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In comparing differences in blood
vessels and lymphatics, the blood capil-
lary endothelium has been shown to
contain well differentiated domains of
neven charge density and is surrounded
by a basal lamina which acts as both a
size and charge barrier in the formation
of plasma ultrafiltrate (1-3). Unlike the
blood capillary, the lymphatic capillary
lacks a well differentiated basal lamina
(basement membrane) and is in direct
contact with the surrounding interstitial
spaces (4,5). Since the lymphatic capillary
serves a very specialized function of
draining interstitial boundary fluid and
plasma macromolecules, its lymphatic-
interstitial boundary is specially adapted
to provide for the passage of these sub-
stances from the interstitial spaces into
the lymphatic capillary lumen. Therefore,
its endothelial lining should facilitate
rather than repel the transport of plasma
macromolecules across the interstitial-
Iymphatic interface. Thus, the net electri-
cal charge at its lymphatic interstitial
boundary should be reduced in compari-
son to that of the blood-tissue interface.
Glycosaminoglycan moieties of proteogly-
cans are major structural components of
the extracellular matrix which also sur-
round blood vessels as well as comprise
the vascular wall (6). The different gly-
cosaminoglycan moieties of glycoproteins
are also highly negatively charged mole-
cules and are present throughout the
extracellular matrix and the surfaces of

cells (7-9). Proteoglycans can be visual-
ized in the electron microscope by using
the ruthenium red method (10), which

selectively binds to acidic polymers to

give rise to an electron-dense label when
combined with OsOy4. To further charac-
terize the lymphatic endothelium and its
subendothelium layer we have used the
ruthenium red (RR) method as well as
cationized ferritin (CF) to label anionic
sites on the lymphatic capillary endotheli-
um and its underlying subendothelial

layer. In addition, the chemical nature of
these components was also investigated.

MATERIALS AND METHODS
Animals

The experimental system takes
advantage of the rich plexus of lymphatic
capillaries and collecting lymphatic vessels
located in the superficial and deep
regions of the dermis in the ears of
Swiss Albino mice as well as the central
lacteals of the small intestine. In addi-
tion, the diaphragmatic lymphatics in
mice were also investigated using CF as
an electron dense label.

Ruthenium red staining

Following anesthesia, the blood vas-
culature was cleared by perfusing with a
balanced salt solution and fixation was
achieved by perfusing with a glutaral-
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dehyde formalin mixture containing RR
(11). After perfusion fixation, specimens
of ears and small intestine were removed
and cut in small slices and postfixed in
0sO4 with RR and processed for
transmission electron microscopy (TEM).
In some experiments the tissue was fixed
by immersion in solutions containing RR
and then processed for TEM.

Interstitial injection of cationic ferritin

Cationized ferritin (CF), Pl 8.4
(Miles Laboratories, Elkhart, IN) was
dialyzed before use for 48 hours at 4°C
against 0.15M NaCl. After animals were
lightly anesthetized with ether, 0.1mg of
CF in 0.05ml PBS was injected intersti-
tially into the margin of the ears using
microinjection procedures carried out in
our laboratory (12). Following interstitial
injections, animals were sacrificed at 5 to
30 minutes and the tissue fixed in 2.5%
glutaraldehyde in sodium cacodylate
buffer. Tissue was postfixed in 2% OsOy4
in phosphate buffer and processed for
TEM (13). To assess the effect of plasma
on CF binding, thin slices of the mouse
diaphragm were removed and cut into
thin sections and washed in several
changes of PBS to remove plasma pro-
teins. The sections were then incubated
in CF for 5 to 10 minutes and the tissue
was then washed in PBS to remove
excess label and subsequently fixed and
processed for TEM.

Enzymate digestion

To demonstrate the nature of the
anionic sites on the lymphatic endotheli-
um and its subendothelial layer slices of
dermal tissue were obtained from the ears
of mice and incubated in hyaluronidase,
8,000 U/ml in 0.1M acetate at pH 5.4 for
30-45 minutes or in chondroitinase ABC,
2.4 U/ml in 0.1M Tris HCI at pH 7.4 at
37°C for 30-45 minutes. After incubation
in enzyme the tissue was rinsed in buffer
and then fixed in glutaradlehyde contain-
ing RR, or followed by incubation in
CF (PI 8.4), postfixed in OsO4 and
processed for TEM.
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RESULTS

General organization of the
lymphatic-interstitial interface

The lymphatic endothelium rests on
an ill-defined subendothelial layer which
separates it from dense bundles of colla-
gen and elastin fibers, and cells of the
surrounding connective tissue (Fig. 1).
This subendothelial layer is of a variable
width (up to 0.5um), and in routine
preparations for electron microscopy it
appears as a translucent band which con-
tains anchoring filaments (8nm) (Fig.
1). These insert on the plasmalemma and

Fig. 1. Electron micrograph of lymphatic capil-
lary endothelum. A well defined basal lamina is
lacking. However, the subendothelial layer contains
numerous anchoring filaments (af) that attach to
the abluminal (connective tissue) surface of the
endotheltum and extend into the surrounding inter-
stitium. In addition, there is also a network of
fine filaments (*) that form a boundary layer
between the lymphatic capillary wall and the sur-
rounding collagen bundles of the interstittum.
(x46,500)

extend into the surrounding connective
tissue between collagen and elastic fibers.
In our earlier studies of these structures,
it was suggested that the anchoring fila-
ments provided a means of stabilizing the
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Figs. 2 and 3. RR staining sites in basal lamina (bl) of blood capillary (Fig. 2,
x72,000) and basal lamina of epidermal epithelium (Fig. 3, x61,000). Mouse
perfused with solution containing RR.

irregularly-shaped and attenuated lym- illaries as well as the basal lamina of epi-
phatic endothelial wall and served to dermal cells (Figs. 2-3). However, its
connect the endothelium to the sur- location in the lymphatic subendothelial
rounding interstitium (14). When RR layer was sparsely associated with the
was perfused via the blood vascular irregular basal lamina, with many areas
system its small size enables it to pene- lacking the RR positive granules (Fig.
trate the blood capillary wall and gain 4). In specimens fixed by immersion
access to the interstitium. The results with RR in the pre- and postfixation
from these studies showed that ruthen- solutions, RR ,staining was observed
ium red positive granules measuring within the lymphatic lumen, on the lu-
20-50nm in diameter appeared in regular minal surface of the plasmalemma, and
pattern in the basal lamina of blood cap- within plasmalemmal vessels (Fig. 5).
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Fig. 4. RR staining sites (arrows) in subendothelial layer of lymphatic capillary.
In some areas RR dense granules are aligned in a row of punctate densities,
while in others they appear irregular or some areas of the subendothelial layer
are unstained. Mouse perfused with solution containing RR. (x56,000)

Fig. 5. This electron micrograph shows a portion of dermal tissue from mouse
ear that was fixed by immersion in solution containing RR. There are numerous
RR dense staining sites (arrows) in the subendothelial layer as well as
throughout the interstitial area and on collagen fibers (CF). With the immersion
procedure the RR also stains the luminal surface of the lymphatic capillary
endothelial plasmalemma (*), but not its abluminal surface. (x25,500)

When CF of Pl 8.4 was interstitially
injected in the dermis of mice, the dense
particles were observed within the suben-
dothelial layer in the form of dense
patches separated by gaps of varying
widths (Fig. 6). For the most part CF
particles were separated from the endo-
thelial plasmalemma. Since the presence
of plasma proteins and/or albumin has
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been shown to interfere or block the
binding of negative sites to cationic
probes (15), we incubated sections of ear
tissue and diaphragms in PBS to remove
plasma proteins prior to incubation in
solutions with cationic tracers. In these
preparations there was a binding of CF
to the luminal surface of the lymphatic
endothelium in the form of dense
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Fig. 6. This electron micrograph illustrates the labeling of CF at 5 minutes
after interstitial injection. The tracer labels the interstitial spaces, collagen fibers
in a regular pattern and is localized in the subendothelial layer (arrows) in
dense patches but separated from the endothelial plasmalemma by a narrow
space. The lumen is filled with plasma proteins and the luminal surface of the
endothelium shows very little labeling of the CF tracer. (x18,000)

patches, but very few anionic sites were
observed on the connective tissue front
of the lymphatic endothelium (Fig. 7).
In addition, CF particles also decorated
extensively the clefts of intercellular
junction and labeled collagen fibers in a
periodic fashion (Fig. 7).

Enzyme digestion

The identity of proteoglycans and
anionic sites was confirmed by the cyto-
chemical method of employing selective
extraction with specific enzymes followed
by rinsing in buffer and then fixation of
the tissue in glutaraldehyde containing
ruthenium red, or followed by incubation
in cationized ferritin (PI 8.4), postfixed
in OsO4 and processed for transmission
electron microscopy. When we examined
the effect of specific enzymes on the
subendothelial layer and the lymphatic
endothelium it was observed that the
electron dense label was no longer de-
monstrable after incubation with either
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the hyaluronidase or the chondroitinase
ABC (Figs. 8-10).

DISCUSSION

While there are similarities between
blood and lymphatics, major differences
also exist in both their function and
structural make up. Along the microcir-
culatory segment of the blood vascular
system, gases, plasma macromolecules and
cells permeate the blood endothelial lining
to enter the interstitial spaces throughout
the body. To regulate a selective passage
across its wall, the blood vascular endo-
thelium is provided with both size and
charge barriers which restrict flow from
its luminal surface according to need by
specific tissues and regions of the body
(16). It has been demonstrated by a
number of workers that a charge barrier
exists on the blood front as well as its
underlying basal lamina (basement mem-
brane) (17). To carry out its specialized
function of draining fluids, macromolec-
ules and cells from the interstitium the
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lymphatic capillary endothelium should
facilitate rather than restrict the passage
from the interstitium into the lymphatic
lumen. From the studies carried out in
our laboratory as well as the work of

others it has been shown that the lym-
phatic capillary endothelium is provided
with loosely adherent intercellular junc-
tions, and lacks a definitive underlying
basal lamina. Therefore, its structural

makeup allows direct access of the inter-
stitial plasma ultrafiltrate as well as cells
to the lymphatic lumen (4,14,18).

The studies reported here dem-
onstrate that the lymphatic capillary
endothelium possesses an uneven charge
density on its luminal surface; however,
there was a very sparse distribution pat-
tern of anionic sites observed in its
underlying subendothelial layer. The re-
sults from these cytochemical studies
demonstrated that 20 to 50nm diameter
RR-positive granules were associated
with irregular segments of basal lamina.
However, the subendothelial layer con-
tained very few RR-positive granules.

I

Fig. 7. Electron micrograph showing CF labeling in diaphragmatic lymphatic

capillary. The specimen was rinsed in PBS to remove plasma proteins prior to
incubation in CF. The tracer decorates the luminal plasmalemma (arrows), the
clefts of intercellular junctions (*) and collagen fibers (double arrows) in a

periodic pattern. However, very little label occurs on the basal surface of the

lymphatic endothelial plasmalemma. (x40,000)

This finding is different than that found
in the basal lamina underlying blood cap-
illaries which contain an array of discrete
anionic components along both surfaces
of the lamina densa (11,19-20).

When CF was injected interstitially
the label was found within the subendo-
thelial layer in the form of dense patches
separated by gaps of varying widths and
little to no labeling occurred on the
endothelial plasmalemma. This lack of
binding to the endothelium can be attri-
buted to the presence of plasma proteins
and albumin throughout the interstitium
and within the lumen. However, a reg-
ular binding of CF particles to the lu-
minal surface of the endothelium was
demonstrated in diaphragmatic lymphatic
endothelium when plasma proteins were
removed prior to incubation in solutions
with the CF label. These results showed
that there were very few anionic sites on
the abluminal (connective tissue) surface
of dermal lymphatics and confirm our
earlier studies with diaphragmatic lym-
phatics (13). Using isolated canine renal
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Figs. 8-10.
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Figs. 8-10. Electron micrographs showing basal
lamina (bl) of blood capillary endothelium (Fig.
8, x56,000), the epidermal epithelium (Fig. 9,
x48,500 and the subendothelial layer of the lym-
phatic capillary (Fig. 10, x85,000). The tissue
was incubated in hyaluronidase, rinsed in PBS and
then processed in a solution containing RR. No
RR dense staining sites were observed in the basal
lamina of blood capillaries, the epidermal cells, or
the subendothelial layer (*) of the lymphatic
endothelium.

lymphatics (lymphatic collecting vessels),
Jones et. al. (21) demonstrated that CF
did not bind to the plasma membrane
when administered abluminally, but when
added in the perfusion fluid CF did bind
to the luminal membrane and infundibula
of intercellular channels. In our previous
studies (13), we observed extensive CF
labeling throughout the cleft of intercel-
lular  junctions in lymphatic capillaries.
This may reflect a functional difference
betweeen the lymphatic collecting vessels
and lymphatic capillaries, as the latter
vessels begin as blind end tubes and
serve a major function in providing for
the continuous removal of interstitial
fluids, ions and small solutes. Other
regions of high concentrations of anionic
sites have also been associated with in-
creased permeability to water and small
solutes (3).

After incubation with hyaluronidase
or chondroitinase ABC, the irregular
patches of RR positive granules were no
longer demonstrable in the subendothelial
layer. Since hyaluronate has been shown
to cause a high degree of hydration in a
number of biological and experimental
systems, its concentration in the lym-
phatic subendothelial layer suggests that it
may also be involved in the overall pro-
cess of fluid and cellular transport from
the interstitium to and across the lym-
phatic capillary wall. Thus, the charge
asymmetry of the lymphatic endothelium
could give directionality to the lymphatic
endothelium that would favor transport
from the connective tissue to its luminal
surface.
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