphatics (Casley-Smith et al., 1974).
This is similar to the effect of benzo-
pyrones on high-protein oedemas in general
which is probably due to their increasing
the normal proteolysis by the cells of the
tissues (Casley-Smith and Piller, 1974).
This is probably largely an effect on the

macrophages, and perhaps other cells,
which has also been demonstrated in vitro
(Bolton and Casley-Smith, 1975). Since
one of the main roles of the lymphatic
gystem is the removal of protein from the
tissue, it is likely that this is similarly one
of the main roles of the prelymphatics.
This suggestion is strengthened by our
present finding of more proteinaceous
material in these vessels after the longer
period of lymphoedema. Hence these
drugs, in causing the cells largely to take
over this function, can greatly reduce all
high-protein oedemas, including that pro-
duced by an obstructed lymphatic, or
prelymphatic, system. In clinical medi-
cine they have proved effective in the
therapy of lymphogenous encephalopathy
(Foldi-Borestk and Foldi, 1972).

While it is normally held that the
protein content of the interstitinl spaces
of the brain is low, it has recently been
shown that at least some cerebral arterioles
normally permit its passage (Westergaard
and Brightman, 1978). While such vessels
are not numerous, the few vesicles in the
other vessels must surely permit some
passage, to which will be added that from
the regions where the blood-brain barrier
is absent and the capillaries are fen-
estrated. This protein must be removecl
else it will accumulate and its colloid
osmotic pressure will cause oedema. (‘er-
tainly some will pass to the cerchronpinal
fluid and leave via the arachnoid villi ancl
the cribriform plate (Courtice and Sim-
monds, 1951); however, as mentionecl
earlier, the passage from deep within the
brain to the subarachnoid space is likely
to be very slow, Westergaard ancl
Brightman (1973) made the significant
suggestion that some of the protein is
likely to be lysed by the proteases normadly-
present in the CSF (Riekkinen and Rinne,
1968). Such proteases may well be the
ones enhanced by the benzo-pyrones,
but at present we do not know thejr
origin.

At all events, it is evident that protein
does accumulate when the cervical lym-
phatics are ligated and the prelymphatics
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thus rendered non-functional. We con-
clude, therefore, that not only does the
prelymphatic system exist in this region,
,aﬁHu that it normally plays a significant
role,

We are most grateful for the skilful
help of Ms J. R. Daymond, 8. Shephard
and Mr K. W. J. Crocker, to the Austra-
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Schaper & Briimmer, and to the Depart-
ment of Pathology, St Bartholomew’s
Hospital for the provision of some facilities.
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