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INTRODUCTION
THE AIM OF THE PROJECT

It is now generally agreed that lymphatic capillaries
are absent from the interior of the <classical hepatic
Lobule and that endothelially-lined lLymphatic vessels are
first encountered in the periportal connective tissue. It
is also well known thatAthe Liver is the Llargest single
site of lymph production in the body and that much of this
Lymph is formed as interstitial fluid in the perisinusoidal
spaces (of Disse). However, the pathway followed by fluid
from these spaces into true lymphatic vessels is not known.
Indeed our knowledge of the morphology of the hepatic Llymph
system as a whole is still incomplete.

The Last thirty years or so have seen what has been
described as a "renaissance of morphology'", associated 1in
particutar with the development of the techniques of
electron microscopy.

The primary aim of this study was to investigate the
route followed by interstitial fluid from 1its site of
formation 1in the space of Disse to true lymphatics in the
portal tract. This Led on to the study of three secondary
objecfives:

1. The intrinsic ‘Lymphatics of the Lliver and their
development; |

2. The extrinsic Lymphatics of the Lliver and their
draining lymph nodes;

3. The 1incidence and distribution of plasma cells in the

Liver.



A. A GENERAL ACCOUNT OF THE

Interstitial fluid and lymph are formed at the Level
of the microcircutation, and it is important to keep in
mind that vessels of the microcirculation are an integral
part of the tissue they supply and that the structure of
their wall is adapted to the local requirements of the area
which they serve. Therefore the brief account that follows
deals with the general principles of the formation and
circulation of dnterstitial fluid and 1its wuptake by
Lymphatic vessels.

tudwig (1858) was the first to conclude that the
chief factor in the formation of Llymph was the pressure of
the blood in the capillaries and that lymph was essentially
the fluid part of blood filtered through vessel walls dinto
the tissues. He stressed that osmosis was taking place
between the tissue fluids and blood.

On the other hand, Heidenhain (1891) experimented
with Lymph flow from the Llimb of anaesthetized dogs and the
thoracic duct. He obstructed the inferior vena cava and
found an dincrease in the quantity and 1in the ©protein
content of Llymph taken from the thoracic duct. He also
injected two substances in the blood. The first was a
crystalloid, and he found some time later that the Lymph
contained a greater percentage of the crystalloid than the

plasma. The other dinjected substance was a commercial



peptone and watery extracts of dried leeches or cray fish.
The result was lowering of blood pressure but dncreased
Lymph flow and concentration. In the Llight of these
experiments, Heidenhain concluded that Lymph must be
regarded as a "secretion" rather than as a "transudation"
and felt that this result was irreconcilable with those of
Ludwig.

Starling (1894, 1896, 1898) repeated and elaborated
on Heidenhain's experiments, and came to the <conclusion
that, in fact, they supported the filtration theory.
Starling 1interpreted the increase in thoracic duct Lymph
flow after obstruction of the vena cava as due to increased
flow from the Liver rather than from the dintestine. He
clearly demonstrated the principle of rapid movement of
small molecules across the capillary watl by diffusion 1in
either direction, and the slower filtration from blood to
interstitial fluid, depending on the permeability of the
capillary wall to proteins and the pressures, hydrostatic
and osmotic, existing at the wall at the time. He
established the principle, now known by his name, that
filtration depends upon the balance between hydrostatic and
osmotic forces acting across the capillary wall and upon
the physical properties of the capillary membrane.
Filtration of water and small molecules occurred when
capillary hydrostatic pressure exceeded the sum of the
colloid osmotic pressure of the plasma plus the
interstitial fluid pressure. As filtration occurred at the

arterial end of blood capillaries, the loss of water from



the blood plasma increased the concentration of plasma
proteins, resulting 1in an dincrease in <colloid osmotic
pressure. Extravasation of fluid also caused a fall in
capillary hydrostatic pressure, which at some point became
Less than the total of colloid osmotic pressure plus the
interstitial tissue pressure, and as a result, tissue fluid
entered the capillary, di.e. absorption occurred at the
venous end of blood capillaries. Fluid not absorbed by the
capillary was removed by the lymphatic system. Starling's
principle is applicable to whole organs and on a short time
basis. Starling himself did not provide any equation for
the forces which he described, but subsequent workers have
more than made good this deficiency. For example, Foldi

(1977) used the following equations:

Filtration: F =K A (P -P - 777 + 77
A A A T PL T
Reabsorption: R =K A (P - P - 797 + 77 )
vV V v T PL T
P & P - hydrostatic pressure 1in arterial & venous
A )
capillary Limbs
P - hydrostatic pressure in the tissues of
T
interstitial space
gid - colloid osmotic pressure of plasma
PL
a - ~colloid osmotic pressure of tissue fluid
T
K & K - the permeability of arterial & venous capillary
A v
limbs for water
A & A - the surface area of the arterial and venous
A v

capillary Limbs

According to Simpson (1981) the real implications of



Starlingslaw are mainly two:

1. That the capiltary wall is permeable in both directions
to water and small solutes and molecules as large as
albumin (Field & Drinker, 1931).

2. That capillary wall permeability s Limited to
molecules wup to the size of albumin under normal
conditions.

in mammals, the osmotic pressure of the plasma
proteins was found to be of the order of 21 - 25 mm Hg,
depending mainly on the —concentration of albumin and
globulins. More detailed measurements in single
capillaries were made by Landis (1925-6, 1930a,b) who found
on average, a gradient of pressure from 30 mm Hg at the
arteriotar end of the capillary to 12 mm Hg at the venular
end. He also showed that filtration or absorption was the
result of the algebraic sum of the colloid osmotic pressure
and the capillary hydrostatic pressure. Direct and
indirect measurements of tissue fluid pressure were made by

Landis and others and were shown to be of the order of 0.5

to 5.0 cm H O. This pressure most Likely vresulted from

proteins wh?ch had leaked from capillaries. Starling was
aware of this but he thought Leakage was very small.

Drinker (1942) measured the extent of this Leaked protein

and showed that the protein content of Llymph in different

parts of the body varies. For any particular tissue, the

Lymph and the interstitial fluid were of approximately the

same composition.

Studies on the movement of fluid, ‘micro- and



macromolecules across the capillary wall raised the need

of Looking for the morphological basis of these events.
Palade & Bruns (1968).designated the three Llayers

which constitute the capillary wall as follows:

1. The endothelium |

2. The basement membrane and pericytes

- 3. The adventitia

Karnovsky (1970) stressed the fact that there is both
structural and functional heterogeneity in capillaries and
that 1in general, wvariations 1in capillary permeability can
be related to capillary structure.

Substances traverse the endothelium in many different
Ways. They may traverse directly through the cellular
ﬁembrane and cytoplasmic matrix (especially water and
presumaﬁty certain other small molecules, especially the
Lipid soluble molecules). Curry et al (1976) &estimated
that about 10% of the total flow of water passed in this
way, and about 90% via intercellular junctions, vesicles
and vacuoles and fenestrae. Which 1is most important
depends on the nature of the substance, the state of the
endothelium and the local conditions.

Capillaries can be put into three categories:

1. Continuous capillaries are those with a continuous
Lining of endothelial cells, such as are seen typically in
skin and skeletal muscle; they are associated with a
relatively slow rate of movement of water and small solutes

across thedir wall. In these capillaries small molecules



traverse the walls faster than larger ones (Renkin & Curry,
1978) . The general opinion seems to be that, in this type
of <capillary, small molecules pass through parts of the
junctions between the cells and the larger ones pass much
more slowly via the wvesicles. Landis & Pappenheimer
(1963) on the basis of experiments on perfused skeletal
muscle capillaries of the hind Llimbs of <cats and dogs,
postulated the existence of water-filled pores or channels

o
which were cylindrical, uniform and about 70 A in diameter.

Other geometrical forms were possible. They occupied a
very minute fraction of the capillary surface. Small
molecules exchanged rapidly across these pores. At

molecular weights above about 10,000, there was a high
degree of sieving and molecules of molecular weight greater
than 90,000 were virtually excluded from passing through
the pores. This was called the "small pore system'".

A second system of larger pores of 120-350 Z was
postulated by Grotte (1956). The ratio of the Llarge pore
system to the small one was estimated to be 1 to 34,000.

Bruns & Palade (1968b) have proposed vesicular
transport as an alternative mechanism for transporting
large molecules across the endothelium. There i1s strong
evidence that tracers of large molecules such as ferritin
travel across the endothelial <cells wvia dintracellular
vesicles, since some vesicles contained tracer material
when used; however, many vesicles did not. Casley-Smith
(1963), Shea & Karnovsky (1966) suggested that the vesicles

move randomly about the cells by Brownian motion. Palade



and Bruns (1968) ijllustrated in chemically fixed material
that the processes of fusion and fission of wvesicles was
only found 1in 1.5% of the vesicles but increased to 60%
when freezing was used to fix the cells. Palade et
al (1979) suggested that vesicles, by concomitant fusion
(followed by fission) generate transendothelial channels
that act as mass-carriers of fluid and solutes across the
endothelium. However, some other workers have fajled to
confirm these findings. It may be that the presence of
tracers in channels is seen when immersion fixation is used
(i.e. when fixation is slow). The role of wvesicles in
transendothelial transport remains debat-able.

2. [Eenestrated capillaries. These are found in the gut,
in endocrine and exocrine glands and much of the wurinary
system, and only occasionally elsewhere. Sizes and numbers
of the fenestrae have been measured in the Jjejunum by
Casley-Smith et al (1975c) and by Simionescu et al (1972).

The holes completely traversed the very thin part of the

endothelium and were some 50 nm in diameter. Some, but not

all, had diaphragms across them. Fenestrae were
particularly numerous on the venous side of the
microcirculation. When fenestrae were frequent, they

greatly increased the permeability to macromolecules, but
‘onLy slightly increased it to small molecules (Casley-
Smith, 1980a; Renkin, 1977).

3. Sinusoidal <capillaries or discontinuous capillaries.

——— . o - — - ———— —

This type of capillary has an endothelium with large gaps



-]
(100 - 1000 A) and the basement membrane is
discontinuous. It can be found in the Lliver, bone marrow

and spleen.

The other barrier din capillary  permeability is
provided by the basement membranes. They generally define
the Llimits or boundaries of tissue spaces. They form a

structural framework which isolates epithelia (including
endothelium and mesothelium), muscle, nerve, and fat from
the tissue space. Within this space Llie +the formed
elements of the connective tissue (Low, 1961; Batting &
Low, 1961; Low and Burkel, 1965). As an expression of
this pattern, the endothelium of the blood vascular system
is separated from the surrounding tissues by its basement
membrane. This is especially the case for capillaries.
Similarly the parenchyma of epithetial organs is separated
from the tissue spaces by its own basement membrane.

The basement membrane varies in its composition and
appearance according to location, but some of it underlies
almost all epithelia. Some of the substance of the
basement membrane is synthesized by the epithelial cells
themselves, although its production involves some
interaction with the underlying connective tissue. Basement
membranes are generally made of two parts. The first is an
amorphous sheet, closely applied to the «cells, and
containing type IV collagen. This is the part that s
common to all epithelial tissues; it is not seen with the

Light microscope; electron microscopists commonly call it



?he basal lamina. Below the basal Lamina, in some tissues,
is the reticular lamina which varies in its composition and
remains poorly characterized. This part can be visualized
by light microscopy when stained by P.A.S. or silver stains
(Kefalides, 1979).

The function of the basement membrane is not well
understood. It probably serves as a medium for transfer of
cells such as those in the intestinal lining. It may have
a role 1in stabilizing tissue shapes, since iJts removal
during embr;ogenesis causes developing salivary glands to
Lose their characteristic structure. 1In the kidney (Heine,
1986), the special basement membrane of the glomerulus s
thought to function as a selective permeability barrier
contributing to the process of ultrafiltration of plasma to
form wurine. The absence of basement membrane in <certain
malignant tumours suggests that it may be dmportant in
growth control (Huang, 1978). Metastasis of cancer cells
is considered to begin when the basement membrane 1is
breached.

How do solutes of various sizes or even cells cross
the basement membrane?

Simpson (1980a) proposed that all basement membranes
function because of their properties as biological
thixotropes, i.e., they undergo Llocalized gel-sol-gel
transformation under the dinfluence of pressure alone.
Menefee et al (1964) studied the passage of aggregated

globin through the basement membrane of glomeruli which

10



could best be interpreted on the basis that the basement
membrane had the properties of a thixotropic gel. Palade
(1961) 1in a study using ferritin as a tracer in nephrotic
rats, found the tracer molecules were embedded in the
basement membrane "without channels ahead or trails
behind", and he got the impression that the marker moved
through a yielding gel creating a channel as it moved.

One would imagine that water and micromolecules would
pass easily through these Llocalized gel-sol-gel areas.
However, LlLarge molecules would need to cause Llocalized
deformation of the Llattice of the basement membrane 1in
order to traverse it. This would be possible only if
pulsatile dntracapillary pressure was adequate to initiate
deformation. Basement membrane thixotropy makes
explicable the passage through basement membranes of
objects ranging 1in size from water molecules to motile
cells and parasites (Simpson, 1981).

The extracellular space

Next to the basement membrane comes the extracellular
space, which 1is occupied by a continuous chain network
which may or may not be homogenous by distribution. This
network is made of connective tissue polysaccharides which
have a molecular weight of the order of millions (Laurent,
1966a) . These polysaccharides exist in a complex Llattice
form and may form a porous plug which may even exhibit
marked resistance to water flow, as demonstrated by Day
(1950) and Hedbys & Mishima (1962).

Laurent (1970) reviewed the concept regarding the

11



physiological role of high molecular weight connective

tissue polysaccharides. Among the possible functions was
the "exclusion phenomenon" meaning that two molecules
cannot occupy the same space at the same time, S0

polysaccharides will exclude other macromolecules to a
considerable degree from space in a solution, and the
larger the molecule, the less space will be available for
it in a three dimensional chain network. This network will
act as a filter and retard the movements of large molecules
more than of the small ones. The polysaccharide
compartments will act as a sieving barrier (or membrane)
which <can regulate the transport of various biological
macromolecules. In tissues where tissue fluid turn over
rapidly, it may be that the fluid is transported via some
sort of low resistant pathways or channels.

At this point, two additional factors affecting the
production of interstitial fluid and its uptake from the
tissues must be stressed.

1. Macromolecules may also enter the interstitium from the
cells of the tissues, di.e. the capillary filtrate 1is
not the only source of such molecules. For example,
chylomicrons and lipoproteins in the intestinal mucosa
during fat absorption; immuno-globulin synthesized in
Lymph nodes and other Llymphoid tissues or absorbed from
the gut of <certain newborn animals, and enzymes
liberated from injured cells. ALlL are then transported

to the blood stream by way of the Lymphatic vessels.

12



2. Lymphatic vessels are not the only, or even the major,
pathway for the absorption of proteins from tissues.
The venous system plays a significant role din this
process especially when the smaller proteins such as
albumin are injected into various tissues (Szabo et al,
1973). However, the structure of the walls of the
Lymphatic capillaries makes then preferential <channels
since macromolecules, particles, baceteria and certain
cells readily pass through the intercelltular junctions
to enter the Llymph.

The movement of interstitial fluid into the lymphatic

If there is a positive pressure gradient across the
lymphatic capillary wall from the interstitial fluid to the

Lymph, protein and other macromolecules would move freely

across this barrier. Many factors facilitate this process.

1. There is Llittle or even no basement membrane supporting
the lymphatic endotthium.

2. The intercelllular junctions are often partially open
or at Lleast openable. This dis of overwhelming
importance in the entry into lymphatics of molecules of
various sizes (Palay & Karlin, 1959a; French et al,
1960; Casley-Smith, 1964a, 1965; Cotran, 1956; Morris &
Sass, 1966).

3. Within Lymphatic endothelium, vesicles have been
observed to contain intravenously injected markers, but
their relative importance in the formation of lymph s

quite controversial.

13



4., Endothelial cells may also to some extent be
phagocytic, but phagocytosis seems to play Llittle, if
any, part 1in the normal absorption of macromolecules
from the tissue fluid by the lymphatic capillaries.

Guyton (1963, 1965, 1966a,b) and Scholander et al

(1968) suggested that, in the skin, the pressure of

interstitial fluid is negative. If this were true it would

obviously make it difficult to explain the filling of

Lymphatics. However, these authors gave no information

about the pressure within the lymphatic capillaries of the

skin.
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B. THE SITE OF FORMATION OF HEPATIC INTERSTITIAL FLUID

The dnitial formation of interstitial fluid in the
liver Llobule is conditioned by the fine structure of the
sinusoijdal wall, with dts wunusual combination of a
fenestrated endothelium and the absence of a basement
membrane. This allows free escape of blood plasma from the
sinusoid 1into the space of Disse, where it comes into
intimate <contact with the hepatocyte muralium (Burkel and
Low, 1966). Another factor which affects dnterstitial
fluid formation 1is the fact that, in the Liver, the
filtering head of pressure within the sinusoid is as lLow as
5-10cm of water (Yoffey & Courtice, 1970).

1. The endothelial cells Lining the sinusoid show Llarge

numbers of fenestrations, which vary greatly in size and

arrangement. Some are very small (0.1 Hm in diameter) and
arranged in <clusters, forming what are called "sjeve
plates"; others are much larger (7 1.0um - 2um) and are

subdivided by slender strands of cytoplasm. Motta and
Porter (1974) studied these cells by scanning electron
microscopy 1in perfused young adult albino rats and showed
that fenestrations occur in the thin part of the cytoplasm.
Lines of fusion between adjacent or overlapping endothelial
cells were not identified. Small pits were present in the
surface of the Llarger arms of the endothelium and most
prominently in the surface of the central mass. These pits
may represent openings into cortical vesicles, which were

numerous 1in those cells. They could not determine whether

15



the small pits were incipient perforations. Discontinuous
fenestrations have been found in most species of mammals
studied, e.g. mouse, rat, dog, rabbit and man. There are,
however, significant species differences in the degree of
endothelial discontinuity: Wood (1963) observed that 1in
the calf there are no fenestrations, while Kuhn and Oliver

- (1965) showed a similar type of sinusoid in the liver of

the goat.

These fenestrations exert some sort of selectivity on
the filtration of molecules, depending on the size of the
molecules and the size of fenestrations, as explained
earlier.

Burkel and Low (1966) and Burkel (1970) described in
the rat three structurally distinct zones in the
endothelium of the liver sinusoids of rats perfused with 3%
glutaraldehyde. Each zone was sharply demarcated.

i) A zone at the periphery of the <classical Llobule,
having the appearance of an extension of the portal
vein branch endothelium, which had a continuous
basement. This peripheral zone was very small.

1) An intermediate zone, making 90% or more of the
sinusoid, in which the endothelium was discontinuous.

iii) A third, central zone, which had a basement membrane
and was continuous with the endothelium of the
central vein.

In the Lliver, the absence of basement membrane from
both the sinusoidal Llining and the adjacent hepatic

parenchyma, along with the presence of a tissue space (of

16



Disse) occupied by a variety of structures, results in an
unusual relationship between the vascular system,
parenchyma and tissue spaces. It 1is, however, best
understood as a variety of similar relationships found
eisewhere in the body (Burkel & Low, 1966), and
incompleteness of the basement membrane does <characterize
certain other slow-flowing vascular <channels, e.g. Weiss
(1961) described similar findings in the vascular sinuses

of the bone marrow in rabbits.
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2. Disse's space (perisinusoidal

This dis the narrow perivascular space between the
wall of the Liver sinusoid and the Liver parenchymal cells.
It contains some bundles of reticular microfibrils and
occasional peri-sinusoidal cells.

Disse (1890) claimed the existence of pericapillary
(sinusoid) cavities within the liver acini. These cavities
possessed, according to Disse, a wall of their own, a
membrane composed of a homogenous ground substance and
incorporated fibrils of variable thickness. The membrane
was covered by stellate cells. The fibres extended between
the hepatic trabeculae and connected the capillary sheaths.
It was this blood-capillary sheath that became the base of
the stroma of the hepatic Llobule. The perivascular space,
now generally known as "Disse's space'", was, according to
Disse, not bounded by the trabeculae of the Liver cells,
but by a membrane connected with the cells through the

intercellular substance. Disse suggested that the space

17



between trabeculae and blood capillaries could be filled
with dyes injected into the efferent Lymphatics. This Lled
him to the —conclusion that a close <connection existed
between this space and the lymphatics. He thought that the
sheath surrounding the capillaries opened 4dinto Llarger
Lymphatics on the periphery of the hepatic lobules.

Disse's findings started a lengthy debate: was it an
artifact? If not, was it a part of the lymphatic system or
not? The resolving power of the light microscope was not
sufficient to answer these guestions.

Fawcett (1955) using the electron microscope was
among the first to demonstrate microvilli along the
sinusoidal border of the hepatic cells and to give a clear
idea of the much disputed perisinusoidal space of Disse.

Along with the numerous hepatocyte microvilli,
reticular fibres and Ito cells are also present in Disse's
space. Ito (1951) observed cells containing lipid droplets
in the human Lliver Llobules. These cells were lLocated 1in
the space of Disse and were surrounded by reticular fibres.
Ito presumed that Lipid droplets in these <cells were
derived from the blood stream and designated the cells as
"fat storing cells”. Satsuki et al (1956) injected various
kinds of fat emulsions and cod-liver oil intravenously and
found that these cells failed to show an increase in Lipid
droplets 1in their cytoplasm. On the other hand, these
lipid droplets dncreased remarkably after administering
glucose and insulin (Kano, 1952; Sunaga, 1954a).

The electron microscopic studies of Yamagishi (1959),
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Ito and Shibasaki (1968) and others have demonstrated the
presence of a cell type in the space of Disse, (reviewed by
Wake (1980, whose possible connection with the
intralobular connective tissue framework was considered by
Schmidt (1960), Aterman (1963) and Wood (1963). It is now
widely viewed as the "adventitial connective tissue cell"
of the Liver lobule (Schnack et al, 1967), responsible for
the maintenance of the normal connective tissue, and for
the production of excessive connective tissue, 1in the
Liver. Kent et al (1976) actually described them as
lipocytes transformed into fibroblasts.

The space of Disse is found not only between the
sinusojdal endothelium and the hepatocytes; it also extends
into the space between adjacent liver <cells (Motta &
Porter, 1974). The full extent of this expansion of the
space has not perhaps been fully appreciated from earlier
observations on liver ultrastructure. Scanning electron
microscopy has shown the space to be larger and as having
more extensive ramifications than is generally evident from
studies using the transmission electron microscope. Those
inter~hepatocyte extensions, earlier recognized by Steiner
1961, are Llimited by the junctional complexes of the bile
canaliculi, but they extend elsewhere in all directions,
clearly to connect adjacent sub-endothelial spaces of
Disse. The space of Disse, as originally described, now
appears to be only a part of an extensive Llabyrinth of

intercellular channels within which plasma filtrate moves
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towards the peri-portal lymphatics.

Should the space of Disse be regarded as a part of
the hepatic lymphatic system?

Although Elias (1949) considered it as a '"virtual
Lymphatic Lacuna'", the modern consensus is that it is an
interstitial slit, cavity, or space from which no fluid can
get into Llymphatic cabiLLaries without first passing
through their endothelial wall. It 4s also generally
agreed that it 1is the place of origin of most of the

hepatic Llymph.
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C. TISSUE FLUID Vs LYMPH

Among early studies of the Llymphatic system, Sabin
(1916) emphasized the importance of distinguishing between
"tissue .fluid" (outside vessels) and "lymph'" contained in
Lymphatics.

Dr{nker (1931) on fhe other hand, revived the older
concept of the dnterchangability of the terms "tissue
flujid” and "lymph". While admitting the existence of
anatomically <closed Llymphatics, he considered that the
terminal Llymphatics are so deLicafe as to be continually
ruptured and hence physiologically open, and that the
content of lymphatics draining any given region of the body
is a '"cross-section" of the tissue fluid there present.
Following the &extensive studies of lymphatics in vivo by
the Clarks (1933) the concept of a <closed system of
lLymphatic vessels came to be generally accepted.

Szabo and Magyer (1978) observed in the rabbit's hind
Limb that in the tissue fluid complex there are at Lleast
two distinct compartments. The first connects the blood
capillaries and the lymphatics and forms the pathway taken
by the fluid and protein lLeaving the blood <capillaries
adjacent to lymphatics, 1in other words, it constitutes the
tissue fluid, some of which is going to be Llymph. This
Lymph reflects the state of transcapillary exchange. The
second compartment is the true tissue fluid. It contains
the extravascular plasma protein pool and the protein

molecules released from the cells, 1di.e. the fluid bathing
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the parenchyma. It would seem, however, that the tissue
fluid that s going to become Lymph is in dynamic
equilibrium with the second compartment and Largely
reflects its status.

In the Liver, the first compartment is represented by
the portal tract area where blood capillaries and
Lymphatics co—-exist, and the second represents fluid in
Disse's space. Courtice (1971) studying barriers within
the tissue fluid compartments suggested that, in Lobular
organs, such as the liver, with discontinuous capillaries,
there s no effective barrier to the movement of tissue
fluid from the <centre of the Lobule to dits periphery.
Wisse (1970) studied the microcirculation of rat's liver by
vital microscopy and found that Llarge <cells such as
leukocytes, when passing through narrow sinusoids, move
more slowly and indent the sinusoidal endothelium,
compressing Disse's space as if massaging the sinusoidal
endothelium and thus pushing the flujd in Disse's space
towards the periphery.

Although Lymph can be readily collected from
collecting Lymphatics for analysis, 1its composition may be
constantly changed by redilutions as it travels through.
Sampling of fluid from Llymphatic <capillaries is very
difficult [see e.g. Hargens & Zweifach (1976) and Rutili &
Hagander (1982), reviewed by Casley-Smith (1982)]. Because
of these technical problems the relationship between Lymph
and tissue fluid has been much debated.

Taylor et at (1973) showed that fluid collected from
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capsules implanted in rabbits' ears, lymph and interstitial
fluid were all three characterized by +ddentical protein
concentration. Brace et al (1976) maintained the view that
lymphoprotein concentration does not always reflect that of
the dinterstitial fluid from which it is derived. Rutili
and Arfos (1977) sampled, in the same area where
interstitial fluid had been collected, Lymph from
Lymphatics 30 - 100um in diameter. ALL of the fluids were
found to have a similar protein concentration.

Studies performed by Witte (1965-1975) by means of
vital microscopy in the exposed mesentery of the rat are of
the utmost importance. Fluorescein-isothiocyanate was bound
to plasma broteins in vitro and after —chromatography,
injected intravenously. By means of fluorimetry the escape
of the Llabelled material from the blood vessels into the
interstitium and subsequently its penetration into the
initial lymphatics could be visualized. Shortly after the
injection of the lLabelled proteins its concentration in the
initial lymphatics rose above that in the interstitium. By
in vivo ultramicrospectrometry, the protein content of the
perivascular connective tissue in the exposed rat mesentery
could be measured. The concentration was higher near the
wall of the blood vessels than that at a distance of 20-30
Mm. The reason for this may be the existence of wvarious
elements 1in the interstitium, such as the complex LlLattice
of the polysaccharides (mentioned earlier), which exerts
some, maybe uneven, resistance to the propagation of

various molecules. This result clearly demonstrates that
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it is unwise to speak about én average protein
concentration in interstitial fluid and about an average
interstitial colloid osmotic pressure, unless it is borne
in mind that each of these can vary quite <considerably
within even a small area.

Ruszynak, Foldi and Szabo (1967) 1injected the
fluorescent dyes, thiazone red and acridine yellow, into
the mesenteric lymphatics of cats, and observed that some
of these dyes escaped into the interstitium again. These
results supported Hudack and McMa;ter (1932) who 1injected
dyes such as pontamine sky blue into the ears of mice and
studied the uptake into, and the escape of substances from,
the LUlymphatics. Although 1injecting lymphatics is much
criticised, these experiments may highlight the fact that
molecules can get out of Lymphatics as well as they can get
in, which makes the debate of tissue fluid versus Lymph
even more complicated.

Haddy (1972) and associates found that, in the dog's
forelimb, the Llymphoprotein <concentration reflected the
protein concentration in the interstitial fluid. Earlier
Jacobsson and Kjellmer (1964) found exactly the opposite
and showed that Lymph does not give a true picture of the
mean protein content of tissue fluid.

Courtice (1971) showed that the protein content of
interstitial ftuid is fairly near the values obtained from
Lymph from the same region.

In certain conditions and in localized areas such as

wounds, infections or burns (Clark & Clark, 1933) in which
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there is an increased circulation through the blood vessels
and increased passage of fluid through the vessel wall
followed by an accumulation of free fluid 1in the
interstitium, the lymphatic capillaries may be damaged, so
" that equality of interstitial fluid and Lymph may be
actually true. Clark and Clark (1933) found some minute
tears in Llymphatic capillaries in such injured or inflamed
areas which remained open for days and in which there was
not only a free passage back and forth of flujd between the
vessel Lumen and the exterior, but also of formed elements
such as red cells and fat globules. However, it is equally
clear that regardless of what may be true of the
permeability of Llymphatic <capillaries to the various
chemical elements present in the tissues outside, the
assumption that "lLymph is tissue fluid" cannot be generally
true 1in a physical sense, for not only do the Lymphatic
capillaries npormally form a closed system, separated from
the tissues everywhere by an intact endothelial wall, but
under pormal <circumstances all the evidence appears to
indicate that there is no free fluid present in the tissue
spaces, except when oedema develops.

In the liver, the relationship between interstitial
fluid and Llymph 1is even more complex. Not only because of
the fenestrated endothelium, the absence of basement
membrane in the sinusoidal and hepatocytes, but also

because of the complex fluid dynamics of the fluid in the

space of Disse.
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D. FLOW AND COMPOSITION OF HEPATIC LYMPH

The flow of Lymph from the Liver has been determined
in both anaesthetized and conscious animals. The flow s
spontaneous, depending on the changes in pressure due to
respiration, as well as the contractility of thebcoLLecting
lymphatics when they possess smooth muscle in their wall
(Yoffey & Courtice, 1970) (described later on).

The fdcaL point of the majority of studies of hepatic
Lymph 1is the protein moiety. Starling (1894, 1909
collected Lymph from the large lymphatic vessels 1in the
lesser omentum and found that it contained nearly as much
protein as did the circulating plasma.

Many workers have studied the thoracic duct Lymph 1in
contrast to the few who have reported on hepatic Lymph.
It 1is suggested that Lliver Llymph differs from Llymph
elsewhere in that there appears to be an equivalence of its
protein and lipid moieties to those of plasma itself,and
this 1is no strange conclusion if one recalls the nature of
its site of origin previously described.

Rate of flow:

Smith et al (1970) who cannulated the largest Lymph
trunk at the porta hepatis after tying the rest in
conscious Marino ewes and rams, found that the rate of flow
was 1.0-3.0 ml per hour. Friedman et al (1956) found that
in rats it was 0.08-0.1ml per 12 hours and at the end of 12
hours about 1.5ml  of Lymph was collected, with

considerable individual variations (range of 0.45-
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3.5ml/12hrs) . Popper and Schaffner (1957) found that in
the normal non-anaesthetized dog, hepatic lymph amounted to
nearly 0.2mlt/min, and that in the anaesthetized dog the
rate of flow increased. In rats they found that the Llymph
output was around 5ml/day, the exact amount depending on
the state of hydration and digestion. Courtice (1960)
found that 1in rabbits the normal average Lymph flow s
0.7ml/hr which is somewhat less than the flow of Lymph 1in
the cat (Morris, 1956b) and in the dog. The rate of flow
was found by Courtice (1960) to increase 1in —cases of
hypercholesterolaemia and after biliary obstruction. It
appears that different species have different rates of flow
under different circumstances.

It 4s generally agreed that the liver has a Llarge
lymph output, perhaps greater than that of any other organ.
Thus, it may contribute up to 20% of the total thoracic
duct lymph, and in starvation it may be up to 50% [Popper &
Schaffner (1957)1. Friedman et al (1956) found that the
maximal pressure observed of rat hepatic lymph was 26cm of
Lymph.

Protein content:

It 4is calculated that the total proteins of hepatic
Lymph is about one third lLess than that of the plasma.
Smith et al (1970) found that the ratio of total Lymph
proteins to total plasma proteins in case of the Lliver
equals 0.76 + 0.02. This makes the hepatic Lymph the
richest lymph in proteins, a fact which supports its origin

principally, from fluid in Disse's space. Yet the evidence
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indicates a <certain degree of molecular sieving of the
protein molecules according to their size. This molecular
sieving has been further demonstrated for even Larger
molecules or complexes, the Llipoproteins. This molecular
sieving, 1in the case of the liver, can be explained on the
basis of the presence of small endothelial fenestrations,
Large ones, and Llarger ones partitioned with strands of
endothelial cytoplasm. So small molecules pass through
any fenestrations and larger molecules pass only through
Larger ones.

Since the Liver is also a major site of synthesis of
plasma proteins, it is possible that some proteins entering
the Lymphatics via Disse's space are newly synthesized.
The balance of evidence, however, suggests that plasma
proteins newly formed in the liver mainly pass directly
into the blood stream. This conclusion 1is based on
experiments in which the thoracic duct was Lligated or
a thoracic duct fistula created. Cremer et al (1974)
ligated the thoracic duct of rats and studied the
biochemical analysis of the serum. They showed that the
loss of protein from the thoracic duct was much greater
than the decrease in total circulating plasma proteins.

Courtice (1960) found that the relative concentration
of albumin was greater than that of globulin as a whole and
of each of the individual globulin fractions. In normal
animals, the albumin concentration was above 96% of that of

plasma, whereas that of the globulin was 74% of that in the
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plasma. Brinkhous and Walker (1941) examined in dogs the
prothrombin concentration of the Lymph in the thoracic
duct, femoral Lymphatics and the Liver. Taking the
prothrombin Level of the blood plasma as 100% they
established the following values: "femoral Llymph 7.6%,
thoracic duct 50.7%, Lliver Llymph 93.2%.

Glucose content:

In normal rats, the average glucose concentration of
hepatic Lymph is about one third greater than that in the
plasma. In previously fasted rats, the average glucose
concentration of hepatic Lymph is about one fifth greater
than that of plasma.

Cholesterol content:

The average concentration of cholesterol in hepatic
Lymph (33mg/100ml) 1is <considerably Lless than that of
plasma.

Little difference was observed between the
concentration of Lipid in Lymph and plasma.

Cholate content:
It 1is doubtful if a true difference exists in the

concentration of this substance in the two fluids (Friedman

et al, 1956).

It 4is approximately the same as that of plasma.

Smith et al (1970) calculated the <cell <count 1in
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sheep's hepatic lymph to be 2000 - 6000 ceLLs/mm3, compared
to 100 - 1000 ceLLs/mm3 in Lymph <collected from other
tissues, with lymphocytes making 70-85%, macrophages 5-20%
and others 5-10%. This high cell count indicated that
there was an extensive traffic of cells through this organ
(Lascelles and Morris, 1961). Heath, Lascelles and Morris
(1962), taking the average cell content of peripheral Lliver
tymph as 4 x 106/mL estimated that 2 «x 109 cells migrate
from the liver each day, of which, 2 x 108 are macrophages.
Many of these <cells appear at some stage of their Life
history to be part of a population of phagocytic cells that
are 1in contact with blood and able to take up particulate
material from it. The most obvious cells in the Lliver with
these capabilities are the Kupffer cells. It seems that
having phagocytised particulate material from the blood
stream din the liver sinusoids, many Kupffer cells wvacate
their position on the walls of the hepatic sinusoids and
migrate into the hepatic lymph.

There are some reports suggesting that the liver may
be the site of the preferential recirculation of
Lymphocytes. Fichtelius and Didenholm (1959), Fichtelius
et al (1961) and Fichtelius and Groth (1963) Llabelled
splenic Llymph node and thymic <cells with radioactive
phosphorus 32P and 3H—thymidine and infused them
intravenously, they found that there were higher
concentrations of radijo—activity in the hepatic Llymph nodes

than 1in other nodes. No evidence was presented that the

Labelled cells specifically came via the hepatic peripheral
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Lymph.
Horii et al (1950) measured the number of Lymphocytes
in the hepatic artery and portal vein of rabbits and found

it to be higher than in the hepatic vein.
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E. THE PORTAL CANALS

Portal <canals are seen in sections of the Lliver as
small triangular or round profiles at the "corners" of the
classic Lliver lobules. Each portal canal consists of lLoose
connective tissue and contains an interlobular vein,
interlobular artery, dinterlobular bile duct, Lymphatic
vessels and non-myelinated nerve fibres. The frequently
used term "portal triad" designates the three most
prominent elements of the portal canal: the vein, artery,
and bile ducts. "Portal tetrads" is to be preferred since
it also includes the lymphatic vessels.

Between the portal <canals and the perilobular
limiting plate Llies a space that contains hepatocytic
microvilli, bundles of collagen and interstitial fluid. It
was first described by Mall (1906) and is now known as the
space of Mall. There has been much debate about two main
features of Mall's space. First, whether it really exists
as such under normal physiological conditions or whether it
is merely a potential space. Secondly, whether it is a
Lymph space, as it was thought to be by Mall himself. Leak
(1976) thought that any fluid from the space of Mall might
drain 1into Llymphatics. A commonly held view is that it
belongs to the series of spaces through which the Llymph
passes before finally reaching the lymphatics.

The portal canals, also called interlobular spaces or
portal tracts, consist of irregularly arranged collagenous

connective tissue bundles between which some fine fibrillar
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reticulum fibres are suspended. The denser connective
tissue protects the vessels which are firmly anchored
within the portal canal. Elastic fibres or membranes
originating from the elastic lamella of the portal wvessels
ére interwoven. |

The structure of the portal canals shows species
variations (Popper & Schaffner, 1957) . In man the
adventitial Llayers of arteries and veins seem to wunite.
The 1interlobular bile ducts are close to the vein or
separated from it by lymphatic vessels. In the Llarger
portal canals, many Llymph vessels are found. The tissue of
the portal canals has been estimated to form 4.67% of the
total volume of the Lliver in the adult and 6% in <children
(Popper & Schaffner, 1957).. In pigs it forms complete
capsQLes around each lobule. This, however, is
not necessarily associated with an increase of the total
portal connective tissue of the portal canals, since the
connective tissue in the pig is much thinner around the
vessels. In man, narrow secondary trabeculae extend into
the parenchyma from the portal canal. They contain the
interlobular branches of the hepatic artery or precapillary
arterioles.

The morphological division of the connective tissue
framework of the liver into a capsule, the fibrous tissue
of the portal —canals and the intralobular network of
fibres, happens to correspond to the order in which these

components were discovered. The old observers, such as
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Glisson, viewed the <connective tissue framework of the
liver more or less as one unit, a concept embraced by the
original meaning of the term "Glisson's capsule". It was
only after the 1introduction of silver stains by Oppel
(1891), Maresch (1905, Wolf (1905) and after Mall (1888,
1891) and Siegfried (1892) had demonstrated some physical
and chemical differences between ‘them, that the three
divisions of the connective tissue framework were
separately recognised.

Between the connective tissue bundles of the portatl

canals, cells with large vesicular nuclei are found. Their

cytoplasm may contain engulfed material. Some of these
cells are TfTixed macrophages, others are wandering
monocytes. Some Llymphocytes and plasma cells may also be

present, though whether they are normal constituents or not
has been debated. These cellular elements are frequently
arranged around the Llymphatics. The incidence of
accumulations of macrophages and lymphocytes wvaries 1in
different individual rats, all apparently normal (Aterman,
1981). Accumulations become larger and more common with
increasing age. ALL transitions may be encountered, from
only a few cells, to large aggregations forming Lymph
foLLi?Les with germinal centres (Aterman, 1981), to
irregular accumulations without any pattern and without any

evidence of a significant disorder of the Lliver.
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F. TH

The significance of the lymphatic system lies in the
fact that excess proteins and fluid in the interstitium are
capable of disturbing the normal Starling pattern of
exchange between blood capillary wall and the surrounding
tissue spaces. This process, if Left unchecked, would Llead
to oedema formation. The constant Loss of diffusible
substances and plasma proteins from the blood <capillaries
in the interstitium, 1if allowed to continue would not only
deplete the blood <circulatory system of dts plasma
colloids, but would alsoc disrupt the balance of forces
responsible for the <control of fluid movement and the
exchange of gases, fluids and materials across the blood
vascular system. Lymphatics subserve the body tissues by
constantly removing the excess ijnterstitial fluid and
plasma proteins that are not removed at the venular Llimb of
the blood vascular system. In this way the Llymphatic
system prevents a build up of these components within the
interstitium, accomplishing the maintenance of fluid
homeostasis for the various tissues of the body.

The beginnings of the lymphatic vessels are located
near the site of cellular metabolism and also have a <close
topographic relationship with the blood capillaries and
small venules (Leak, 1976). In this way, the drainage
system is strategically placed and s anatomically
constructed to permit a continuous and rapid removal of

transient interstitial fluids, plasma proteins and cells.
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The gross and microscopic structure of the Lymphatic
system is well covered in several general reviews, on which
the following account is based, e.g. Mayerson (1963), Allen
(1967), Rusznyak, Foldi and Szabo (1967), Foldi (1969),
Kampmeier (1969), Yoffey and Courtice (1970), Courtice
(1971), Casley-Smith (1973) and Courtice (1981).

The most peripheral elements of the system are
innumerable, small, thin-walled vessels. They perform the
primary function of the Llymphatic system of removing
material from the tissues. They progressively merge
centrally to form the "collecting Llymphatics", which
perform the second function of the system of transporting
the material to the blood. The peripheral Llymphatics are
variously named lymphatic capillaries, terminal Llymphatics,
small Lymphatics or initial Llymphatics. They are usually
about O0.5mm long, 20-60um in diameter. The size of the
Lumen of any individual Lymphatic capillary changes
considerably from time to time depending on the state of
hydration of the tissue concerned. They are very dirregular
in shape, usually rather flattened, although varying
throughout the initial lymph cycle (see later). The Llining
Layer of endotheljum is, at best, supported by a poorly
developed basement membrane, making Ulymphatics easily
distinguished from blood capillaries in most tissues of the
body.

Passing centrally, the <collecting Llymphatics add

other elements to their wall, such as dnternal elastic
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Lamina (which is usually incomplete and disappears in the
thoracic duct), smooth muscle cells and connective tissue
in general (Casley-Smith, 1969%9a; Schipp, 1967). There are
many non-myelinated nerves (Morris, 1956b). The collecting
~lymphatics have many centrally~directed valves which
appear in sectional profile as truncated cones (Boussauw &
Lauweryns, 1969). The smooth muscle and the valves play an
important role in the dintrinsic propulsion brOperties of
the lymphatics, at lLleast in some mammals.

The fine structure of the initial Lymphatics has been
reviewed by Majno (1965), Ottaviani and Azzali (1965),
Viragh et al (1966), Leak and Burke (1968), Lauweryns and
Boussauw (1969), Casley-Smith (196%9a), Leak (1970), Yoffey
and Courtice (1970), Dobbins and Rollins (1971), Kalima
(1971), Courtice (1981).

The walls of Llymphatic capillaries in all tissues and
in all mammals are somewhat similar in their fine structure
(Courtice, 1981).

The endothelial cell s thickest in the nuclear
region, up to about 6éum, and elsewhere becomes attenuated,
sometimes as Llittle as O.1pm.

The endothelial <cells are irregular in shape with

numerous projections on both their Luminal and abluminal
faces. These projections may extend deeply 1into the
connective tissue. The basement membrane is much Less

developed, often greatly attenuated or even not visible at
all. Endothelial cells of small Lymphatic vessels are

connected to the surrounding tissue by fibrils. These have

37



been suggested as early as 1876 by Gaskell and Starling
(1898). Later they were confirmed by light microscopy by
Clark and Clark (1921) and by McMaster and Hudack (1934).
Leak - and Burke (1966) detected them by electron microscopy
in the Llymphatic vessels of the ears of albino guinea
pigs. They consist of numerous fine filaments (7 603 in
diameter) that are attached to the abluminal face of
lymphatic endothelium at areas of dncreased electron
density, similar to hemi-desmosomes. The filaments extend
for varying distances into the adjacent connective
tissue, to which they anchor the lLymphatic vessel. As the
amount of tissue fluid increases, the tension on these
filaments causes the wall of lymphatic vessels to be drawn
apart instead of the vessel collapsing. This ensures that
the vesséLs dilate, and fill with the surrounding fLuid.
The overtapping endothelial intercellular junctions
are the most important structures in the whole system, for
upon them depend both the uptake of material and 1its
retention (Casley=Smith, 1977; Leak, 1976); many of these
junctions resemble those in the blood capillaries. Those
with dinterdigitations probably help to hold the «cells
together (Majno, 1965). Others may be "tongue and groove'"
and edge to edge approximations. Sometimes there dis a
space between endothelial cells approximately 903 in width,
which appears to contain no intercellular cement substance.
In some areas the cells may be more tightly joined together

with "tight" junctions (zonulae occludentes) or desmosomes,
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(zonulae adherentes). It seems, however, that most
endotheljal cells may be easily separated in places, either
by an increased formation of tissue fluid or by movement,
as in the diaphragmatic lymphatics. In this way open
junctions are formed (French et al, 1960; Casley-Smith,
1964a,b) . In blood vessels, open junctions are only seen
in sinusoids and dinjured vessels, but in the Llymphatic
system they may occur in atl initial lymphatics.

In quiescent regions, e.g. the pinna of the mouse
ear, there are very few portions of the junctions open.
These increase dramatically after injury, especijally if
oedema is present (Casley-Smith, 1967a, 1970a, 1972, 1973).
They are alsoc more frequent in active regions, particularly
where there dis much motion of tissues or frequent
variations in tissue pressure, as in the dintestinal wvilli.
Dobbins and Rollins (1970) studied 254 sections through
junctions in the intestinal lymphatics: 6 were open, 10
were closed, 89 were tight and 149 could not be seen
clearly enough to be identified, i.e. about 6/105 (6%) were
definitely shown to be open. Other workers using the same
tissue (Casley-Smith, 1962; Palay & Karlin, 1959a; Papp et
alt, 1962) found greater numbers of open junctions. Dobbins
and Rollins (1970) considered that such numbers were too
small for the Jjunctions to contribute significantly to
Lymphatic filling. Later on Casley-Smith (1975b), Elhay
and Casley-Smith (1976) showed that they were more than
sufficient. It should be pointed out that open junctions

are not necessarily open all the time. They may be closed
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during tissue compression, in the sense of two cells being
forced close together.

Electron microscopic sections give a false impression
of the actual nature of the junctions. It is only through
the Llabour of serial sectioning that an dimpression s
gained of how much indiv{duat junctions vary along their
length. In places along their Length, the complex
junctions became simpler until they are just overlapping
cellts; then the zonulae disappear and this portion of the
junction becomes open. After an.intervat the complexity of
the Jjunctions reappears and continues until the next open
junction (Casley-Smith, 1977).

As Llymphatics pass centrally, the junctions in the
collecting Llymphatics become less frequently open until
they are all closed.

Small smooth (7 70nm) vesicles are a prominent
feature of the endothelium, but they may be less important
than the junctions for lymphatic permeability. In the
Lymphatic endothelium they occupy 35% of the non-nuclear
cytoplasmic volume, with about half of this being accounted
for by their limiting membrane (Casley-Smith, 1969b).

The plasmalemma contains numerous invaginations
(caveolae or pinocytotfc vesicles) along both Luminal and
abtuminal surfaces and form part of the vesjcular system
(Leak, 1984). They vary 1in depth from mild depressions to
almost complete vesicles that merely touch the plasma

membrane. It is believed that they represent the formation
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or dissolution of endocytotic vesicles on the surface.

Phagocytic vesicles (0.1-5 um) are found if there are
particles to stimulate their formation. Their contents
usually stay in the cells (Casley-Smith, 1977).

The nucleus is located in the thicker region of the
endothelium and has a scalloped outline when the vessel 1is
collapsed; however, 1in diLated lymphatic cabiLLaries the
nucleus has a smooth to elliptical contour.

The cytocentrum, which contains a pair of centrioles
and a Golgi complex, is located in the perinuclear region.

The Golgi apparatus is a crescent shaped Llamellar
membranous structure, with numerous vesijcles <closely
associated with {dts periphery. Two centrioles are
occasionally observed in close association with the Golgi
apparatus wWwith one oriented perpendicular to 'the other.
This arrangement is reminiscent of that for centrioles in
other tissues.

The endoplasmic reticulum in the Lymphatic
endotheljum is mainly represented by cisternae of the rough
variety. In addition, ribosomes are scattered throughout
the cytoplasm in single units and as polyribosomes. The
small amount of endoplasmic reticulum perhaps indicates a
slow or very lLimited turnover of protein in these cells.

Mitochondria occh throughout the perinuclear area
and are also randomly distributed throughout the attenuated
rim of the cytoplasm. They show no special features.

There dis a small population of microtubules in the

cytoplasm, wusually 1in the wvicinity of <centrioles and
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occasionally observed throughout other areas of the
cytoplasm.

Cytoplasmic filaments are especijally numerous in
dermal Lymphatics but also observed in Lymphatic
endothellium of other tissues (Casley-Smith, 1964)

(Lauweryns and Baert, 1974).
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G. IH

It 1is difficult to distinguish dJnitial Llymphatic
capillaries from blood capillaries by Light microscopy.
Both have an endothelium, and, 1in material fixed by
immefsion, both contain a plasma coagulum. The presence of
erythrocytes does not positively exclude lymphatics, since
some Lymphatics, such as those draining the kidney (Hogg
1980, Hogg et al, 1982) and the spleen (Abbas, 1984)
regularly contain erythrocytes. Lymphatics draining the
liver were found by Samanta et al (1974) to contain
erythrocytes in idiopathic portal hypertension. It may be
even more difficult to distinguish very small initial
lymphatics from spaces in the 1interstitium, particularly
when stab injections of a dye or.ink have been used in the
attempt to identify lymphatics; ink filled spaces may
closely mimic lymphatics.

Electron microscopy has enabled the recognition of a

cycle of change in the 1initial Lymphatics - filling,
propulsion and emptying - and the fact that, at times,
Lymphatics may contain more protein than do the

capillaries.

The difficulty of recognizing lymphatics, especially
the initial ones, has frustrated many workers. While some
such as Casley=Smith (1977) have maintained that the matter
was fairly simple, that Llymphatics could be recognized on
the grounds of their size and contents provided that they

can be seen at all, others such as Comparini and Bastianini
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(1965) and Rusznyak et al (1967) have thought that the only
way of identifying lymphatics with certainty is to use some
form of experimental manipulation. This can be achieved by
ligating big efferent lymphatics, which results din the
enlargement of the small lymphatics (Rusznyak et al, 1967)
or by microinjection of tracers into lymphatics. These
methods have improved the recognition of lLymphatic
capillaries in some situations, although they have been
criticized as being unphysiological.

Changing concepts of the criteria by which Lymphatics
are identified in E.M. material are jllustrated 1in the
following paragraphs which summarize the methods and
criteria reported in some major papers.

Earlijer electron microscopic studies of the
lymphatics, e.g. those in the small intestine, fixed by
immersion, (Palay & Karlin, 1959a), the diaphragm (French
et al, 1960) and the glabrous skin of rat's penis (Fraley &
Weiss, 1961) described lymphatic capillaries as extremely
irregular in shape and Llacking a continuous basement
membrane.

Casley-Smith and Florey (1961) studied Llymphatics 1in
the ears of mice and guinea pigs, the diaphragm of mice and
coLonsv of rats by injecting 25% thorium dioxide, 5%
pontamine blue and intraperitoneal injections of pelikan
ink for LlLacunae of the diaphragmatic Llymphatics. ALL
specimens were fixed din dimmersion into Caulfield's
solution, and the general morphological features

distinguishing lymphatics were:
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- usually much bigger than blood capillaries

- very irregular walls

- often rather collapsed

- the endothelium dis usually slightly thicker but appears
thinner because of their larger diameter

- they have no fenestrations

- paler and less electron dense

- many have edge-to—-edge inter-cellular junctions,
overlapping or sometimes, controversially, opened

- often there were luminal projections (blood vessels may
have them too)

- the bas—-ement membrane may be tenuous or may be absent

- abluminal projections to which filaments were attached

- normally contained fewer red ceLLs and Less plasma
proteins than the blood vessels

Apart from the absence of fenestrae, none of these criteria

was absolute.

Leak and Burke (1966), wusing electron microscopy,
studied the ultrastructure qf Lymphatic capillaries and the
intimate association of numerous fine filaments with the
abluminal endothelial wall in the guinea-pig's ear, after
injecting them with shellac-free colloidal <carbon and
fixing them by immersion in 6.5% glutaraldehyde. They
found that Llymphatics in this area were <characterized by
the following:

- they have a wider lumen

-~ the absence of definite basement membrane

45



- the occurrence of numerous fine filaments along the
abluminal endothelijal surface

- intercellular junctions which may be overlapping or
interdigitating

—kmany endothelial processes extend for varying distances
into the Llumen of the lymphatic capillaries

- numerous pinocytotic vesicles, ranging from 75 - 100% in
diameter appear along the Lluminal and abluminal surfaces

and also throughout the cytoplasm

o
- larger vesicles 250 - 500A in diameter with oval to
irregular profiles were also observed within the
cytoplasm

In samples dinjected with colloidal carbon many of the
Larger vesicles contain one to several carbon particles.
Faﬁcett et al (1969) studied the lymphatic wvascular
system of the interstitial tissue of the testis in guinea-
pig and chinchilla by electron microscopy, after wvascular
perfusion of glutaraldehyde or acrolein. A physiological
salt solution 1in a reservoir at a height of 130cm ran
through a polythylene tube No. PE60 to the shaft of a 26~
gauge needle slightly blunted on a hone. Then under deep
ether . anaesthesia the testis was delivered through a
scrotal dncision and a silk suture placed wunder the
spermatic artery. The needle was introduced dinto the
vessel and tied 1in with the sutures. The testis
immediately blanched as the saline displaced the blood. As
soon thereafter as practicable, the saline was replaced

with the fixative. The perfusion was continued for 30 to
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45minutes. The hardened testis was then cut into small
pieces and immersed in ﬁhe fixative for an additional 30
mins. After repeated rinsing in the buffer, the tissues
were fixed in collidine or phosphate buffered 1% osmium
tetroxide for one hour and then rapidly dehydrated through
50, 80, 95% and absolute éthanoL, and embedded 1in Epon.
This method has been reported in detail because it
constituted a most important step in improving the fixation
of tissues, especially for use in =electron microscopy.
Moreover, washing the capillaries free of erythrocytes and
plasma helped greatly in ddentifying the unwashed
Lymphatics, which remained filled with Llymphoproteins
precipitated by the fixative.
The criteria Fawcett adopted in identifying
lymphatics were:
- lymhatics contained granular proteinous precipitate,
while blood capillaries were empty
- a Llumen, wider and more irregular than that of blood
capillaries
- an endothelium with an extremely attenuated <cytoplasm,
except in the nuclear region
- a discontinuous basement membrane
- endotheLiaL cell juhctions generally lacking the so-
called tight junctions that have been described for some
blood capillaries. In the testis Fawcett et al (1969)

demonstrated Llarge gaps between endothelial cells of

Lymphatics
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- anchoring filaments which terminate on the wvessel wall
and serve to connect the vessel wall to the adjoining
connective tissue.

Fawcett's method and criteria have become the
standard tool for the study of lymphatics.

It 1s important to emphasize again that the structure
of Lympﬁatics, as a part of the microcirculation, 1is an
integraL part of any particular tiésue, and regional
variations are to be expected, such as the wide open
junctions 1in lymphatic sinusoids in the testis and the

Lacunae in the lymphatics of the diaphragm.
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H. THE DEEP INTRAHEPATIC LYMPHATICS

Well defined lymphatics can be demonstrated by Llight
microscopy in large portal areas of the liver, but not in
-smaller portal areas. Schatzki (1978) studied hepatic
lymphatics in female Sprague-Dawley rats weighing about
350gm. The animals were anaesthetised with diéthyl ether,
supplemented by intraperitoneal injections of pentothal,
the portal vein was perfused with 2% glutaraldehyde. The
inferior vena cava was incised to create an outlet for the
perfusate. The Lliver hardened immediately. The Lliver and
porta hepatis were removed en bloc and kept in the fixative
for 4 hours followed by overnight washing with 0.15 molar
sodium cacodylate buffer pH 7.4. Areas of Liver din
continuity with the porta hepatis were trimmed, coated with
7% agar, chilled and cut into 225 um slices. The slices
were floated in buffer and trimmed under a dissecting
microscope with a razor bltade 1into blocks showing
continuity of liver parenchyma and fibrous tissue of the
porta hepatis. The blocks were then post fixed for 1 hour
in 1% osmium tetroxide in water; dehydrated with increasing
concentrations of alcohol, treated with propylene oxide and
embedded 1in Epon. Sectijons <cut with a diamond knife,
double stained with wuranyl acetate and Lead citrate,
mounted on uncoated grids and studied 1in an electron
microscope.

Schatzki (1978) found that lymphatics in the Lliver

were not identified away from the fibrous tissue of the
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porta hepatis. "Cleft-Llike" spaces were noted at times in
the space of Mall or surrounding hepatic veins. These
might be mistaken for Lymphatics by Llight microscopy, but
they were not lined by endothelium and therefore did not
represent lymphatics. Schatzki also found that in areas
representing junctions of the portal —canals and Lliver
parenchyma numerous dilated channels with a very thin Llayer
of endothelium were seen. These contrasted with the very
much smaller blood capillaries lined by a much thicker
endothelium. The Lining endothelium of the rather dilated
lLymphatic vessels appeared quite thin, about 375nm. In
general, no basement membrane was seen, but in a few areas
there was granular basement membrane material. The
endothelium, which generally abutted directly on collagen,
contained many vesicles, some mitochondria, glycogen
particles and occasional Llysosomes; anchoring filaments
were found to be scarce. Endothelial cells were joined
together by a variety of junctions, 1including desmosome-
like structures, maculae adherentes, zonulae adherentes and
deep infolding of adjacent cells with maculae adherentes.
The space of Mall appeared usually as a potential space,
filled with collagen fibres and delineated by various cell
processes into "spaces'mimicking lymphatic vessels'". These
characteristics of hepatic lymphatics described by Shatzki
conform with those of Lymphatics elsewhere.

It is commonly said that, in general, the Llymphatic

system begins "blindly", either in the form of a network or
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as a saccular outpocketing (McCallum, 1903) . This
suggéstion has been supported for Lliver Llymphatics by
Yamamoto and Phillips (1986). They studied the livers of
five New Zealand male rabbits. The Lliver was first
perfused with Ringer's solution via the hepatic artery at a
pressure of 150cm of water. Then the resin was 1injected
into the bile duct at a pressure less than 16mm Hg which
was sufficient to cause resin to Lleak into the
interstitium, then to be picked up by lymphatics. Casts
produced were studied by scanning electron microscopy.
Some of the "blind ends" found were <connected with
structures of the surrounding interstitial tissue} these
connections suggested that there might be open junctions in
the wvascular wall, although - they might equally be
artifacts, in view of the methods used to demonstrate them.

Castenholz (1984) supported the view of "blind ends"
of lymphatics in the rat's tongue, by SEM of resin casts.

The crucial aquestion s "where are these '"blind"
endings or beginnings of the lymphatics situated?”

Most people who have studied this problem confined
their attention to the classical view of lymphatic channels
as those lined by endothelium. At the site of origin of
the hepatic lymph, d.e. .Disse's space, none were found.
Disse (1890) when desc}ibing the pericapillary (sinusoid)
cavities within the Lliver acini thought that they were the
beginning of the hepatic lymphatics, but he expressed his
reservations because of lack of lymphatic endothelium. The

current belief ds that in the Lliver, the Llymphatic
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capillaries do not penetrate the lobules as do the blood
capillaries, but are arranged around the periphery, i.e. in
the portal tracts.

Comparini (1969) studied a group of 20 human Livers
from different ages, with special emphasis on young
subjects (2 and 3 year old children). Samples were fixed
by immersion in buffered formaldehyde, embedded in paraffin
and serial sections, 8 um thick, were studied by Llight
microscopy. He found that by following backwards the
lymphatics 1in the serial sections right down to their
origin, he was able to ascertain that they started in the
areolar tissue of the portal tracts, close to the space of
Mall and that there were no direct channels connecting the
intralobular tissue spaces and the lymphatics proper.

The next question is "at which Llevel of portal tracts
do lymphatics start to appear?"

Most reports and textbook accounts give the
impression that Lymphatics can be found in any portal
tract, regardless of its size and therefore of its
situation along the branching tree of <connective tissue
which accompanies the portal tracts. A recent report by
Yamamato and Phillips (1986) on lymphatic casts in rabbits'
liver showed that lymphatics extend as far as the terminal
portal tracts. Schatzki (1978) denied their existence in

"smaller" portal tracts (no dimensions were given) in the

rat's Lliver.
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What is the wvascular pattern of intrahepatic
lymphatics?

Comparini and Bastianini (1965) studied the vascular
pattern by Halpern's graphic method of reconstruction.
These reconstructions were made on the liver of 2 and 3
year old human children because the parenchymal Llymphatic
pattern, wunlike that 1in the grown up and aged subjects,
was clearly and constantly visible and easily traceable.
The material was fixed by immersion, embedded in wax and
strictly serial histological sections were prepared and
then stained. This method, they claimed gave an accurate
picture of the Llymphatic pattern.

The first reconstruction showed very small
interlobular vessels. In the first section of the series
the diameter of the portal vein was 132 um. The Llymphatics
had a pLexiform pattern, sinuous and Llaminar near the
artery. This arrangement round the artery was
characteristic. Reconstructions of more peripheral tracts
also showed a plexiform pattern of lymphatics.

The second and the third reconstructions made from
tissue nearer the porta hepatis showed the interlobular
vessels of the Liver just stightly larger than in the first
reconstruction but this disposition of the simple
formations and their relations were more complex. In the
first section of the series the portal vein diameter was
155 pum. At this level, the complexity of the disposition
of the single vascular formations and their relations were

far more remarkable than further peripherally. The
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lLymphatic pattern was no longer strictly limited to spaces
near the artery but it crept in between the arterial,
venous and biliary branches, ensheathing all the structures
in a delicate network with Llarge drregular meshes.
However, it stiLL appeared denser round the larger arterial
branch, which came to be éLmost entirely hidden. Thus even
here the disposition formerly noticed at the more
peripheral site was maintained, and the lymphatic network
seemed to <cover all the components of the dinterlobular
space, matching the complexity of the vascular pattern. A
slender perivenous Llymphatic arrangement began to be
noticeable, whilst no specific relationship could yet be
detected between the Llymphatics and the biliary ducts.
Nevertheless, wup to this moment it still seemed advisable
to speak of a plexiform Lymphatic pattern rather than of
real Llymphatic vessels, even though well defined vessels
sometimes appeared. A peculiar feature of the Llymphatics
was the irregularity of their djameter, very slender tracts
often alternating with wide dilatations. This irregularity
of the <contours was remarkable -everywhere and was
frequently interspersed with diverticular formations and
blind appendices. ALL this contributed to the formation of
a vasal pattern whose morphological features were
unmistakable.

In reconstruction in which the first sectional
profile of the portal vein was about 820 um in diameter,

Comparini and Bastianini (1965) also found a remarkable
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complexity of the vasal pattern. Venous, arterial and
bildary branches crossed each other 1in many ways,
interlaced with the nervous branches and the Lymphatic
pattern to form an extremely intricate pattern round the
larger gauged vessels. The lymphatics still selectively
covered a Llarge part of the arterial pattern, even where
the vasal pattern was more compLex.' At this Llevel, a
peribiliary lLymph pattern also began to be visible,
although at first rather modest. Sometimes lymphatics near
the small bile ducts were found directly beneath the
epithelium, suggesting a simple transfer of biliary
material to the Lymph vessels.

In the midst of this <complexity, Comparini and
Bastianini found that, here and there, well defined lymph
vessels might show up, only to disappear‘again into an
intricate plexiform arrangement after a short run.

The importance of the lymphatic plexus was not the
same all over the areas of the interlobular space, as
there were tracts where the lymphatics were extremely dense
and tracts where they were poorer.

Comparini (1969) studied the lymphatics that follow
the hepatic vein and called them 'central Lymphatics".
Tﬁese lymphatics began in the same way, i.e. outside the
lobule, but they were never so numerous as the deep
tymphatics in the portal tracts. The arrangement of the
Lymphatics around the hepatic vein was always relatively
simple. The disproportion between the capacity of the two

different sections of the deep lymphatics of the Lliver
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(portal and central Llymphatics) was remarkable. Whilst the
Lymphatics following the portal veins were numerous and
grew richef as they proceeded towards the porta hepatis,
the lymphatic "satellites" of the hepatic vein were instead
only few, even around the larger venous branches.

Comparini (1969) also found that the Llymphatics in
the portal tracts were mainly found in proximity to the
arteries. This relation became gradually more evident
following the branches of the hepatic artery right into the
larger portal tracts. This relationship was so constantly
repeated, it might well be defined as '"characteristic".
The relationships between the lymphatics and the biliary
ducts and veins were no doubt of minor importance. In the
porta hepatis, the gradual prevalence of the venous pattern
caused the larger lymphatics to adhere also to the walls of
the veins.

Yamamato and Phillips (1986) studied the three
dimensional model of intrahepatic tymphatics in the rabbit
by injecting resin into the bile duct under enough pressure
to make it leak into the dinterstitium and then drained by
the tymphatics. They found that the lymphatics formed a
rich network around the portal vessels and bile ducts.
This plexus was mainly composed of straight and
anastomosing short side branches which formed frequent
communications between the straight channels. The straight
parallel to the portal tracts and the side

channels ran

channels communicated with them. The number of the
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straight channels varied from 2-3, to 6-10 4in a big portatl
tract. Yamamato and Phillip's description seemed much less
complex than that of Comparini and Bastianini and there was
Less emphasis on describing the deep Llymphatics as
plexiform.

Fujikawa and Magaris (1975) studied the Llymphatic
capillaries in Glisson's capsule of the rabbit's Liver by
electron microscopy and found that large lymphatics showed
a thin endothelium and a wide lumen, while L(ymphatic
capillaries had a thick endothelium and a very narrow
Llumen.

The "thin" endothelial layer was 2?00% in thickness.
The cells <contained numerous pinocytotic vesicles and
caveolae, the largest one measured 1300& in diameter. The
endothelial junctions were demonstrated as a simple
interdigitation, in which usually two small desmosome-Llike
structures were detectable. The intercellular gaps were
irregularly enlarged except for the site of junction. The
basal lamina was completely absent. In the sub-endothelial
area, not only fine filaments measuring about 1003 in
diameter but also large bundles of collagen surrounded by
the cell processes of the fibroblasts, appeared to be in
close association with the abluminal surface.

Between the deepest part of Glisson's capsule and the
sub-capsular Llimiting plate, a Large number of Lymphatic
‘capillaries ran in all directions, anastomosing to form a
network. Comparini (1969) also found that as ‘they

| traversed the middle lLayer of the capsule, they retained
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their capillary structure but had a wider LlLumen. In the

superficial Layer, the morphology and the distribution of

the Lymphatic varied. At this level, besides the delicate

Lymph capillaries there were many ample collecting vessels

with valves. |

Communications between the deep lymphatics of the
Liver and the —capsular Llymphatics are controversial,
although many have <claimed their presence. Comparini
(1969) described in the human liver two possible types of
anastomosis:

1. At the capillary level, between the Llymphatic capillary
network in the deeper layer of the capsule and the

. Lymph vessels coming from the sub-capsular Liver
parenchyma.

2. At the Llevel of the Llarge superficial <collecting
vessels, between the large capsular lymphatics and the
parenchymal Lymph vessels in the sheaths of Glisson's
capsule.

Szabo et al (1975) cannulated the right lymph trunk
in the neck and the thoracic duct and ligated the —cystic
and the <common bile duct of mongrel dogs. They found
practically no anastomoses between the Lymphatics of Liver
capsule and the deep Lliver lymphatics; very few, 1if any,
connections could be demonstrated, even in the presence of
a substantial fluid load or/and occlusion of the major part

of the Llymphatics draining the liver parenchyma at the

porta hepatis.
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The plexiform arrangement of the deep hepatic
Lymphatics is not a unique feature of the Liver. Many
other tissues have a similar pattern. Castenholz (1984)
studied the sub-epithelijal lymphatics of the rat's tongue
by scanning electron microscopy of dinterstitially fixed
tissue and corrosion casts. A plexus—Like arrangement was
demonstrated. Similar patterns have also been described in
the tongues of other species.

A quite different system of peritubular Llymphatic
spaces, however, has been described in testicular tissue
indicating the organ specific pattern of lymphatics in the
internal organs (Clark, 1976).

The Uliterature describing testicular Lymphatics s
contradictory. It 1is generally agreed that there s a
rich plexus of subserosal lymph vessels in the tunica
albuginea and that, in targe mammals, these extend into the
septula. There is no unanimity, however, as to the
existence of lymph vessels 1in thg interstitial tissue.

Fawcett et al (1969) described spaces delineated by
attenuated endothelial cells with slender elongated nuclei.
They suggested that the spaces bounded by such an
endothelium were so variable in calibre and irregular in
shape that they would be more accurately described as
"sinusoids" than as typical lymphatic capillaries. However,
vessels described for the testis conform in most respects
to the general criteria in other tissues and wundoubtedly

constitute the primary or jnitial elements of a Llymphatic

system that drain the parenchyma of the testis.
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The route followed by Lymph from its origin in the
space of Disse to the point where it s picked wup by
Lymphatic of the porfaL tracts has Lled to <considerable
controversy.

Disse (1890), who first described the perisinusoidal
space, thought that it was the starting point of hepatic
lymphatics, but he hesitated to call it a Lymph space
because it Lacked a <complete endothelijal wall. This
hesitation is still felt by many modern workers, most of

whom feel that it is not acceptable to call a structure a
Lymphatic" unless it has a typical endothelial Llining.
Elias (1949) suggested that typical Lymph wvessels
accompanied the portal vein, hepatic artery and bile duct
forming networks in the interlobular spaces and also sent

occasional, rather straight spurs into the interior of the

Lobule. He thought that these spurs were located in the

delicate connective tissue surrounding the arteries,
venules and bile ducts. The spurs then communicated with
the space of Disse which he considered as a "virtual

Lymphafic lacuna".

Schatzki (1978) stressed the fact that there were no

direct communications between lymphatics and the spaces of
Disse and Mall.

Henrikson et al (1984&4),when reviewing the blood-lymph
barrier 4in the liver, thought it was probable that the

perisinusoidal space communicates more or less freely with
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the spaces in the connective tissue of the portal tracts,
around the entry of terminal branches of portal vein or
hepatic artery 1into the sinusoid through the Llimiting
plate.

Leon Weiss (1983) presented what he considered as the
most generally acceptedrview, which contended that the
perisinusoidal space of Disse is the site of origin of
Lymph and that, from this, fluid enters the periportal
tissue space of Mall, from which it subsequently diffused
to the lymphatic capillaries.

Leeson and Leeson (1985) mentioned only that the
fluid formed in Disse's space discharged into interstitial
spaces of the connective tissue and then passed indirectly
into lLymphatic capillaries.

BLoom and Fawcett (1986) presented the view that
fluid 1in Disse's space flowed towards the periphery of the
lobule and then percolated into the extracellular spaces
around the interlobular twigs of the bile ducts and the
portal vein. It thus became the tissue fluid of portal

tracts which was drained by lymphatic capillaries.
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The developmental origin of the Lymphatics has been
controversial since the earliest studies in the nineteenth
century and still remains so. In 1880, Budge thought that
there were two lymphatic ;ystems in the chick embryo. The
first, or primitive one, was present in the three-day
chick. He thought that, the false amnion and coelom being
continuous, there were ducts within the body wall connected
with the coelom, analogous to those of the area vasculosa
which he had injected from the false amnion. The ducts
within the body Llying along the dorsal Lline became pinched
off from the coelom and united to form a thoracic duct.
With the thoracic duct began the second or permanent
Lymphatic system which he had injected along the arteries
in nine-day chicks. Although this idea of relating the
Lymphatic system to the serous cavities has proved to be
incorrect, it lLed to the discovery of the true origin, for
it was by dinjecting into the side of the neck 1in early
embryos in the hope of reaching what was called "Budge's
space" behind the aorta that the cervical lymph heart was
injected and Llymph hearts give the key to all the

superficial Lymphat1055

Ranvier published a Llong series of articles between

1895 and 1897 on the development of the Lymphatic system in

the frog and 1in pig embryos. From his dinjections of

Lymphatic capillaries in the skin and intestinal villi of

pig embryos, he made the important discovery that the
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Lymphatics within the capillary plexus grew by budding. He
suggested that from the side of a duct appeared a bud which
was at first solid, but soon developed a lumen which became
larger and advanced until it reached a second one 4into
which it opened, by a process of absorption of fhe
endothelium. At the point of junction a valve developed.

Gulland (1894) stated that the fluid of the blood
filtered into the tissue spaces which gradually dilated and
flowed together to form the first lymph duct, the wall of
which was made from the connective tissue which became
compressed around it.

Sala (1900) thought that the first trace of a
lymphatic system was the appearance of LlLymph hearts or
spaces in ‘the mesenchyme Jjust lateral to the caudal
myotomes. These spaces flowed together and joined the
thoracic duct, which formed as two cords of mesenchymal
cells extending from the lLevel of the thyroid gland to the
lLevel of coeliac axis.

Clark (1912) tried to obtain a complete history of
the growing lymphatic sprout and of the growing mesenchymal
cells individually and side by side, to determine whether
the Lymphatics grew by the addition of mesenchyme cells or
by sprouting of pre-exisiting lymphatic endothelial cells.

He found, 1in the transparent expansion of the tail of

tiving frog larvae, that mesenchymal «cells sent out

processes, some fine, some coarser, from the thick central

perinuclear area. These branched mesenchyme cells shifted
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their position by ameboid movement. Fine processes were
sent out from the main body of the cell, which might be
guite temporary and might be withdrawn subsequently. The
rate of such movement was variable in individual cells and
it was pricipally towards the free margin of the fin.
Another feature of these.ceLLs was that they were'seen to
divide.

As for the growing lymphatics, two distinct processes
were seen to occur: cell division and cell migration. The
sprout of cytoplasm so formed grew into the tissues as a
solid mass in which a lumen appeared later on, then the
nucleus moved in. So it appeared to Clark (1912) that each
of the two tissues had a characteristic and 1independent
Life, each maintained its independence throughout and a
mesenchymal cell was not transformed into Lymphatic
endothetium.

Clark and Clark (1933) again supported this view in a
subsequent study on the Lliving Llymphatic vessels in
transparent chambers in the rabbit's ear. By prolonged
microscopic studies day by day observations of the growing
sprout of the new Lymphatic proved to be similar to that in
the transparent tails of amphibian larvae.

Although this view has prevailed for some time now
in part at least, because of its resemblance to

perhaps,

the mode of growth of blood capillaries, there are reports

supporting the contrary view.

Klika et al (1972) studied the development and

growth of lymphatics in the epicardium of the-chick embryo
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from the 9th to the 14th day of incubation. On these days
the first lLymph vessels reach the embryonic heart, spread
over the surface of the ventricular myocérdium in the
subepicardial mesenchyme and acquire their first valves. A
retrograde injection of yellow latex particles in 1.5%
gelatin, 1into the efferent lymphatic trunk was used to
prevent the cardiac Lymph bed from collapsing. The
coronary vascular bed was dinjected with black latex
particles to avoid any confusion with the Llymphatics.
After dinjection the heart was dissected out and prefixed
for 10 minutes in glutaraldehyde. Using a fine pair of
scissors, harrow strips of tissue in which one would most
likely see Lymph vessels were taken, and processed for
electron microsbopy. They found that the walls of Larger
Lymph vessels made numerous contacts with the surrounding
mesenchyme. This intimate relationship, 1in contrast with
Clark's views, was manifested in two ways, especially in

small lymphatics.

1. 49t was difficult to distinguish morphologically between

the two tissues

2. some Llymphatics had wide open communications directly
with the intercellular spaces of the mesenchyme, and it

was evident that the mesenchymal cells can participate

directly in the demarcation of the Llumen of a

lymphatic.
In the case of smaller lymphatics, Klika et al (1972)

found this participation to be more evident. In fact, at
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the site of origin of Llymphatics, at the base of the heart,
mesenchymal cells directly circumscribed the Lumen of the
Lymphatic capillary and formed an integral part of dts
wall. These thin mesenchymal cells did not exist in places
stiltl Llacking Llymphatics. At the site of origin of
Lymphatic capillaries, the distribution and density of
mesenchymal <cells was not in any way influenced by the
presence of Lymphatics. This was dindirectly due to
incorporation of the 1intercellular spaces dinto the
Lymphatic system, which grew from the base of +the heart
towards the apex, without an intermediate change occurring

in their size.
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K. TOPOGRAPHY OF EXTRAHEPATIC LYMPHATICS
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The bulk of the hepatic Lymph coming from the
interior of the liver drains to the nodes at the porta
hepatis.

Ritchie et al (1959), and Szabo et al (1975) found in
dogs that this vroute accounts for about 80% of hepatic
Lymph and that when this route was Ligatedv the thoracic
duct Lymph flow decreased and the amount of transported
proteins dropped by 70%. Comparini (1969) found that in
man this route is the primary path of drainége of hepatic
lymph.

Shatzki (1978) found 1in rats that 8-10 large
efferent Llymphatics grouped din bundles and containing
several valves, descended along the course of the hepatic
artery, to drain into nodes at the porta hepatis. These
nodes have received different names. Yoffey and Courtice
(1970) callted them "hepatic'" as did Popper and Schaffner
(1957), while Tilney (1971) called them "portal" nodes.

Intercommunications with lymphatics from neighbouring
organs have been reported. Rotenberg (1949) found
intercommunications between the efferent lymphatics of the
liver'and those of the stomach in the regional nodes of the

two organs.

A minority of the intrahepatic lymphatics follow the

tributaries of the hepatic veins, then collect around the

proximal portion of the inferior vena cava and accompany it

through its diaphragmatic hiatus and enter the thoracic
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cavity. These Llymphatics were called "the ascending"
lLymphatics by Yoffey and Courtice (1970). Most workers
agreed that they drain to lymph nodes around the terminal
segment of the inferior vena cava. Rusznyak et al (1960)
reported cbnnections with the anterior medjastinal Lymph
nodes and that these lymph vessels inter-communicate with.
those of the diaphragm and sub-diaphragmatic pleura.
Kultner (1950) reported connections with the

supraclavicular Llymph nodes, especially on the right side.
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The discovery of lymphatics by Aselli (1622) was a
chance observation, based on the fact that the intestinal
Lymphatics are filled with fat droplets in a recently fed
animal, and appear milky white.

Routine histological preparations seldom reveal the
Lymphatic vessels. As a result, many investigators have
Looked for ways of making them visible.

Identification of lymphatics is made much easier if
they are dilated by prior Lligation of the efferent
Lymphatics or the thoracic duct in the Lliving animal.
Rudbeck (1653) isolated the larger lymph trunks, Ligated
them, thereby causing dilatation of their tributaries and
making them more readily visible.

Major advances in the study of Llymphatic trunks came
from their injection with mercury, a method due principally
to William Hunter; the beauty of some of his preparations
remains unsurpassed even today (Fig. 1). In the nineteenth
century, other injection masses were introduced, dincluding
Berlin blue, Gerota's blue mass, and carmine gelatin. More
recently, the study of lymphatic capillaries has been
extended by the use of fine particulate suspensions such as
and colloidal dyes, including Evan's blue and

Indja ink,

Pontamine Sky Blue. Most recently, scanning electron

microscopy of Lymphatics injected with Low viscosity
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polymers has produced beautiful three dimensional pictures.

The demonstration of lymphatics by injection has been
criticised because of the risk of artifactual appearances.
When the dye s injected retrogradely into a Llymphatic
trunk, pressure is required to overcome the resistance of
the valves, running the risk of rupture of the vessel.
When 1injections are made, not directly into a Lymphatic
trunk but blindly into the tissue, (the "stab" dinjection
technique), 1in the hope of entering lymphatic capillaries
and filling the regional vessel by antegrade flow, the dye
frequently enters torn Llymphatic capillaries, to give
extensive filling of the local <capillary plexus, but
artifacts may again be produced by the spread of the dye in
streaks through the tissue, mimgcking lymphatic
capitlaries.

A "double injection'" technique of contrasting colours
was used by McLean and Scothorne (1970) to distinguish
between blood capiltaries and Llymphatics. In their
experiment on Lymphatics of the rabbit's wuterus they
injected india 1ink retrogradely into Llymphatics after
filling the blood vessels by yellow lead chromate.

The study of Llymphatics in the Living animal,
particularly by the Clarks (1933), using the rabbit's ear

chamber has given much information about their

permeability, growth and repair, and contractility, but has

not been very helpful in resolving problems of the initial

lymphatics.
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Our present understanding of Lymphatic capillaries
depends largely upon the use of electron microscopy, €.g.
the work of Palay and Karlin (1959) on  the intestinal
Lymphatics, French et al  (1960) on diaphragmatic
Lymphatics. The structure of normal small Lymphatics, in
various tissues, was studied in detail by Florey and Weiss
(1961) and Casley-Smith and Fraley (1961) by wuse of
the electron microscope. Leak and Burke (1966) described
in detail the anchoring filaments.

One of the recent most satisfactory methods of
demonstrating Llymphatics is that of vascular perfusion by
Fawcett et al (1969) already described 1in detail in the
Introduction. Vascular perfusion has the advantages of
producing rapid fixation of tissues so that lymphatics are
fixed in their natural state and of allowing the use of the

same material for Light and electron microscopy.
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B. METHODS OF STUDY OF THE BASIC MATERIAL

b ad e A . A L L
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The Llivers of adult rats, weighing 200-240gms, of an
inbred Albino-Swiss strain maintained in the Department,
were used in this study.

The animal was kiLLed by an over-dose of anaesthetic
ether, pinned to a cork board, the abdomen and chest opened
and the heart exposed. Mammalian Ringer's solution
containing 0.4% Llignocaine chloride - as a vasodilator -
was infused through a 196 needle in the left ventricle to
wash out the blood from the vascular system. This
procedure wusually took about.one minute. A small opening
was made in the right atrium to allow outflow of the blood
and the perfusate. This perfusion of the hepatic
vasculature was carried out through the left ventricle and
the systemic <circulation rather than through the portal
vein because it was felt that there was Less <chance of
overloading the hepatic ~circuLation and causing oedema
(Silberberg, 1972).

When vascular wash-out was complete, as Jjudged by
blanching of the Lliver and kidneys, the fixative was
introduced by switching the two-way valve on the dinfusion

set.

After preliminary trials of various concentrations of

glutaraldehyde (2.5, 3.0, 3.5, 4.0, 4.5, and 5.0%), a 3%

solution in Millonig's phosphate buffer, PH 7.2-7.4,

osmolality 550 mosm/l, was chosen as giving the best

results. About 800mlL of the chilled fixative was perfused
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over a period of thirty to forty-five minutes, wunder a
gravitational pressure of 130cm of solution (Fawcett,
1969). This pressure was used in the Light of the findings
of Frensz et al (1977) that different perfusion pressures
have various adverse effects on the sinusoidal endothelium
fenestrations and on the hepatocytes.

Perfusjon was judged to be satisfactory when there
was prompt blanching of the liver, kidneys and mesenteries,
when the perfusate leaving the right atrium was clear, and
when there was rapid hardening and tanning of the tissues.

The Lliver was then removed and immersed dintact in
fresh fixative for a further 24 hrs, after which it was
rinsed in buffer several times. Up to this stage the Liver
was handled as Little as possible to avoid artifact. It
was then cut into small pieces with fresh sharp blades and
left again in buffer overnight. The pieces were then post
fixed din 1% osmium tetroxide in phosphate buffer for two

hours, followed by rinsing in several changes of buffer

solution. Dehydration in an ascending series of ethanols
starting with 70% and reaching 100% (four changes of 100%)

was carried out before embedding in Spurr's resin.
Blocks were trimmed and semi-thin sections of 1-

1.5um thickness in interrupted series through each block

were taken.

Sections are stained by one of a variety of methods:

Azur II, methyl green-pyronin, sitver nitrate, Llight green,

P.A.S and H & E. Stajned sections were studied by the
- - -y -
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Light microscope; selected areas of interest in each block
were cut in thin sections of 60-80 nm, mounted on uncoated
200 mesh grid and then double stained with uranyl acetate
and Llead citrate (Reynolds, 1963) and examined in a JOEL
100S electron microscope.

In all, the Llivers of 12 rats were used to study the
normal appearances, without any experimental manipulation.
This material provided the basis for the injtial
hypothesis.

The recognition of very small lymphatics wunder the
Light microscope was based on the criteria already outlined
in the Introduction; doubtful vessels were <checked by

transmission electron microscopy.
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C. SCANNING ELECTRON MICROSCOPY

Liver pieces, fixed by perfusing 3% glutaraldehyde
rinsed 1in buffer, were sliced into 100 pm  slices by a
vibratome, then osmicated and rinsed in buffer several
times. They were then déhydrated through ascending grades
of ethanol and three changes of amyl acetate, critical-
pdint dried and coated with gold, and finally screened 1in
the scanning electron microscope (JEOL JSM T300).

Some specimens, after dehydration; were embedded 1in
wax and a few 4 um thick sections were taken. The Llast
section cut was mounted on a glass slide and stained with
H & E while the rest of the block was dewaxed by frequent
changes of xyLene over a 24 hour period. The block was
then processed through the rest of the procedure described
above. The cut surface was oriented for viewing under SEM.

The stained section was found to be very useful for
orientation of the scanning image of the cut surface of the

block.

Livers from six rats were used for this experiment.
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D. TRACERS

After studying the basic material a hypothesis was
formulated, principally on the basis of the presence of
precipftated protein in the interstitiaL fluid and in .the
lymph.

The hypothesis was then tested by the use of various
tracers which, when introduced either directly or
indirectly into the circulating blood, find their way into
the interstitial fluid and are taken up by lymphatics where
their presence can be detected by electron microscopy.

Two types of tracers were used:

1. Natural tracers
These are chylomicrons and Llipoproteins which are
norhaLLy present in the body; we simply modified the
diet of the animals to enhance them.

2. Foreign tracers
The second category, foreign tracers, is a group of
substances not normally present in the body but which

are introduced intravenously. The following were used:

1 - Ferritin
2 - Pontamine sky blue
3 - Monastral blue -

Special care was taken to inject the minimal dose of

these tracers that can serve our purpose in this study, and

close watch was kept for any possible ill effect, of the

injected material.
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A brief account 4s now given of the background
information bearing on the use of tracers introduced into
the circulation.

When particulate materials - as tracers - enter the
blood stream they trigger certain mechanisms which Llead
eventually to their sequestration from the blood stream by
the macrophage system.

When particles make contact with the blood they are
coated by a colourless film. Similarly coated particles
adhere loosely to each other, so that they may separate if
exposed to some of the shearing forces of the <circulation
(Bloch & McCuskey, 1977). Not all particles aggregate the
moment they make contact with the blood. In the case of
carbon particles, Bloch and McCuskey (1977) found that the
coating film is made of fibrin. This coating film can be
prevented by making the blood uncoagulable by injecting
heparin prior to the injection of the tracers, but
aggregates reappeared some thirty minutes later.

Biozzi et al (1953), Benacerraf et al (1959), Cotran
(1965), Bloch and McCuskey (1977) and De Bruyn et al (1983)
have all studied the clearance of particulate materials by
When <coated particles, formed in the

macrophages.

extrahepatic parts of the circulation, entered the Lliver
sinusoid and touched its wall they adhered; in contrast
when such material was prevented from forming the coat by
the introduction of heparin or silicon prior to the
injection of the particles, these particles did not adhere.

The particles were phagocytized after adherence regardless
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of their size. The rate of this process appeared to be
related i) to the quantity of the particulate material
introduced, 1ii) to the rate of injection and iii) to the
degree of saturation of the cells by the phagocytized
particles. As the macrophages adapted themselves rapidly
after repeated 1dinjections and changed their activity
towards the particles according to the new level 4in the
blood, ingested particles started to appear in other
locations, particularly the endothelium of renal glomerulij
and of other blood vessels. The total mass of these
endocytic endothelial cells is large and collectively must
be considered to be an 1important mechanism for the
seguestration of blood-borne partichates incLuﬁing

proteins, and it appears very difficult to saturate such

pool.

Ferritin:

Ferritin has been extensively used as a tracer,
particularly in studying the permeability of blood
capillaries (see e.g. Farquhar et al, 1961). De Bruyn et
al (1983) used ferritin to study the -endocytosis by
bristle-coated pits of protein tracers and their intra-
cellular transport in the endothelium Llining the sinusoids

of the Lliver. In the present study, the ferritin used was

of the same type - NafF-4503 type 1 from horse spleen

(Sigma) in 0.15 mol/l sodium chloride, sterilized and

filtered. It was injected 1in the same dosage of

0.25mg/100gm animal weight, into the tail vein.
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Four rats were injected and killed after two minutes.
Ferritin granules measure 80~1OOZ (Leak & Burke, 1968).
They are electron dense and are seen as fine black dots in
the electron microscope. These four animals were perfused
after death by intracardiac injection, as in the study of
normal control animals already described.

Electron microscopy of +this material revealed no
ferritin in the sinusojdal Lumen or in the space of Disse.
It seemed possible that the process of perfusion had washed
away the ferritin. A fifth animal was therefore injected
intravenously with ferritin, as before, killed by
decapitation, and the Lliver fixed by immersion in 3%

glutaraldehyde.

as well as capillary permeability [see e.g. Gurr (19600,
McMaster and Parsons (1938, 1939, 1950), Psychoyos (1971)1.
P.S.B. 6BX has a molecular weight of 992,832; its chemical

formula is € H N O S Na , 1its approximate percentage
34024 6 16 4 4 . )
solubility at 15°C in water is 4.75. It is an acid dye of

the diazo series and binds to albumin when injected

intravenously (Psychoyos, 1971).

A 3% solution of the dye in saline was prepared and

injected via the tail vein at a dosage of 0.5mlL/100gm body

weight. Animals were killed at various intervals after

injection to determine the most suitable time to find dye

particles in the Liver and its lymphatics. Two rats were

of 2,4,6,8,10 and 12 minutes after

killed at dintervals
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injection, giving a total of 12 rats. The eight minute
pair proved to be most suitable.

P.S.B. proved to be safe in the recommended dose and
was not taken up by any cell. ParticLes_ were uniformly
rounded, under E.M., slightly variable 4in size and
uniformly electron dense.

Monastral blue (M.B.):

This is a phthalocyanine colloidal blue pigment
suppltied by Sigma as a 3% solution 4in 0.85% sodium
chloride. Its pH was 9 to 10.

Majno and Palade (1961) useld monastral blue in their

series of studies of capillary permeability after histamine

injection and after dinjury. They presented it as a
suitable alternative to certain Lacquer-free carbon
particle suspensions (Pelikan), no Llonger —commercially

available.

It 4s non-toxic in the recommended dose of 0.1 - 0.2

mL/100gms of animal weight. The particles vary in shape;

some are rod-shaped, others are amorphous, with variable

electron density.

Four rats were injected dntravenously with the

recommended dose and killed 10 minutes lLater. The Liver

was then processed in the same way as that of the control

materijal.

The characteristics of chylomicrons have been

extensjvely studied. They are normally produced by the
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intestinal epithelium from absorbed dietary fat. The fatty
compounds are coated with a phospholipid material. About
90% dis drained by intestinal lacteals into the thoracic
duct and thence into the circulation. The remaining 107% 1is
drained by the portal vein to the Liver. Chylomicrons
therefore_ reach the intrahepatic circulation directly and
indirectly.

They measure from 10002 to 35061, and small ones
coalesce to form larger ones. Those seen in the Lliver
circulation are comparable to those in the intestine.

Chylomicrons look different when fixed, embedded and
stained in different materials (Casley-Smith, 1962).

Two adult rats were fasted overnight and fed next
morning with bread Liberally soaked in lard. Four hours
later they were sacrificed and processed for electron
microscopy 1in the usual way. In addition, 6 young rats
which had recently suckled were used: two were lLless than
24 hours old, two were one week old and two were two weeks
old. In all, 8 rats were used in this experiment.

There are very few references to the use of

lipoproteins as tracers [see e.g. Hayes and Hewitt (19571].

Six two weeks old rats with stomachs full of milk

were used. This material yielded few chylomicrons, but
o
abundant Lipoproteins which varied in size from 150A to

800%, and were irregular in shape and density (Silberberg,

1972).
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The dntrinsic lymphatics were studied in the Livers
of groups of Albino Swiss rats aged 24 hours, 1, 2 and 3
weeks and adult. The material was fixed by the same
procedure of arterial perfusion, after vascular wash out,
but wusing a smaller gauged needle (24G6) to minimize the
risk of overloading the circulation. Two animals were used
in each group (total of 10 rats), and five blocks of Liver
tissue from each animal were embedded in Spurr's resin and

studied by optical microscopy and transmission electron

microscopy. The total number of semi-thin sections from
each group was 10. For the newborn rats 18 sections were
studied because there were fewer portal tracts. In each

semi-thin section, all portal tracts were examined to
determine the presence, or absence, of sectional profiles
of Lymphatics. The diameter of the associated portal vein

branch was measured by use of a camera lucida.
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F. EXTRINSIC HEPATIC LYMPHATICS

eSS e e eme ks memEmas ool AVO

25 adult Albino-Swiss rats, weighing an average of
230 gms, were used.

A 3% aqueous solution of pontamine sky blue was used,
in a dose of 0.5ml/100gm body weight (Psychoyos, 1971),
injected 1in the tail vein after Light ether anaesthesia.
After about 7 minutes the rat was killed by an overdose of
anaesthetic ether. Death occurred in about three minutes,
so the time interval between the injection of the dye and
the death of the animal was approximately 10  minutes,
during which time the dye circulated throughout the body,
filtered through the capillaries and was taken up by the
Lymphatics. The rat was then opened and perfused through a
196G needlte 1introduced dinto the Lleft wventricle, with
mammalian Ringer's solution containing 2% lignocaine as a
vasodilator; an outlet for the blood and the perfusate was
made in the right atrium. Washout of the blood usually
took 2 minutes, at the end of which the blood vessels
appeared either whitish or very faintly bluish in contrast
to the Llymphatics and lymph nodes which were dark blue and

could be readily identified under a dissecting microscope.
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G. PLASMA CELLS

— e = > m . - -

Six Albino-Swiss rats were used for this study. They
were fixed by perfusion of 3% glutaraldehyde after vascular
wash out. A piece of the Lliver was taken and embedded in
wax, six sections 5-6 gm thick, 15 sections apart were
taken from each animal. The sections were stained with
methyl green-pyronin to identify plasma cells. Plasma
cells were —counted in each of the total of 36 sections.
The average number of pLa;ma cells in the 6 sections from
each animal was calculated, then the average area of the 6
sections was calculated using the MOP—SMOZ. The result was
expressed as number of plasma cells/mm .

Plasma cells were identified by their dntensely
pyroninophilic cytoplasm. Mature cells showed the
characteristic eccentric "cart wheel” nucleus and negative
golgi image. Immature plasma cells (plasmablasts) had

large pale nuclei with more prominent nucleoli, and

abundant "foamy" pyroninophilic cytoplasm.
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The strategy adopted 4in this investigation was
determined by the following considerations.

i) that most of the hepatic Llymph derijves ultimately
from protein-rich interstitial fLQid in the space of
Disse;

i1) that typical, endothelially-Lined Lymphatics are
found in the ~connective tissue of portal tracts
(although, as we shall see, not in all of them), and,

iii) that an exhaustive review of the Lliterature had
provided no «clear consensus about the route which
interstitial fluid follows in its passage from space
of Disse to a lymphatic vessel.

It seemed Llikely that the structure of the
periLobuLar Limiting plate might provide the clue to the
first part, at least, of this controversial route, since
the space of Disse lLies, almost by definition, within the
Lobule and the portal tract, equally by definition,

outside it. The first question to which an

immediately

answer was sought, therefore, was this one:

Are there gaps ip the perilobular limiting plate?

It is, of course, well known that the perilobular

Limiting plate is not a continuous sheet of hepatocytes,

but 1is perforated by structures entering the Lobule

branches of portal vein and hepatic artery = and by

structures Leaving it - tributaries of the biliary tree.

The way in which these structures pierce the limiting plate
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on entering or leaving the lobule is clearly seen in the
familiar 3-dimensional scheme of Elias (Fig. 2) and in the
more diagrammatic representation provided by Henrikson
et al (Fig. 3).

No difficutty was experienced in identifying gaps in
the Llimiting plate associated with blood vessels; examples
identified by optical microscopy of semi-thin sections and
by T.E.M. are jllustrated in Figs. 4a & b. In Fig. 4a, as
the portal vein branch (P.V.) enters the sinusoid (S) there
is hardly any gpace visible between the wall of the vein
and the hepatocytes of the Llimiting plate. However, a
T.E.M. picture (Fig. 4b) of the same area, reveals, around
the entering portal vein branch, a space of the same order
of size as Disse's space.

It soon became evident, however, that there were many
examples of gaps 1in the limiting plate which were not
obviously associated with vascular or biliary elements.

For example, Fig. 5 shows a gap (G) between two
adjacent hepatocytes belonging to the Llimiting plate. It
is about 17 um lLong and 2 um wide. At its inner end is a
cross—-sectional profile of a sinusoid (S) and its
associated perisinusoidal space of Disse (D); its outer end
is directly continuous with the space of Mall (M) and the
connective tissue of the portal canal (P). The gap
contains collagen fibres, processes of a fibroblast (F) and
hepatocytic microvilli (shown at higher magnification in
Fig. 6). It seems to provide a route for the passage of

fluid from Disse's space into the portal canal.
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Similar appearances are shown in Fig. 7 4in which the
gap 1i1s shorter ( 4 um) and Fig. 9 in which the sinusoid
abuts almost directly on the portal canal. |

Further examples of gaps in the Limiting plate are
jillustrated in Figs. 8, 9, 10, 11, 12, 13, 14 and 15, which
show a progressively closer relation of a sinusoidal cross
sectional profile to a portal canal with shorter (17 um o -
0 pm) but wider (1 Hm —- 32 um) gaps between limiting plate
hepatocytes. An extreme example is shown in Fig. 16, 1in
which a Llongitudinally sectioned sinusoid (S) is seen to
abut directly upon portal canal connective tissue, showing
a gap between hepatocytes measuring Sme in width.

The examples given so far do not reveal the true
extent of the further extensions of these gaps within the
Lobule. Fig. 17 shows a gap which can be traced dnto
continuity with the perisinusoidal spaces associated with
two sinusoids (S1 & S2) and the interconnection between
them. The inter-hepatocytic ramifications of Disse's space
are further emphasized in Fig. 18.

It is, of course, likely that some, at least, of the

variations described were dependent upon the plane of

section. It is also Likely that some of the gaps were in

fact associated with a vascular or biliary element which

was not included in the sectional plane and which might

have been revealed by study of serial thin sections.

However, this technique was not followed for two reasons;

the first, that it is extremely demanding apd that the
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returns were thought unlikely to justify the time involved;
the second, that examples of gaps not associated with
vascular and biliary structures were seen very much more
frequently than were gaps associated with such structures.
If all gaps were indeed associated with vascular or
biltiary elements, random sections would show this

association in a majority of cases. That this is so s

(1Y)

made clear if one considers the relative width of, say, a
portal vein branch piercing the Llimiting plate and its

associated perivascular space ('"gap'™).

If the diameter of the vein V = d, and the width of

i

the gap = g, the section thickness 1.5 pm, the number of

sections showing the gap, without including profiles of the

associated vein, would be 2g/1.5; the number of sections

showing the vein flanked on either side by a gap, would be

V/1.5 The chance of a random section showing the gap and
not the vein would be 2g/V. Since V is much larger than g,

tangential sections through a "gap" which was associated
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with a vein not dncluded in the section would be uncommon.
This suggests strongly that, of the large number of gaps
seen which were not associated with a vascular (or biliary)

element, many were indeed independent entities.

What structures occupy these gaps?

The gap in Fig. 5 contains bundles of collagen fibres
some of which are embraced by fibroblastic processes, 1in
addition to hepatocytic microvilli. These three elements
constitute the major components occupying the gaps. In
other dinstances, a bundle of collagen occupies the major
part of the gap as in Fig. 19 while in other <cases the
hepatocytic microvilli dominate the scene (Fig. 8). It
appears that gaps are mostly occupied by the three
previously mentioned elements, with one or other element
dominating the picture in any particular section. This
variability is probably due to the plane of section. In
other gaps, e.g. the wide and shallow ones, Figs. 13, 14

15 and 16, where the sinusoidal endothelium abuts directly

on the portal tract, it is hardly justifiable to speak of

the contents of such gaps.

guent are these gaps?

I—h

oW 1Ir

i
T

t the light microscopic Llevel, 1in a single section

>

through a portal tract there may be recognized 6 gaps

(arrows Fig. 20), 7 in Fig. 21 and 4 in Fig. 22. It should

be pnoted that of all these 17 gaps only two show a

possible association Wwith the site of entry of a portal

vein branch into a sinusoid.
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Use of T.E.M. showed much narrower gaps 1in the
Limiting plate of similar dimensions to Disse's space,
which would not be detected by light microscopy (Figs. 5
and 8). Even the very limited EM fields shown in Figs. 23
and 24 each shows several gaps. It appears then that gaps
are frequently found in sectional profiles of the
perilobular Limiting pLaté.

If it s accepted that there are many gaps in the
perilobular Llimiting plate through which protein rich
interstitial fluid can escape from the space of Disse and
its extehsions, to enter the perilobular connective tissue

(Space of Mall) the next question to be answered is this:

- tmaman sems e e e e e e e e e e - = - - - e e -

It is commonly assumed that Lymphatics extend, 1in the
connective tissue of the portal canals accompanying the
structures of the portal triads - artery, vein and bile
duct - to their finest terminals. In order to determine if
this is indeed the case, a detailed study was made of the
presence or absence of lymphatics in a large number of
portal canals randomly selected. This was done in the

following way: a number of semi-thin sections of Lliver

tissue taken randomly from different blocks and from

different adult animals already used for the control study,

were used here. In a pilot experimént, 100 portal tracts

were examined, and it was noticed that the collection

contained many portal tracts whose portal vein branch

diameter was small, and very few portal tracts with a

portal vein branch diameter of 80 um and more. In the
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Light of this, a new series of semi-thin sections,
containing Llarge portal tracts was studied: all portal
tracts were examined and the distribution of lymphatics was
determined in relation to the diameter of the associated
portal vein branch.

The criteria used.in identifying Lymphatics in
these semi-thin sections viewed by the optical microscope
were: their irregular shape, their thin endothelial Llining
and their contents of stained precipitated proteins. In
case of any doubt, e.g. Fig. 25A, the vessel was checked
by electron microscopy (Fig. 25B) which resolved further
details of the endothelium such as intercellular junctions,
intraendothelial vesicles, the variable thickness of the
endothelijum and the absence of basement membrane. The
results are given in Tables 1 & 2, and particular attention
is drawn to the following points:

- although 1in adult rat liver many of the small portal
had lymphatics, these did not extend into tracts

tracts

in which the portal vein branch was less than 30-40 um in

diameter (Fig. 26).

- lymphatics do not accompany every branch of portal tree;

thebe are portal tracts containing quite Llarge portal

vein branches which do not contain lymphatics (Figs. 27A

& B)I

- all portal vein branches larger than 120 um were

accompanied by lymphatics while only 25% of portal wvein

branch of lLess than 50 um 1in diameter were accompanied by
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Lymphatics. In all 4§t is estimated that about 50% of

portal tracts in adult rat's liver have Lymphatics.

Total No. of No. of portal tracts % of portal tracts
port§L tracts containing lymphatics containing
examined lymphatics

133 64 50%
Table 2

Distribution of Llymphatics in portal tracts of adult rats
in relation to diameter of accompanying portal vein branch.
(No. of tracts containing Lymphatics/No. of tracts
examined)

Portal vein Portal vein Portal vein
diameter Lless diameter diameter more
than 50 pm 50 pym = 80 pm than 80 um
15761 23/39 26/33

247 58% 78%
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In view of these findings, it is clear that fluid

escaping through gaps in the Limiting plate may have to

travel for a substantial distance - in microscopic terms

before reachihg an endothelially-lined lymphatic vessel.

This leads us to the third question to be answered.

- - o ———

The S.E.M. (Fig. 28) shous rather coarse

unremarkable.
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collagenous bundles, irregularly arranged, in which are
embedded an artery, a vein, a bile duct and a Lymphatic; at
higher power, a T.E.M. (Fig. 29) shows the closely packed
collagen bundles, fibroblasts and as additijonal features,
mast cells, a bundle of nerve fibres and a Lymphatic
vessel. Because of the density of collagen fibres, there
is Llittle interstitial ground substance and the form of
fibroblasts is largely obscured. However, careful
inspection shows that they have slender cytoplasmic
extensions, which partially envelop collagen bundles.

When the collagen is less dense (see, e.g. Fig. 30)
these <cytoplasmic extensions of fibroblasts are more
readily seen; they appear as irregular sinuous strands (or
sectional profiles of sheets - see later) of variable
thickness, but mostly slender. Where they lie adjacent to
a sectioned Llymphatic vessel (Fig. 30) it is clear that, in
some respects at least, they resemble Lymphatic
endothelium. In Fig. 30 the distinction is clearly made:
1. by the presence within the lLymphatics of a dense

precipitate of Lymphoprotein and by the characteristic

interdigitating junctions ) between lymphatic

endothelial cells, and

2. by the presence of collagen (C) within the Lloculi

enclosed by fibroblastic processes. It should be

noted, however, that the Lloculi also contain a

precipitate similar to, but Less dense than, that in

the Lymphatic.
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In the Llooser connective tissue of the more
peripheral parts of the portal tract (Fig. 31), this
loculation of the interstitium is a uniform characteristic.
When studied in thin sections, necessarily random, a wide
variety of appearances are seen, as illustrated 4in the
following series of E.M. profiles.

A. In some, e.g. Fig. 32, the fibroblastic nature of the
cells and their processes is not in doubt.

B. In others, e.g. Fig. 31, processes apparently from a
single cell almost completely enclose two loculi, which
still clearly belong to the interstitium. Some LécuLi
(e.g. Fig. 32), are bounded by processes of two
fibroblasts with desmosome-like junctions (J).

C. When the processes happen to run Lengfhwise in the
sectional plane, e.g. Fig. 33, and when the enclosed
Loculus contains a particularly dense protein
precipitate, part of the profile (between Lines AA' and
BB') might well be mistaken for an endothelially-Llined
Lymphatic, although a glance at the collagen bundles

Wwithin it soon dispels this error (Coll & Coll'").

D. In some profiles (Figs. 34 and 35), fibroblast

processes form almost completely closed channels, whose

true nature can only be determined by electron

microscopy (e.g. Figs. 36 and 37 Llongitudinally

sectioned "channels" contain leucocytes, but also tell-

tale fine bundles of collagen).

Some transversely sectioned profiles of 'channels"

also require a ‘second Look to distinguish them from
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Lymphatics, e.g. Figs. 38, 39 and 40) .

From this account it js evident, particularly in the

Looser connective tissue of the more peripheral parts of

the portal tract, that -

1.

—— e e o = o

These are interpreted as sheet-lLike rather than

cylindrical and slender on two pieces of evidence.

i) that in a large number of random sections, Llengthy
profiles are most commonly seen; slender processes
would hardly be sectioned lengthwise so frequently.

ii) the appearance in S.E.M. (Fig. &1). These are
difficult to interpret with certainty, but they
certainly suggest channel-like spaces, bounded by
incomplete cytoplasmic sheets. This incompleteness
is characteristic; it Leaves large gaps
communicating with the rest of the interstitium.

These Lloculi are closely associated with collagen

bundles.

Their contents of precipitated protein and their

proximity to the space of Mall (Figs. 42 and 43D

suggest that, collectively, they provide an organized,

sponge-Llike system of communicating Lloculi which
receijve protein-rich interstitial fluid from the space

of Disse through the gaps in the Llimiting plate already

described.
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5. They extend 1into the vicinity of the most peripheral
twigs of the Llymphatic tree (Fig. 44).

Bundles of collagen in Disse's space (Figs. 45 and

46), in gaps (Fig. 19), and interstitium of portal tracts

(Fig. 47) - when viewed by T.E.M. - are found to be bathed

in proteinous material and not only as a thin film on the

outer coat, so these bundles seem to take some part in the

transport of interstitial fluid.

In the Llight of the answers given to the three
questions posed so far, the following working hypothesis

was proposed for testing: that the interstitial fluid

—_—m e R m e e PP A - P

ALL parts o this proposed pathway were seen to

contain precipitated proteinous material. In order to test
this hypothesis, it was decided to introduce various

tracers in the blood stream and to determine if they could

be shown to follow this route from blood, to space of

Disse, through gaps to specialized connective tissue, to

lymphatics.
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1. Ferritin

When ferritin was injected through the tail vein the
granules were seen in the sinusoidal Llumen (Fig. 48),
endothelial fenestrations and the space of Disse. Ferritin
particles were particulafLy abundant in the decapitated
animal which had been fixed by immersion in order to avoid
the washout procedure (Fig. 49). Ferritin was also seen in
the gaps of the limiting plate (Fig. 50), 1in the space of
Mall (Fig. 51), 4n the interstitium of portal tract (Fig.
52), prelymphatics (Fig. 53) and bathing the bundles of
collagen (Fig. 54). The lymphatics contained ferritin in a
higher concentration than that in any other part of the
pathway (Fig. 55).

Ferritin granules were taken up by the sinusoidal
endothelium 4in bristle-coated vesicles (Figs. 56A & B).

Fibroblasts of the portal tracts showed such activity very

occasionally (Fig. 52).
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2. Pontamine sky blue

When the rats dinjected with Pontamine Sky Blue
(P.S.B.) were killed 8 minutes after injection, dye
particles were seen within the sinusoidal Lumen and
Disse's space (Fig. 57)5 Dye particles were also seen in
each part of the suggested pathway for the egress of
interstitial fluid from the hepatic parenchyma: the gaps in
the periportal Limiting plate (Fig. 58), the interstitial
connective tissue of the portal tracts (Fig. 59,
prelymphatics channels (Fig. 59) and, finally, 1in the
lymphatics, 1in which the concentrations of dye particles
was again higher than in other parts of the pathway (Fig.
60) .

No evidence was found of endocytosis of P.S.B.
particles by any cell along the route and this made it a

particularly useful tracer in testing the hypothesis.

98



3. Chylomicrons

—— e - - -

Chylomicrons are synthesized, as a combination of
triacylglyceride, phospholipid and apoprotein, within the
intestinal epithelium, which they lLleave by exocytosis,
to enter the lacteals and reach the blood stream by the
thoracic duct. They-are carried in the blood, as particles
0.5 - 1 um in diameter, to all parts of the body, including
the Lliver.

The rationale for using chylomicrons as a tracer for
interstitial fluid movement from Disse's space to
Lymphatics rested upon the demonstration that chylomicrons
are found in Disse's space. If the proposed hypothesis of
fluid movement is correct, <chylomicrons might be expected
to be seen in each part of the pathway in animals killed
after a large fatty meal.

The electron microscopic appearance of chylomicrons
is known to vary, depending upon the type of diet and upon
methods of preparation, especially of fixation, dehydration
and embedding [see Casley-Smith (1962)1.

In the material wused 1in the present study,

chylomicrons appeared as roughly circular profiles, with a

thin dark rim and an electron—-lucent <centre, occurring

either singly or in clusters like a collection of soap

bubbles of various sizes. There appearances corresponded

to those described by Casley-Smith (1962), following the

use of osmium tetroxide for fixation and what he referred

to as "excessive" alcohol for dehydration.
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Chylomicrons were, 1in fact, identified in each part

of the suggested pathway; 1in the sinusoidal Lumen and the
space of Disse (Fig. 61); 1in gaps in' the perilobular
Limiting plate (Fig. 10); 1in the interstitium of portal
tracts (Fig. 63); 1in fibroblastic prelymphatic channels

(Fig. 62) and in lymphatics (Fig. 63).
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4. oproteins

Lip

The Lliver is the main source of plasma Lipoproteins
derived from endogenous sources. The Lipoprotein
apoprotein is probably synthesized in the rough endoplasmic
reticulum and passes into the tubules of the smooth
endoplasmic reticulum and Golgi bodies where the Lipid s
added. Very low density lipoproteins (VLDL) are ultimately
secreted 1into the space of Disse, from which they are all
usually assumed to enter the sinusoidal Lumen by passing
through the fenestrations in the endothelium, d.e. 1in the
reverse direction to that followed by interstitial fluid.
A possible additional route for Lipoproteins 1is that
suggested for the hypothesis- Lipoprotein "droplets” were
in fact seen: 1in the space of Disse (Fig. 64) the

interstitium of the portal tract and Lymphatics (Fig.

65).
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5. Monastral Blue

.Because of their characteristic shape, lLarge size and
electron density, Monastral Blue dye particles were readily
identified by electron microscopy. They were notably
sparse 1in the sinusoidal lumina, but many were adherent to
the sinusoidal surface of Kupffer cells (Fig. 67) which
avidly phagocytosed them and sequestered them 1in Llarge
phagosomes (Figs. 66 and 67). Particles were occasionally
seen apparently entering Disse's space through an
endothelial fenestration or 1intercellular overlapping
junctions (Fig. 68) and within Disse's space (Fig. 69);
occasional small <clusters of particles were seen in the
interstitium of the portal tract and occasional single

particles were seen in lymphatics (Fig. 70).
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The demonstration of the existence of pre-Lymphatic
channels in the perilobular connective tissue, and of the
failure of Llymphatics to accompany all the terminal twigs
of the portal venous tree led to the next question studied.

What is the developmental history of the intrinsic

- TEEees - - - - v - - - -

This was studied in two ways:

i) by determining the incidence of Lymphatics in > 100
randomly selected portal tracts in livers from groups
of animals aged 24 hours, 1 week, 2 weeks, 3 weeks and
adult (TABLE 3).

ii) by determining the distribution of Lymphatics 4n
relation to three size <classes of portal vein

branches: < 50 um; 50-80 pm; > 80 pum (TABLE 4).

Incidence of Lymphatics in portal tracts of rat Liver in
relation to age.

- "t - - O - = - —— S o= A o -
. - — - - = wn e = A o -

AGE TOTAL NO. OF _ NO. OF PORTAL %2 OF PORTAL
PORTAL TRACTS TRACTS CONTAINING TRACTS CONTAINING
EXAMINED LYMPHATICS LYMPHATICS

24 hrs ~ 70 "7 TTTTTTTTTT 2 2%

1 week 137- 7T TTTTTTTTT 9 6%

> weeks ~Tip9 TTTTTTTTTTT 15 15%

3 weeks 13- 707777 41 30%

Adult 77 133777 64 50%
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Distribution of lymphatics in portal tracts in relation to
diameter of accompanying portal vein branch.

AGE Portal vein Portal vein Portal vein
diameter Lless diameter diameter more
than 50 Hm A 50 Hmo - 80 pm than 80 um

24 hrs 0744 ~TTTTTTTTTTT 0/748 T TTTTTTZ7iRTTTTTTTTC

0% 0% 11%

1 week 07107 T TTTTTTTTT 3718 T TTTTTT 6712

0% 16% 50%
2 weeks 7/96 T TTTTTTTT 6/11 77777 2/2° T TTTTTT
% 54% 100%
3 weeks 15/105 77T 14717 00777 12712 777
14% 82% 100%
Adult  15/61 7723739 T TTTTTTZ26733 T TTTT
247% 587% 78%

1. Rats 24 hours after birth: In the youngest group

studied - rats Less than 24 hrs old - very small

Lymphatics were seen only in major portal tracts, which
contained a portal vein branch of diameter greater than
180 um (Fig. 71). These few and small Llymphatics very
soon disappeared as.one followed the portal tracts

peripherally. The more peripheral parts of the portal

tract tree were devoid of lymphatics (Fig. 72A & B).
The paucity of Llymphatics in the neonatal rat Lliver is

emphasized by the fact that only 2% of all sectional

profiles of portal tracts contained lymphatic profiles.

In the one week old rats, the Llymphatics extended

along the branching tree of portal tracts.
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Small Llymphatics were seen in portal tracts whose
portal vein diameter was about 60 pm, beyond which
Lymphatics were Llacking. 0f all the portal tracts
studied, only 6% had Lymphatics (Table 1).

3. In the next group of two weeks old rats, Llymphatics
were found extending 1into smaller portal tracts,
reaching those whose portal vein branch was 30-40 pm in
diameter. They were now present in 1%% of all the
portal tracts studied (Table 3).

4. In the three weeks old rats a higher proportion of the
portal tracts whose associated portal vein branch was
30-40 pm in diameter possessed Lymphatics, and
lymphatics were now seen in 30%Z of all portal tracts.

5. The last group idincluded the adult rats' already

described, where Lymphatics did not extend beyond

portal tracts whose associated portal vein diameter was

30 - 40 um, and did not accompany every branch of the

portal tree. Lymphatics were present in about 50% of

portal tract sectional profiles.
Therefore, it may be concluded (i) that in the rat's

Liver, Lymphatics grow centrifugally from the hilum

towards the periphery but (ii) that they stop short of its

end and do not follow every branch of the portal tract

tree.

These conclusions are based on statistical and

morphometric considerations. While they show the

centrifugal extension of Lymphatics along the wvascular

tree, from its lLarger stems (portal vein branches > 80 ym)
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to dits smaller peripheral twigs (portal vein branches
< 50 pym), they do not, of course, establish the method of
this Llymphatic growth. As outlined in the Introduction,
there are ~at least two possibilities (i) extension by
budding of endothelium from the tips of the growing tree
and (ii) extension by the incorporation of new cells’
differentiating from the mesenchymal bed into which the
lLymphatics are extending. The next section examines this
guestion.

How do intrahepatic Lymphatics grow?

i—

Light microscopy of semi-thin sections showed that
young Llymphatics had incomplete Loculi on both the Luminal
and abluminal sides of their wall (Fig. 73). The
transmission electron microscope showed that some cells
which formed part of the wall of a Llymphatic showed
characteristics of mesenchymal cells such as sending out
processes 1into the neighbouring area to surround Lloculi
which contained protein material (Figs. 74, 75, 76, 77, 78
& 79). They <clearly differed from the adjacent well
differentiated endothelium. These loculi were also seen
very near to lymphatics and sometimes a small distance away

(Fig. 80).

These findings, along with the absence of mitotic

figures and budding out of Lymphatic endothelium, strongly

suggest that Llymphatics grow by gradual differentiation of

mesenchymal cells into Lymphatic endothelium.
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What is the pattern and morphological characteristics of

- - - -

A - Their relationship to other structures in the portal
canals

In working ouf the relation of the Lymphatics to the
arteries, veins or bile ducts, they were placed in one or
other four categories:

1. those mainly related to an artery.

2. those mainly related to a portal vein branch
3. those mainly related to an artery and a vein
4. those mainly related to a bile duct

The third <category had to be included, as it was
often difficult to decide if a particular Llymphatic was
related to an artery or to a vein.

In 100 portal tracts selected in advance as
containing Llymphatics, there were present 153 sectional
profiles of Llymphatics. 35 (i.e. 22.8%) of these were
exclusively related to arteries (see e.g. Fig. 81), while
50 (32.6%) were related to veins (Fig. 82). However, 68
(&4 .4%) were related equally to arteries and veins

(Fig. 83). No Llymphatic was seen to be mainly associated

with a bile duct.

As to the number of Lymphatics in portal tracts:
67% had a single Llymphatic
19% had two

8% had three
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4% had four
1% had five

1% had six

B. Do they exist as trunks or are they plexiform?
The above results suggest that lymphatics 1in the
rat's Liver are principaLLy in the form of trunks and not

in the form of a plexus.

—— e - - - -

Extra hepatic Lymph drainage routes and regional nodes

hilum of the Lliver there emerged efferent
lLymphatic trunks which follow one of three possible
pathways:

17« In the hilum of the Lliver a number of Llymphatics
emerged to follow the portal vein (Fig. 84), running
on its wall, usually two on its ventral side and one on
its dorsal side. These lymphatics usually united to
form a single lymphatic trunk which descended on the
wall of the portal vein to join a small Lymph node.
Since this lymph node was very near the portal vein and
received lymphatics only from the liver, it is referred
to as the "portal node”.

2. Two or three lymph trunks, one usually larger than the
others, came out of the Liver, descended obliquely to

the Lleft, and drained into one or two nodes in the

hepatis near the gastroduodenal artery and veina.

porta

In the literature, these are currently called "portal

nodes”" but it is suggested that they are better called

"hepatic nodes". Finer branches of these trunks joined
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the posterior gastric group of nodes.

A single Llymphatic vessel, usually large, came from the
hilum of the Lliver at a higher Llevel than the
previously described trunks, descended obliquely to the
left, reached the oesophagus and divided into two
branches. One ran dofsaLLy, and the other ventrally to
the oesophagus; the two re-united to form a single
trunk which ran downwards and then bifurcated. The
Left Limb joined a pale node lying at the right edge of
the spLenic group (Fig. 85). The right Llimb joined
the posterior gastric lymph nodes.

Lymphatics accompanying the hepatic veins traversed

the diaphragm, and united in two vessels that ran on both

sides of the inferior vena cava, to ascend and join the

mediastinal lymph nodes.
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Plasma cells at various stages of their development
were seen in various areas of the Lliver. On average there
were about 15 plasma ceLLé per square millimeter of adult
rats' Liver (Table). They were not uniformly distributed.
In the sinusoid (Fig. 86) they were scarce and mostly
young, rarely found between hepatocytes (Fig. 87 ) but the
main area of concentration was in the interstitium of the
portal tracts (Figs. 88A & B, 89A & B and 90) where the

majority were mature plasma cells.

No. of animal Average No. of Average area of
pltasma cells sections in mm2
S 57 53.6
2 664 53.0
3 203 28.8
4 668 38.8
5 753 56.9
6 326 26.0
3852 257 .1mm2
-_______________-__-____E-______-_-_--_--—_--__E __________

3852 plasma cell/257.1mm = " 15 plasma cell/mm
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Because the study has been based entirely on
morphological methods, the evidence has been Llargely
circumstantial: the normal fine structure of each part of
the pathway has been analysed in some detail and several
new findings and concepts have emerged. The hypothesis
based on study of normal material has been tested by
studying the distribution of various tracers - natural and
foreign - introduced 1into the circulation. The results
obtained are consistent with the hypothesis advanced, but
they fall short of final proof for reasons which will

emerge from the following discussion. Each part of the

proposed pathway will now be examined in turn.

I. Gaps in the perilobular Ltimiting plate
a) Have they been recognized previously?

A careful search of the Lliterature, both at the start

of this study, and again after the gaps were identified,

has ndt found any previous description. A single sentence

in Krstic (1984) hinfs at their existence, but no other
reference has been found.

b) Do the gaps occur oenly in assoelation with blood

Henrikson et al (1984) suggested that connections
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existed between the space of Dijsse and the portal tract,
around the entry of terminal portal vein branches. Such
gaps do wundoubtedly occur, and although they are very
narrow and contain Llittle interstitial connective tissue,
collectively they should provide a significant connection
between Disse's space and the portal tract <dnterstitium.
The independence of at lLeast some of the gaps is indicated
by the fact that they are wider than those cltearly
associated with entering blood vessels, and are much more
numerous than could be accounted for by tangential section,
through connective tissue spaces around blood vessels.
c) Are gaps related to bile ductules?

Gaps, in this study, were not seen to be related to
bile ductule epithelial cells when these formed, with a
hepatocyte, a duct of Hering. However, only one example

was seen when a gap was related to a bile ductule (Fig.11).

d) Is there any collateral evidence of independent gaps in

the perilobular Limiting plate?
Scanning electron microscopy of corrosion casts has
extended our knowledge and understanding of Liver

morphology. Among those who have used this method, Kordan

and Kessel (1980)  were concerned wWith the internal

3 3 V i icrovasculature and
organization of the Liver mi ,

particularly the mode of termination of branches of the

portal vein and of the hepatic artery and their connection

with the sinusocids. Two of their findings are relevant to
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the question under discussion.

1. The presence of "shell-Llike" collections of casting
material surrounding divisions of the portal vein and
hepatic artery. These may be continuous with the
casting material extending into the space of 6isse, and
probably represent the space of Mall.

2. The second and more {nteresting finding of Kordan and
Kessel (1980) was their demonstration of sinusoids
which ended blindly at the periphery of the Lobule.
They were described as neither constricted nor
irregular; their ends were smooth, founded and often
expanded and they were remote from the point of entry
of any vessel. They gave many possible explanations of
these appearances' but did not seem to consider that
they might really exist, as blind-ending sinusoids.
Taken with the findings of the present study, it seems
likely that blind-ending sinusocids do indeed exist and
that they come to lie tangential to the portal tract

through gaps in the Llimiting plate.

1I. Considerations of the second part of the pathway
involved a detailed study of the interstitial tissue of the
portal tract. This led to the recognition - it is thought
for the first time - of channels, 1incompletely Llined by
fibroblasts and/or mesenchymal cells, to which the name of
prelymphatics has been assigned.

The term and the <concept raise for discussion

several questions.
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The writer believes that they are not. The technique
used, (involving vascular washout with mammalian Ringer's
solution, followed by perfusion fixation through the
arterjal system at physiological pressures) was comparable
with standard techniques in other organs. The Liver was
not handled in any way until after it had hardened in fresh
fixative overnight, when it was cut into small pieces by a
sharp razor blade without any undue pressure. Meticulous
dehydration and embedding followed that. Semi-thin
sections were cut and the quality of fixation was <checked
by Looking at cellular details, especially the mitochondria
and glycogen. In case of any doubt, transmission electron
microscopy was used. Poorly fixed material was discarded.

The tracers used fell into two categories.

i) those, such as Pontamine Sky Blue, Monastral Blue and
Ferritin, which have been widely used for many years
and which are not known to have toxic effects.

ii) those, such as chylomicrons and lipoproteins, which

are normal endogenous constituents and which may be

presumed to be entirely harmless.
In view of all these considerations, it is felt that

the prelymphatic channels described exist as such in the

living animal.

b) How may the Uprelym

P
they truly "prelymphatics’?

Comparini and Bastianini (1965) spoke of the

difficulty of identifying Lymphatics, and found, in
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reconstructions of human liver, that the Lymphatics existed
in a "plexiform” pattern rather than one of more typical
Lymph vessels, even though typical Lymph vessels were
sometimes seen. Most of the plexus was made of very
irregutar slender ™tracts" of varying diameter which
alternated with ample dilatations of irregular contours,
frequently dnterspersed with diverticular formations and
blind appendices.

Schatzki (1978), in rats, saw in the portal tracts
and in the space of Mall numerous dilated "channels" Lined
by a very thin layer of what he called endothelium; he also
recognized true lymphatics. The "channel'” contrasted with
the very much smaller blood capillaries which were lined by
a much thicker endothelium.

In the Llight of the present study, it seems that when
Comparini and Bastianini (1965) and Schatzki (1978) spoke
of "lymphatics" they really spoke of two different types of
structures. The first was "true" endothelially-lined
second was what Comparini and Bastianini

Lymphatics. The

(1965) described as "tracts" while Shatzki (1978) called

them "channels". Others (McMaster & Parsons, 1939, 1950)

have simply called them "gaps" or "clefts" in the

interstitium. It seems that there has been some

hesitation in interpreting the peripheral -elements of

Lymph drainage system, oOnN the part of those who think of

the Llymph drainage system in terms only of «classical

endothelially-lined lymphatic vessels.




The findings of the present study strongly suggest
that, at the periphery of the classic lymphatics there is

an open system of prelymphatics.

c) Are prelymphatics part of the interstitium or of

The writer thinks that prelymphatics are best
considered as specjalized or organized interstitial tissue
spaces which perform the function of conducting lymph, and
that the cells which provide an incomplete Llining for these
prelymphatics are essentially related developmentally to
mesenchymal cells and fibroblasts which could in their turn
differentiate into lymphatic endothelium. Fibroblasts and
lymphatic endothelium are two different lines of
differentiation of mesenchymal <cells which Llater on
complement each other functionally. It appears that when

Casley~Smith (1982) suggested using the term

"prelymphatics” it was the functional aspect that dictated

the term, and the present study provided structural support

for his view.

d) Is the pattern of distribution of prelymphatics in the

- - —
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the evidence from the present study supports an

affirmative answer.

Prelymphatics exist mainly in the more peripheral

parts of the portal tracts, where true Lymphatics are

either absent altogether or where they exist only as small

initjal Llymphatics. In all such areas the connective

tissue is loose.
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In the major portal tracts and at the porta hepatis
the lymphatics are Larger, endothelially-Llined collecting
vessels, the connective tissue is well packed with coarser
collagen fibres and prelymphatics hardly exist. There is a
gradual transition betweeq the conditions at the "twigs" of
the connective tissue tree and those around its main
"trunks", at the porta hepatis.

This pattern of distribution is consistent with the
suggested function of the prelymphatics, of transporting
Lymph to the point when it <can enter the injtjal
lLymphatics.

e) Is the idea of the transport of interstitial

The idea of the prelymphatics is not in fact new; in
the Llast thirty years or so many workers have been

interested in the lymph drainage of tissues in which "true"

Lymphatics were Llacking. The <concept began with the

description of a continuous series of spaces = later given

various names - of which prelymphatics is only one. Then

the reality of their continuity with, and drainage by,

Lymphatics was demonstrated, mainly by the use of tracers

such as carbon or ferrocyanide or by the Lligation of

efferent lLymphatics.

There follows a concise review of the development of

the concept of prelymphatics and its relation to the

present findings in the liver.

The modern view of the jnterstitial tissue is that it
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exists as a two-phase system. The more solid gel-phase
contains effectively no free water, although a large amount
of water is preéent, bound to the matrix of
glucosaminoglycans (GAGS). The fluid sol-phase is far Lless
in volume and contains free water with a minimum amount of
GAGS. No doubt there are ‘areas of gradation from one state
to the other, where the two phases meet.

In normal tissues one often sees gaps between the
formed elements of the connective tissue, especially near
vessels (Casley~Smith, 1976a; Casley-Smith et al, 1976;
Simionescu et al, 1972). These spaces contain protein-rich
fluid, but neither cells, fibres, GAGS, nor proteoglycans.
Since the latter two are invisible in ordinary
preparations, their absence can be demonstrated only by the
use of special staining techniques (Merker and Gunther,

1972; Wight and Ross, 1975). These spaces are likely to be

the water-rich phase, i.e. the sol-phase. For many years

jt was thought that the sol-phase was in the form of many

isolated small (50 nm or so) vacuoles lying in the gel-

phase (Chase, 1959). However, high voltage welectron

microscopy of thick sections has shown that in fact the

sol-phase exists as irregular randomly arranged and

interconnected channels (Casley-Smith and Vincent, 1978).

The size and number of these can be estimated by filling

high charge

them with a precipitated tracer which has

density so that it will be retained in the sol-phase rather

than entering the gel~phase (Browning, 1979, Browning and

Casley-Smith 1981; Casley-Smith and Vincent, 1978, 1980;
7’ ’
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Casley=Smith et al, 1979).

The "waLLs" of these channels were regarded by
Casley-Smith (1982) as formed by a gradual transition from
the gel-phase to the sol-phase, over a distance of 1nm -
100nm. The effective radii of the channels were described
as about 60nm (Chase, 1959; Dennis, 1959; Casley-Smith,
1975a) but certainly as varying greatly with tissue site,
activity or dinjury. Bondareff (1957) found that similar
structures became smaller as the animals became older.

In most regions of the body, such <channels are
relatively short, some tens to hundreds of micrometers, in
other regions such as the brain, the retina and medullary
bone, some of them measure tens of centimeters.

The difficulty is that the system of tissue channels

is so randomly arranged and interconnected, tortuous and

overlapping. They were demonstrated by Casley-Smith and

Vincent (1978) who injected rabbits with semi-polymerized

methylmethacrylate and sodium ferriferrocyanide and

produced casts for SEM and sections for TEM. They found

regions in which the plastic had penetrated the tissues as

thin (¢~ 100nm) Llong filaments which, they considered,

probably represented true tissue channels. Such channels

could be seen in small numbers near the arterial

capillaries of the ilium and kidney. Quite often the

semi~-continuous

channels seemed to join together to form

sheets although these were frequently perforated in many
r

places The transmission electron microscopic findings
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were similar to those of Chase (1959) and of Dennis (1959)
who found fine diffusely scattered deposits of the
ferriferrocyanide precipitate throughout the tissues;
however, the heaviest deposits were in a few sharply
localized regions. These channels sometimes ended at a
lymphatic junction, which was either open or appeared
openable. Such connections have also been tréced by serial
sectioning (Collan and Kalima, 1974; Kalima and Collan,
1976) and it was evident that such combinations of paths
and open junctions will not be seen so frequently, simply
because of the random nature of the sections and the
tortuosity of the paths.

Hauck (1982) found similar tissue <channels with
similar properties in the mesenteries of rabbits and cats
by using incomplete dark field transillumination.

These tissue channels seem to form a fine circulatory
system transmitting the bulk flow of fluid through the
tissues and providing paths from the arterial to the venous
side of the éapiLLary system. No doubt some of them also
provide paths which terminate at the walls of dinitial
lymphatics (Casley-Smith, 1982). This system of tissue
channels and the initial lymphatic system are continuously
connected, forming a common converging drainage system to
the larger Llymphatic transport vessels. ALl these results
suggest the interpretation that the most peripheral part of

the Lymph vessel system is a completely open one (Hauck,

1982).

Some tissue channels, however, especially in the
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brain and retina (Casley-Smith, 1976d; Casley-Smith et al,
1976a; Foldi et al, 1968a,b; Ottaviani and Azzali, 1965;
Varkonyi et al, 1969, 1970) and perhaps in cortical bone
(Deysine, 1976), are particularly large and follow quite
definite, well defined courses in the adventitia of blood
vessels. They become dilated and full of proteins when the
central collecting lymphatics are ligated, just as do the
true Llymphatics in artificial lLymphoedema. If carbon s
injected 1into the cerebral cortex, the +tissue channels
carry it into the cervical Llymphatics and Lymph nodes
(Casley-Smith, 1976a). It must therefore be concluded that
these non-endothelialized tissue spaces do in fact carry
protein and fluid from the depth of the cerebral cortex to
discharge their contents into the cervical Llymphatics near
the great vessels in the neck; in doing so they travel for
long distances outside the skull, targely in the adventitia
of the dinternal carotid artery.

These tissue <channels are responsive to wvarious
stimuli. As might be expected, if there is increased flow
in the tissue, their numbers and dimensions seem to have a
negative feed back (Casley-Smith, 1982), i.e. are self-
regulating by virtue of the conflicting effects of high
flow rates in the Large channels eroding their walls, but
Larger channels also tending to have slower flow rates
because they allow guicker equilibrium. Other

calculations, based on these data, also agree well with

macrophysiological results (Casley-Smith, 19?63).

121




Another example is their response to injury. Casley-

Smith (1980), studied the response of tissue channels after
making wounds in different regions of the abdominal waLL~of
white mice. Normally there were only a few small channels.
A few days after 1injury, there were many more small
‘channels and some new larger ones, but after one week the
number of both small and large channels was maximal, and
then decreased after two weeks. After one month the small
and medium sized channels had diminished still further but
in the two largest groups showed significant increase.

Tissue channels displaying all these properties
responding to stimuli and performing such a special role
seemed to deserve a special name. For them Casley-Smith
(1982) thought that '"prelymphatic system" was justified, at
Leaét for the Larger ones and for those which terminated
opposite a lymphatic junction. Hauck (1973, 1982) after
finding similar results thought that it would be better to
call them "low resistance channels" or "preferential fluid
pathways".

This concept of the prelymphatics has aroused some
controversy. They have been described in many tissues in
mammals, e.g. the intestine (Kalima and <Collan, 1976),
cortical bone (Deysine, 1976), the tongue (Casley-Smith,
1976) and many other regions (Rodbard & Taller, 1969) and
also in the octopﬁs (Browning and Casley-Smith, 1981). It
has been objected that these are simply spaces in the

tissue which are present everywhere and

interstitial

therefore do not justify any special title. Fiedler (1975)
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had a more serious objection; he considered that many of
these spaces are art facts caused by immersion fixation or
some perfusion fixation defects. Others Like Silberberg

(1982) found that a system of low resistance channels is a

most intriguing idea, however, he expressed his
reservations by asking two main questions. Are the
channels really seen under physiological conditions? Are

the contents of the channels of a higher protein content
than the surrounding gel?
) What 1is the difference between the two types of

prelymphatics?

The basic differences are of size and of the nature
of the Llining. The prelymphatic fibroblastic <channels
described in the present study are LlLarge enough to
accomodate Lymph and macrophages and have a diameter
of the order of 15-20 pm or more. The prelymphatic
channels of Casley Smith seem to have a diameter of the
order of only about 100nm.

The Llining of the two types also differs: the wall
of the "sol-phase prelymphatics"” is the gradation from the
gel-phase to the sol-phase, which cannot be distinguished
either by optical or by electron microscopy, while the
walls of "fibroblastic prelymphatics” as described in the
study are well-defined and recognizable

present

morphologically. It js the absence of a definite wall in

the sol-phase prelymphatics which attracted much criticism

of the concept and indeed raised doubt about their
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existence.

Sol-phase prelymphatics have been described mainly in
organs lacking Llymphatics, such as the brain and the
retina, but they have also been found in organs, Like the
intestines, which have typicéL lymphatics. In the brain
and retina prelymphatics were thought to be the sol
draining system, while fibroblastic prelymphatics serve as
a complementary system, existing at the periphery of the
true lymphatics.

g) Is there any other sort of non-endothelialized part of

It might be expected that a pattern of non-
endothelial channels might be present in other viscera.
Search of the Lliterature has produced some examples, of
which two are selected, one in the spleen, the other in the
kidney.

The sp

—

€ED:

Leon Weiss (1985) described one variety of non-
endotheltialized vascular spaces in the spleen. He studied
the Link between terminal arterioles and splenic sinuses,
in an attempt to solve the old controversy about whethef
the dintermediary circulation of the spleen is "open" or
"closed". He described reticular cells, with "sail-Like"
processes, which provided an incomplete Lining for channels
which conducted blood flow from arterioles to sinusoids.
He concluded that the splenic circulation was "open" in the
that the channels Linking arterioles and sinusoids

sense

were not lLined by endothelium; but it behaved largely as a
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"closed" circulation in the sense that preferred channels
were defined by the reticular cells. Resemblances between
these channels in the spleen, which carry blood, and those

described 1in the present study, which carry interstitial

fluid, are seen to be closer when it is recalled that the

fibroblastic nature of the reticular cells of the spleen,

and of other lymphoid organs, is now well established.

Niiro et al (1986) studied the renal cortical
Lymphatics in rats, rabbits and hamsters and noticed, in
the hamster only, what he called "a unique structuratl
feature". At points of junctions between two adjacent
endothelial cells, one of the cells was sometimes seen to
bifurcate. One process made a junction with the adjacent
endothe[iat cell. But the most dinteresting thing in
connection with the present study, 1is that the other
process extended into the interstitium and partly or even
completely enclosed a space. The contents of such spaces
were shown to be precipitated proteins. Niiro et al (1986)
called them "channel-lLike" structures and found that they
occurred commonly. It seems that in the kidney, as in thé
Liver, there are connective tissue cells of hybrid nature,
having properties of both endothelial and connective tissue

cells.

h) What is the developmental history of the prelymphatic

This part of the study was undertaken to throw more
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Light on the relationship of these two parts of the
proppsed pathway.

The statistical evidence presented in the Results
points clearly to a centrifugal spread of Lymphatics,
starting at the porta hepatis and extendihg into the portal
tract connective tissue. In brief, at 24 hours after
birth, Llymphatics were found in only about 2% of sectional
profiles of portal tracts, those which <contained the
largest branches of the portal vein. At 2 weeks,
Lymphatics were found in 15% of all portal tracts examined,
at 3 weeks in 30% and in adults, in about 50% of tracts.
Lymphatics were not found at all, even in adults, in the
more peripheral parts of the portal tracts with portal vein
branches of less than 30 um in diameter. Beyond this point
the place of endothelially-lined Lymphatics was taken by
"fibroblastic channels".

These findings prompted the next question: How do
the Lymphatics. grow and extend into the Liver? By a
process of budding and migration of endothelial cells from
pre-existing lymphatics or by differentiation, in situ, of
mesenchymal cells and their progressive assimilation by the
tips of the lymphatic tree?

The evidence points to the second possibility;
although extension of the lymphatic tree occurred rather
rapidly between weeks 1 and 2, no signs of endothelial
mitosis and sprouting from pre-existing Llymphatics were
seen. On the contrary, frequent examples were found of

small lymphatics, Llined by typical endothelium and ending
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open mouthed in continuity with mesenchymal <cells whose
processes bounded drregular fluid filled tissue spaces.
These appeérances were indeed similar to those already
described for the smaller portal canals in the adult. The
developmental evidence thérefore suggests that the
"prelymphatic channels”" at the periphery of the adult Lliver
represent a persistence 1in the adult of a pattern of
organized Loose mesenchyme which in the new born extended
almost to the porta hepatis.

This concept of the centrifugal growth of a lymphatic
tree by the progressive differentiation of mesenchymal
cells into endothelium and their assimilation at the tips
of the growing tree, is not a new one although it has still
to gain general acceptance. It was described most
elegantly by Klika et al (1972) as the mechanissm by which

lymphatics grow 1in the epicardium from the base of the

heart of the chick embryo. Their conclusions are quite
explicit: "..... mesenchymal cells form part of the wall
of the primitive Llymph vessels ....." "The vascular wall

is connected to the surrounding mesenchyme by numerous
processes and in places it communicates freely with the
mesenchymal intercellular space”. "The development of the
Lymph capillary 1in the periphery is promoted by .....

incorporation of mesenchymal cells into the Llining of the

Lymph bed".
III. 1In the present study, attention has been drawn to the

possible role of collagen fibres in the transport of
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interstitial fluids.

a) fine reticular fibres ran lengthwise in the Longer gaps
in the limiting plate, where they suggest the function
of a wick, draining fluid from Disse's space.

b) in the <connective tissue of portal tracts, collagen
bundles appear to be permeated by coagulated
interstitial fluid protein, 4in which injected tracer
particles can also be identified (see Figs. 47 and 54).

¢) deficiences in the wall of fibroblastic prelymphatics
are commonly seen to be filled, in part, by collagen.

The role of collagen in the movement of interstitial
fluid was first demonstrated in the <classic study of

McMaster and Parsons (1939) who injected the Llymphatics in

the skin of the ears of mice with Pontamine Sky Blue. They

observed' fine wavy Lines of dye radiating out of the

Lymphatics; these Llines could be bent and twisted by

pressure wWith a microprobe and they sprang back to their

original position when pressure was removed, as if the dye
were fixed wupon or between some tissue elements. They
suggested that the lines of colour were formed by the dye
moving between the connective tissue fibres or along thém
and came to the conclusion that, indirectly, connective
tissue fibres might play an important part in the transport
of certain substances through resting tissue.

Aterman (1963) overloaded the circulation with an
jnjection of dextran followed by a second

intravenous

injection of Evans blue. He found that parts of the

connective tissue framework were prominently ‘outlined by
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their intense blue staining. This suggested not so much a
staining of the fibres themselves as of a thin sheet
surrounding them.

Hauck (1982) dnjected a fluorescent dye into the
microcirculation 1in the mesentery of rabbits and cats and
showed a typical fluorescent pattern of linear structures
in the extravascular space, confirmed Llater by using
incomplete dark field illumination. He suggested that this
network was formed mainly by the elastic fibres of the
interstitial connective tissue. If this is the case, the
elastic fibres besides fulfilling their mechanical function
also have a passive transport or '"guide rail"” function for
fluid and dissolved molecules between micro blood vessels
and the drainage system, making the low resistance pathway.

The results of the present study similarly suggest
that bundles of collagen may take part in the transfer of
fluids and particulate material through the dinterstitium.
It 4s dinteresting to note that the Llarger particulate
tracers, such as Pontamine Sky Blue, were seen only at the

edges of collagen bundles, while smaller particles -

IV. The pattern of intrinsic lymphatics and their relation

The finding that 67% of portal tracts have only a
single lymphatic makes it clear that, in the rat, most of
the hepatic Llymphatics are pot plexiform. The 33% of

tracts which had two or more lymphatics were mainly those
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near the porta hepatis, especially around the arteries to
which they were intimately related. Further peripherally,
Lymphatics were not preferentially related to the arterial
tree, but were related equally to arterial and venous
brancﬁes. These relationships do not have any obvious

functional significance.

V. Extrahepatic Llymphatics

The extrahepatic lymph trunks and the nodes draining
them were mapped out by intravenous injection of Pontamine
Sky Blue, a method introduced byiPsychoyos (1971).

Within eight minutes the lymph trunks were easily
distinguished from veins and arteries by their dark blue
colour, as were the Llymph nodes. Lymphatics were traced to
the main nodes:

1) The Lymph trunks which were found accompanying the
portal vein, to join a lymph node very near to the same
vein, have not been reported previously. The node
recejves Lymph only from the Lliver; it is designated as
the "portal node" because of its intimate relation with
the portal vein.

2) The Lymph nodes 1in the porta hepatis which receive
séveraL Lymphatics from the liver have been described
previously. Yoffey and Courtice (1970) <called them

"hepatic”, a term which wg»prefer to Tilney's (1971)

"portal nodes".

3) Lymphatics from the Lliver were also traced to the

posterior gastric nodes, in agreement with the findings
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of Hass (1936).
4) A Llymph trunk, not previously recognised, ran round the
oesophagus to join the pale node of the splenic group.
5) Concerning the ascending group of hepatic Lymphatics
our findings support the view that these Lymphatics
travel along the hepafic veins, inferior vena cava and
join the mediastinal nodes.
These findings were constant in the 25 rats used in

this experiment.

VI. Plasma Cells

Brown et al (1982) found that the human bile contains
abundant secretory IgA, and it was suspected that the human
Liver, Like that of the rat, transfers polymeric IgA from
plasma to bile. They examined the human thoracic duct
Lymph, portal vein blood and aortic blood for content and
molecular size of IgA. None was found to have a higher
total concentration of IgA or higher proportion of
polymeric IgA than that in peripheral venous blood, and
concluded that a relatively large production of human
biliary IgA might originate from synthesis in hepatobitiary
tissues.

Mononuclear cells <containing IgG, IgA, and 1IgM,
collectively termed "Ig cells" have been seen in all human
Liver examined (Hadziyannis et al, 1969). These major
to antibody formation are a family of cells

contributors

usually referred to a "plasma cells in different stages of

development”.
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Immunoglobulin-containing cells were found in the
portal tracts and fibrous septa (Hadziyannis et al, 1969)
but they were also obéerved in connective tissue elsewhere.
Only a minority were in the sinusoids, but the major
location in the Lliver was in proximity to bile ducts.
Nagura et al (1983) agreed on that and estimated that there
were about 1.3 cells per 0.0025mm2. It is agreed that the
few IgA containing plasma cells present in the periportal
connective tissue are inadequate to account for all the IgA
present in human hepatic bile (Nagura et al, 1983).

An incidental finding in the course of the present
study was the presence of significant numbers of plasma
cells within the Lliver. This was unexpected and led to a
systematic search. Plasma cells at various stages of
development were counted, not only in the periportal areas
and bile ducts - as in previous studies = but throughout

the Liver: 1in 4-6 um wax sections stajned with methyl

green-pyronin.- The figure arrived at (di.e. - 15
2
cells/mm ) 1dis much less than that of Nagura et al (1983),
2

j.e. 1.3 cells per 0.0025mm because we did not exclude the
Large area of lobular tissue which contained much fewer

cells, but the presence of plasma cells was a constant

finding.
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SUMMARY

It 1is generally agreed that the Liver produces a
substantial amount of lymph. In fact it is the largest
;ingte source of Lymph in the body, contributing 15-20%
of the total. This hepatic Llymph s Largely
originating from the interstitial fluid in the space of
Disse. However, it is still not clear how the ftuid in
the space of Disse may end up in the lymphatics of the
portal tracts, as lymphatic vessels were not seen to
penetrate into the hepatic lobules.

This study aimed to investigate the route followed by
interstitial fluid from Disse's space to the lymphatic
vessels of the portal tracts.

The Ltivers of adult Albino swiss rats, fixed by
vascular perfusion, were studied by Llight and electron
microscopy.

Frequent gaps were found between hepatocytes of the
perilobular Limiting plate. They were often
independent of vessels entering the Lobule. These were
usually wider than the space of Disse, and contained
hepatocytic microvilli, bundles of collagen fibres, and
occasional slender fibroblastic processes extending
into the lLobule from portal tract interstitium. Large
(32 pm wide or more) allowed the sinusoidal

gaps

endothelium to abut directly on portal tract

interstitium. These gaps allowed free communication

space of Disse and portal tract

between the




interstitium.

In the periportal connective tissue, Llong flattened

'processes of mesenchymal cells or fibroblasts formed

incomplete Llinings of well defined spaces, which
contained precipitated protein and occasional
Leukocytes. The Llining <cells were often associated
with collagen fibres.b The discontinuities in the wall
of these spaces were confirmed by S.E.M. These
mesenchymal/fibroblastic "channels" were seen 1in the
perilobular space of Mall, in the dnterstitium of
portal tracts and in proximity to Llymphatics. They
were not true lymphatics, but appeared to function as
prelymphatic channels, Leading the protein-rich
interstitial fluid to adjacent terminal Lymphatics,
from which they could be distinguished, but only by
T.E.M.

In the Light of all these findings, it is suggested
that interstitial fluid in Disse's space had found its
way throﬁgh gaps in the perilobular Limiting plate to
reach the perilobular space of Mall, from which it
drained by mesenchymal/fibroblastic prelymphatics to
reach the initial lymphatics.

THis hypothesis was tested by studying the
distribution, in tﬁe Liver, of several artificial and
natural tracers introduced into the circulation of the
artificial tracers, ferritin, Pontamine Sky Blue and
Monastral Blue. Ferritin and Pontamine Sky Blue were

jdentified by T.E.M. at all points along the proposed
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pathway. Most of the Monastral Blue particles were

. phagocytised. Natural tracers = chylomicrons and

Lipoproteins - introducedAby feeding the animals with a
high fat diet, were also found to be distributed along
the proposed pathway. |

Lymphatic profiles were found in only about 50% of
portal tracts of adult rats livers. They did not
accompany every branch of the portal tree, and when
they did, they stopped short of the terminal twigs;
Lymphatic profiles were not seen in portal tracts whose
associated portal vein branch diameter was 30-40 um or
less.

In 100 portal tract profiles it was found that in 44.4%
Lymphatics were related equally to both arter#es and
veins, 32% mainly to veins and 22.8% to arteries. it
was also found that 67%Z of portal tracts' profiles
(mainty in small, peripheral, portal tracts) had a
single lymphatic, 19% had 2, 8% had 3, 4% had 4, 1% had
5 and 1% had 6. Multiple Lymphatic profiles were
mainly found 1in large portal tracts. This suggests
that Llymphatics 1in rat Lliver are principally 1in the
form of trunks and not in the form of a plexus.

The histogenesis and topographic distribution of
Lymphatics in the livers of groups of Albino-swiss rats
aged 24 hours, 1,2,3 weeks and adults were studied by

optical and T.E.M.

At 24 hours, Llymphatics were found in only about 2% of
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sectional profiles of portal tracts, only in

association with the largest branches of the portal

‘vein. At 1 week, Llymphatics were found in portal

tracts further from the porta hepatis, associated with
portal wvein branches down to 60 um in diameter. At 2
weeks, Lymphatics were found in 15% of tracts, at 3
weeks 1in 30% and in adults in 50% of portal tracts.
This statistical evidence suggests that Lymphatics
develop by centrifugal exténsion from the porta hepatis
accompanying many branches of the portal vein. The
E.M. evidence indicated that this extension occured
mainly by the differentiation, in situ, of mesenchymal
cells, and their progressive assimilation by the tips
of the lymphatic tree. Frequent examples were found of
small Lymphatics Llined by typical endothelium ending
open—-mouthed in continuity wWwith mesenchymal cells
bounding irregular fluid filled tissue spaces.
The extensive lymphatics of the liver were studied by
intravenoué injection of Pontamine Sky Blue. Lymphatic
trunks emerged from the porta hepatis in three groups:
i) two trunks ran on the portal vein and joined a
small node (portal node) near the portal vein.

ii) a few trunks joined the hepatic node at the porta

hepatis.

iii) one trunk ran obliquely, curved around the
cesophagus and bifurcated to join the posterior
gastric nodes and a pale node of the splenic
group.
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10.

Lymphatics around the hepatic vein ran along the

-inferior vena cava to join the mediastinal Llymph nodes.

Plasma <cells at various stages of development were
frequently found in the interstitium of portal tracts
in apparently normal rat Llivers. Young ones wWere
mainly seen in the sinusoids, and mature ones in thg

portal tracts. There were approximately 15 cells/mm

of Liver tissue.
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Fig. 1

An example from the Hunterian colltection of
Lymphatics injected with mercury showing the
superficial Lymphatics of the Liver forming a <close
arborescent plexus beneath the peritoneal covering of
the organ. The larger trunks are seen running off
into one of the Lligaments on their way to the
draining node. ‘







Fig. 2

Elias's 3~dimensional scheme showing the way branches
of the hepatic artery, the portal vein and the bile
duct pierce the perilobular Llimiting plate on
entering or leaving the ltobule.

Note: the narrow space between each structure and
the adjacent hepatocyte.
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Figs. 3
Schematic drawing of blood-lymph barrier 1in the
normal Lliver presented by Henrikson et al (1984)
showing the way in which the portal vein (PV) and the
hepatic artery (HA) pierce the Llimiting plate and

entering a sinusoid (S). The flow along the blood-
Lymph barrier is shown in arrows. The flow at the
point of entry of +these wvessels [described by

Henrikson et al (1984) as less defined]l is shown by
dotted arrows.

Note: the proximity of the Llymphatics (L) to the
point of entry of the vessels (i.e. gaps)
suggested by Henrikson et al.

AF - anchoring filaments
HV - hepatic vein
SP - sieve plates of the sinusoidal endothelium
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As the portal vein branch (PV) enters the
sinusoid (S) it is difficult to recognize a space
between the wall of the vein and the hepatocytes
of the Limiting plate.

x 312

A T.E.M. of the same area which reveals that the
space between the wall of the vein and the
hepatocytes of the Limiting plate is of the same
order of size as Disse's space.

PV - portal vein
S - sinusoid

x 5880
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igs. 2

A gap (G) between 2 hepatocytes of perilobular
Limiting plate. It is 17 um long, 2 pm wide, and
extends between Disse's space (D) of a sinusoid (S)
and portal tract (P) and space of Mall (M. It
contains a fibroblastic process embracing a bundle of
collagen.

x 7840
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A higher magnification of the contents of the
previous gap in Fig. 5 showing the three main

contents.

1. ¢ - collagen
2. F.P. - fibroblastic process
3. M.V. - microvilli







Eigs ¢

A gap (G), 2 um Llong, 4 um wide between two
hepatocytes of the Llimiting plate. It extends
between Disse's space (D) of a sinusoid (S) and the
space of Mall (M) and portal tract (P).

x 5880
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Eig. 8

A gap (G6), about 8 um Long and 1 um wide, between two
hepatocytes of a Limiting plate.
x 7840






Fig. 2

A gap (G), about 5 um long and 5 um wide, between two
hepatocytes of a Limiting plate.

Note: A fibroblast (F) whose processes extend into
the space of Disse (D).

x 7840
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Fige 10

A gap (6), about 3 um long and 5 um wide, between
two hepatocytes of a Llimiting plate.

CM - chylomicrons

x 7840
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Fig. 11

A gap (G6), about 3 um Llong and 2 um wide, between two
hepatocytes of a Limiting plate.

Note: a bile ductule (BD) faces the gap.

x 7840
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Fig. 12

A gap (G), about 1.5 um long and 3 um wide, between |
two hepatocytes of a Limiting plate. C
x 9800 :
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igs. 13

A gap (G6), about 3.5 um wide, between two hepatocytes
of a limiting plate.

Note: the sinusoidal endothelium (S.E.) nearly abuts
on the portal tract interstitijum (PT).

x 5880
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ig. 14

A gap (G) about 3.5 um wide between two hepatocytes;]
of a Limiting plate where the sinusoidal endothelijunm:
(SE) abuts directly on the portal tract interstitium
(PT). '
x 15680







Fig. 13

A gap (G) about 12 um wide between two hepatocytes of
a Llimiting plate where the sjnusoidal endothelium
(SE) abuts directly on the interstitium of the portal
tract (PT). '
x 5886







Fig. 16

The endothelium (E) of a Llongitudinal sectional
profile of a sinusoid (S) abuts directly on the
interstitium of the portal tract (PT) through a gap
(¢, which ds about 32 um wide, between two
hepatocytes of a lLlimiting plate.
x 3920
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The gap (G) can be traced into continuity with
perisinusoidal spaces of Disse (D) associated
the two sinusoids S1 and S2 and
interconnections. '

x 5880
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Fig. 18 | -

This is one example of the ramifications of the space
of Disse (D) between hepatocytes.

Note: the contrast has been deliberately 1increased
to emphasize the intercellular expansions of
Disse's space.

x 5880







Fig. 19

This gap (G) between two hepatocytes of a Limiting
plate 1is mainly occupied by a bundle of <collagen
fibres which extend into spaces of Disse of several
sinusoids.
X 3920
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g. 20

In the sectional profile of this portal tract one can,ﬁ
recognize 6 gaps (arrows) in the perilobular Limiting
plate, onle one of which (%) may possibly be

associated with an entry of a portal vein branch.
x 360

Fig. 21

In the profile of this portal tract it 4is possible to
recognize 7 gaps (arrows) in the perilobular Limiting
ptate of which only one (*) can be related to an
entry of a portal vein branch.
x 312






Eig. 22

There are 4 gaps (arrows) in the perilobular Llimiting
plate of the sectional profile of this portal tract.
x 312







Fig. 23

It 1is possible to identify 2 gaps (61, G62) in a TEM
field at a relatively low power of 1400.
X 3920







Eig. 24

teste

Shows 3 adjacent gaps (61, G2, G63)
hepatocytes of a Llimiting plate.
x 5880
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ig. 25

. Photomicrograph of the smallest Llymphatic prof1L
(arrow) ijdentified by optical microscopy.
x 320

. An electronmicrograph of the adjacent section of
the same area confirming that the vessel is in

fact a Lymphatic capillary (about 3 Mm in
diameter).

x 5880
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Eig. 26

[

Shows that in this portal tract profile, whose port
vein branch diameter is about 40 pm, Llymphatics are
absent. ‘
x 520
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ig. 27

Shows that there are no lymphatics in a portal
tract sectional profile whose accompanying portal
vein branch diameter is about 73 um.

x 430 '

No Lymphatic vessel could be seen even in this
portal tract sectional profile, whose

accompanying portal vein branch is about 125 pm
in diameter.

x 430






Note: - the <coarse, dirregulary arranged collagep
bundles (C).

- a typical scalloped Lymphatic vessel (L)
with a thin wall and proteinous contents.

BD - bile duct N
C - capillary
V - vein

x 1030
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Fig. 22

A high magnification of a small area 1in the
interstitium of a large portal tract.

Note: <closely packed collagen bundles (C).
- a fibroblast (F)
- mast cell (M) :
- bundle of nerve fibres (NF)
- a lymphatic vessel (L)
- a selnder fibroblastic process

x 15680







Fig. 30

Showing

an area in the interstitium of portal tract

smaller than the previous one in Fig. 29.

Note:

x 15680

looser connective tissue

compare the <cytoplasmic processes of the
fibroblast with the lymphatic endothelium of
the Lymph vessel (L)

the intercellular junctions (J) between
Lymphatic endothelial cells.
compare the density of the proteinous

material din Llymphatics with that in the
Loculi bounded by fibroblastic processes.
the varying density of the collagen bundles.






Eig. 31

Shows interstitial area of an even smaller and more
peripheral portal tract.

Note: - much lLooser connective tissue.

- fibroblasts (F1, F2) sending out processes
jnto the interstitium, thus creating Lloculi.

x 7840 Y






Fig. 32

Loculi (LOC) created by multiple processes of
different fibroblasts with desmosome-like junctions
(J)- )

x 19600







Fig. 33

Showing multiple fibroblastic processes (FP)
encltosing a Lloculus that contains dense proteinous
precipitate.

Note: - the area between the two Llines AA', BB'
might well be mistaken for endothelially
lined lymphatics. ’ .
- collagen bundles CC' also make small part of
the wall of the loculus. N

x 15680
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Fig. 34

Fibroblastic processes completely enclose a channel
which might easily be mistaken for a Lymphatic,
although clearly it is not.

Note: =~ the nature and density of the contents

- the gaps (arrows) between fibroblastic
processes that make the channel.

'x 11760







Eig. 33

A cross sectional profile of a fibroblastic channel
(FC) which appeared to be a Lymphatic by Llight
microscopy. - TEM revealed the fibroblastic nature of
the Lining, the collagen within the Llumen (C) and the

multiple openings.

- compare the contents with that of the neighbouring
true Llymphatics (L).

x 15680






Fig. 36

Shows a Longitudinal sectional profile of a
fibroblastic channel which contains many cells
(macrophages and neutrophils).

Note: the thin, interrupted and branching lining of
fibroblastic processes.

x 7840






Fig. 3¢

Shows a Llongjtudinal sectional profile of a
fibroblastic channel.

Note: - contents of precipitated protein and a
mononuclear cell
- thin interrupted lining ]
- collagen (C) on the Luminal and abluminal
sides of the wall .

x 15680






Fig. 38

Shows a <cross sectional profile of a fibroblastic
channel, almost completely enclosed by the processes
of 'a single fibroblast. The gap left is completed by
a bundle of collagen.

x 15680 :
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Fig. 39

Shows a sectional profile of a channel completely
enclosed. by fibroblastic processes.
x 7840






Eig. 40

Shows a fibroblastic channel (FC) adjacent to a blood
capillary in a portal tract. Compare the size and
proteinous content with that of the adjacent blood

capillary.
Note: - the thin branching processes of fibroblastic
cytoplasm which bound the channel
- the deficiency in the Lining.

x 3920
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Fig. 41

Shows the SEM appearance of fibroblastic channels
which suggests that the wall is most Llikely made of
sheets of fibroblastic processes (SH) with multiple
gaps (G) and that the wall may be <completed by
collagen (C).

x 19000






Fig. 42

Shows a nearly complete fibroblastic channel (FC);
the gap facing the hepatocyte of the Llimiting plate
is completed by collagen (C).

Note: the relation of the gap in the fibroblastic
channel to the space of Mall (M)«

x 28000
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Fig. 43

ILlustrates the proximity of the fibroblastic channel
(FC) to the space of Mall (M).
x 11760 ’






Fig. 44

Demonstrates the proximity of the fibroblastic
channel (FC) to the true Lymphatic (L).

Note: the position of the gap (arrow) in the wall df
the fibroblastic channel, which faces the true

Lymphatic.

x 5880 |






Fig. 42

Shows a bundle of collagen (C) in the space of Disse
(D) bathed in proteinous material. "
x 58800 :







Eig. 46

Shows two bundles of collagen (C) in the space of
Disse, bathed in proteinous material.
x 19600
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Fig. 47

Shows a collagen bundle, in a portal tract, bathed in
proteinous material.
x 50400






Fig. 48

Ferritin granules can be seen in the sinusoid (9§)
Lumen and the space of Disse (D). These granules are
scanty presumably because fixation was by perfusion.
x 50400
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Fig. 49

Ferritin granules are seen 1in abundance in the
sinusoidal Lumen (S), 1in endothelial fenestrations
(arrows) and in Disse's space (P). This specimen was
taken from a decapitated animal and fixed by
immersion.

x 39200
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Fig. 20

A gap (6) in a Limiting plate with ferritin granules
between its various components.
x 50400 .






Fig. 31

Ferritin granules in the space of Mall (M).
x 15680






Fig. 22

Ferritin granules 1in the interstitium of a portal
tract.

Note: C(arrow) indicates site of early formation of a
bristle coated vesicle taking wup ferritin
granules.

x 50400
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Eigs. 33

Ferritin grahules in a fibroblastic channel.
x 15680






Fig. 34 )

Shows ferritin granules bathing a bundle of collagen
fibres in the interstitium of a portal tract.

Note: cdmpare with Fig. 47.

x 50400






Fig. 22

Shows that Lymphatics contained a higher
concentration of ferritin granules than did other
parts of the suggested pathway.

x 50400
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Shows that ferritin granules were taken up by the
sinusoidal endothelium (SE) in bristle coated
vesicles (arrows).

x 11760
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B. A higher power of the part of the sinusoidal
endothelium taking up the ferritin granules in
bristle coated vesicles (arrows).

x 39200 :






Fig. 37

Shows Pontamine Sky Blue particles in the sinusoidal
Lumen, fenestrations (arrows) and Disse's space.
x 11760 '






Fig. 38

Shows Pontamine Sky Blue particles in a gap (G) in

the Limiting plate.
x 11760






Fig. 22

Shows Pontamine Sky Blue particles in various parts
of the interstitium of a portal tract.

Note: PSB particles in fibroblastic channels FC.

x 15680






Fige. ég

Shows Pontamine Sky Blue particles in the space of
Mall (M), 1in portal tract interstitium, and in the
Lymphatic.

Note: the high concentration of the particles 1in the
lymphatics.

x 9800
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Fig. 61

Shows Pontamine Sky Blue particles and <chylomicrons
in the sinusoidal lumen.

‘A - a cluster of various sizes of chylomicrons

B - a Large chylomicron

C - a cluster of small chylomicrons 1in the
space of Disse

Note:

x 11760






Fig. 62

Shows chylomicrons (arrows) 1in a Longitudinal
sectional profile of a fibroblastic channel.
x 28000
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Fig. 63

Shows chylomicrons (arrowed) in the dinterstitium of a
portal tract and in a lymphatic vessel.
X 7840 - ' .






Fig. 64

Shows Lipoprotein particles in the sinusoidal Llumen
(S) and in space of Disse (D). :
x 11760






Fig. 62

Shows Llipprotein particles in various spaces of the
portal tract interstitium and in a lymphatic (L).
x 7840
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Eigs 66

Shows Kupffér cells full of Monstral blue particles.
x 320






Fig. 67

Shows many Monstral blue particles adherent to the
sinusoidal surface of the Kupffer cell which avidly
phagocytosed the particles.

x 19600






Eig. 68

Shows a few: Monastral blue particles passing through
interendotheljal overlapping junctions. :
x 39200






Fig. 69

Shows that only a few Monastral blue particles
reached the space of Disse (D). '
x 50400






Fig. 70

Shows a rare sight of a small cluster of Monastral
btue particles in the interstitium of a portal tract
and even.within a lymphatic.

x 28000



IA

w



Figs. 71

Shows sectional profile of a Llarge portal tract
whose accompanying portal vein branch diameter is
greater than 180 um.

Note: a single lymphatic (arrowed) in the portal
tract : :

24 hr old animal.. \

X 225






Shows sectional profiles of more peripheral portal
tracts, with portal vein branch diameters of Lless
than 180 um, lacking lymphatics.

24 hr old animal. ) -

x 360 )






Figs 73 o

In this semi-thin sectional profile of a developing
Lymphatic in a 2 weeks old animal, the lymphatic (L)
shows two Loculi on the luminal and abluminal sides
of the wall.

x 320






Fig. 74 ;

The =electron microscopic appearance of Lymphatic
capillaries shows considerable developmental
variations from its "typical" patterns depending upon
the age of the animal and the position of the
lymphatic within the Lliver.

In a 2 weeks old rat:

Note: The Llining is continuous, but at (A) showus
typical endothelial characteristics, and at
(B) shows characteristics intermediate between
‘mesenchymal cells and endothelial cells.

x 5940






Fig. 72

Shows two cells A & B which contribute to the wall of
an irregular Loculated channel in a 24 hour old
animal. - Both  cells retain some mesenchymal
characteristics.

x 3920
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Fig. 76

Shows a lymphatic capillary profile in a 2 week old -
animal.

Note: both cells A & B have "mesenchymal"
characteristics.

x 5880






Fig. 77 N

Shows a lymphatic sectional profile where the Lining
cell A has more mesenchymal characteristic compared
to <cell (B) which lLooks more Like a "characteristic"
endothelial cell.
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ig. 78

>
N
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c

A series of 3 serial sectional profiles of Lymphatic
capillaries lined by cells which differ in appearance
fom typical endothelium. From their abluminal
surfaces, cytoplasmic processes extend into
continuity with typical mesenchymal cells, _with which
they help to enclose spaces in the interstitium.

A x 3920

B x 3920

¢ x 3920






Fig. 79 A -

The Lining cell (A) of the Llymphatic vessel, 1in a 2
week old rat, bounds a vacuole which opens into the
interstitium.

x 7056
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Fig. 80

In
old

A_
B_
C_

this sectional profile of a lymphatic of a 3 week
animal, note:

numerous vacuoles in the wall of the lymphatic
adjacent mesenchymal cell with multiple vacuoles
a channel containing precipitated protein

x 3920 v . y






Fig. 81

Shows that, 1in some sectional profiles, Lymphatics
(L) can be exclusively related to arterdies.
x 312 '

e

Fig 82

Shows that lymphatics. (L), 1in other instances, are
mainly related to veins. -
x 100
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Fig. 83

Shows that sometimes it may be difficult to decide if
a lymphatic (L) is associated with an artery (A) or a
vein . (V). ’
x 312






Fig. 84

3 Llymphatic trunks (arrows) run over the portal vein
(PV), join together to form a single +trunk which
joins a Lymph node (portal node = PN) very near the
portal vein.

X 6

Fig. 853

A Llymph -“trunk coming from the hilum, reaches the
oesophagus (0E), bifercates and rejoins again to
descend down and joins a posterior gastric node (GN)
and a pale node of the splenic node (SN).

x 6






Eig. 86

Shows a plasma cell in sinusoid.
x 500

Fig. 87

Shows two plasma cells between hepatocytes.
x 500 .
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ig. 88

A. Shows many plasma cells in a large portal tract.
x 500

B. In a smaller portal tract plasma cells can also

be found.
x 500
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Fig. 82

[ %}

A. Shows mature plasma cells in the interstitium of
a portal tract.

Note: - cog-wheel arrangement of the chromatin
in the nucleus
- cytoplasm is full of rough endoplasmic
reticulum -
x 3920

B. Two mature plasma calle in the interstitium of a
portal tract. : )
x 5880






