SCIENTIFIC
[QVita | it
Journal of Experimental Pathology Original Research

Investigation of Lymphatic Vessels with Frozen Sections in Rhesus
Monkey Endometrium: Using LYVE-1 and D2-40 as Lymphatic Vessel
Markers and Von Willebrand Factor as Blood Vessel Marker

J Exp Pathol. 2026;7(1):38-48.

Tatsuo Tomita’’, Kunie Mah?, Kirsten Lampi'

'Department of Integrative Biosciences, Oregon Health and Science University, Portland, OR, USA
?Oregon National Primate Research Center, Beaverton, OR, USA

"Correspondence should be addressed to Tatsuo Tomita, tomitat39@gmail.com
Received date: July 09, 2026, Accepted date: August 17, 2026

Citation: Tomita T, Mah K, Lampi K. Investigation of Lymphatic Vessels with Frozen Sections in Rhesus Monkey Endometrium: Using
LYVE-1 and D2-40 as Lymphatic Vessel Markers and Von Willebrand Factor as Blood Vessel Marker. ] Exp Pathol. 2026;7(1):38-
48.

Copyright: © 2026 Tomita T, et al. This is an open-access article distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are
credited.

Abstract

Background: The presence of lymphatic vessels in the human endometrium is sketchy and is unsettled. Using D2-40 as a marker of lymphatic
vessels in the formalin-fixed and paraffin-embedded human endometrium, a reduced density of lymphatic vessels was reported in human
functionalis. Normally cycling human endometrium is relatively difficult to study for ethical reasons.

Objectives: Uteri from menstrual, proliferative, and secretary cycle were collected to study lymphatic vessels compared to blood vessels by
immunohistochemical staining for lymphatic vessels in the artificially cycling monkey endometrium. The full thickness of uterus was vertically
sectioned and was collected from menstrual, proliferative to secretary cycle in the cycling endometrium. With frozen sections, we studied
lymphatic and blood vessels by immunostaining with D2-40 and LYVE-1 for lymphatic vessels and von Willebrand'’s factor for blood vessels,
respectively.

Results: There was the consistent presence of lymphatic vessels in myometrium and basalis. Blood vessels supply the growing functionals
while lymphatic vessels grew longitudinally from basalis to functionalis with D2-40 and LYVE-1 immunostaining in proliferative phase from
lower to middle secretary functionalis in late secretary phase. There were dilated and bursting lymphatic vessels in upper functionalis at
menstruation.

Conclusion: Ample blood vessels supply the entire endometrium while lymphatic vessels do not catch up with the fast-growing blood
vessels in the functionalis. The presence of lymphatic vessels in the functionalis during the menstrual period implies the presence of sliver
of lymphatic fluid in the menstrual fluid. The less lymphatic vessels in the late secretary functionalis may contribute to extreme interstitial
endometrial edema during menstrual shedding.
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Introduction

Information on the endometrial lymphatic vessels is sketchy
and unsettled: some authors claimed that lymphatic vessels
were absent in the human endometrium [1-3] while more
investigators increasingly agree that lymphatic vessels are
present in the human endometrium: one group reported
that lymphatic vessels were present in 62% of functionalis
[4] and the other group reported that lymphatic vessels
were present in the basalis alone using monoclonal D2-40

as a lymphatic vessel marker [4,5]. With formalin-fixed and
paraffin-embedded (FFPE) human endometrium, Rogers et
al reported lymphatic vessels in functionalis at a reduced
density compared to basalis and myometrium using D2-40 as
a lymphatic endothelial marker [6-9]. More specific markers
for lymphatic vessels have become available. One is lymphatic
vessel endothelial receptor-1 (LYVE-1), a transmembrane
receptor for hyaluronan that is highly expressed by the by
the lymphatic vessel endothelium: LYVE-1 is also expressed
by liver sinusoids, various macrophages and some other cells
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[10]. Monoclonal and polyclonal antibodies against LYVE-1
have been used as immunocytochemical markers to study
lymphatic vessels in various tissues [10]. Lymphatic vessels
were clearly observed using D2-40 antibody [6-9] but LYVE-
1 has not been extensively used to immunostain lymphatic
vessels lymphatic vessels in the endometrium [5-9]. Other
marker of lymphatic vessels include podoplanin,a membrane
glycoprotein recognized by the monoclonal antibody D2-
40, and VEGFR-3, which binds VEGF-C/D [6]. D2-40 antibody
has been used to quantify lymphatic vessels density in the
human endometrium throughout the menstrual cycle [8,9],
and one study used LYVE-1 staining on the endometrium
[11]. Polyclonal LYVE-1 antibody immunostained lymphatic
vessel endothelium more than monoclonal D2-40 [10].
Lymphatic vessels were consistently more numerous in the
basalis than in the functionalis during the menstrual cycle,
but the status on lymphatic vessels during the menstrual
cycle had not been reported to date [5-9]. In this study, LYVE-
1 and D2-40 were used for lymphatic vessel markfers and von
Willebrand’s factor (vWF) was used for blood vessel marker,
respectively. The non-human primate model simulates the
human menstrual cycle with an artificially hormone control
cycle since it is not feasible to undergo a similar study in
humans because of ethical issues and a variation of menstrual
cycle among individual women.

Materials and Methods
Female artificially cycling rhesus monkeys

Animal care for the rhesus monkeys (Macaca mulatta) was
provided by the veterinary staff of the Division of Animal
Resources of the Oregon National Primate Research Center, in
accordance with NIH policy for the care and use of laboratory
animals. Female rhesus monkeys were oophorectomized and
treated sequentially with estradiol (E2) and progesterone
(P) to induce menstrual cycles described before [12-16]. To
induce these cycles, the oophorectomized animals were first
implanted sc with 3 cm Silastic capsules (Dow Corning Corp,
Midland, MI) packed with crystalline E2 (Sigma) to stimulate
development of an induced proliferative phase. After 14 days,
a 6 cm Silastic capsule packed with crystalline P (Sigma) was
implanted sc, and both implants remained in place for 14 days
to induce the secretary phase. To induce menstruation, the P
implant was removed while the E2 was left in place. Menstrual
bleeding normally occurs 2-4 days after the P implant was

Table 1. Dilutions of antibodies of frozen sections and FFPE sections.

removed. The human endometrium according to the exact
menstrual cycle is hard to study from the ethical points of
view and this study was carried out in rhesus monkeys. The
numbers of the animals studied were as follows: the induced
menstrual phase, 3 days after removing P, (E-3p): 5 cases, early
proliferative phase, 7 days after removing P, (E-7p): 4 cases,
late proliferative phase, 14 days after removing P, (E-14p):3
cases, early secretary phase, 7 days after implanting P, (E+7p):
3 cases, mid secretary phase, 10 days after implanting P, (E
+ 10P): one case and late secretary phase, 14 days after
implanting P, (E+14p): 4 cases to total 19 animals.

Preparation of frozen sections

For each uterus, the thickness of endometrium including
that of basalis, functionalis, and total endometrial thickness
were measured with H- and -E-stained tissue slides in the FFPE
embeddedtissues.Fresh uterinetissues,about 1.0x1.0x0.5cm,
were tangentially excised including surface of endometrium to
full thickness of myometrium and were microwave-irradiated
for 7 sec in a microwave oven, embedded in OCT, frozen in
liquid propane and sectioned at 5-7 microns [12-16]. Frozen
sections (5-7 um) were mounted on Super Frost Plus slides
(Fisher Scientific, Pittsburgh, PA), microwave-irradiated again
on ice for 3 sec, fixed in 2% paraformaldehyde in phosphate
buffer at pH 7.4 for 10-15 min at room temperature and
immersed twice for 2 min each time in 85% ethanol. To inhibit
endogenous peroxidase activity, sections were incubated in a
solution containing glucose oxidase (1 U/ml), sodium azide (1
mmol/L) and glucose (10 mmol/L) in PBS for 45 min at room
temperature.

Immunohistochemical staining for lymphatic and
blood vessels with frozen sections

Frozen sections were incubated with goat anti-human LYVE-
1 antibody at 1:1,000 dilutions, mouse D2-40 antibody at 1:
100 dilutions and rabbit anti-human von Willebrand’s factor
(VWF) at 1:800 dilutions, respectively [17]. The frozen sections
of spleen wereimmunostained for LYVE-1and vVWF to illustrate
lymphatic and blood vessels as control tissue. For comparing
between the frozen sections and the FFPE embedded
section for immunostaining for lymphatic vessels and blood
vessels, the frozen sections of spleen and the routinely FFPE
embedded spleen were processed for immunostaining for
LYVE-1 and vWF, respectively. FFPE embedded sections of

Frozen sections Paraffin-sections

Goat anti-human LYVE-1
Mouse monoclonal D2-40

Rabbit human vWF Dako System, Carpenteria, CA

R and D System, Minneapolis, MN

Signet Laboratories, Dedham, Mass

1:1200 1:100
1:100 1:100
1:800 1:100
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spleen were treated for antigen retrieval procedure, then
were incubated with 1:100 dilutions of both LYVE-1 and von
Willebrand factor (VWF) antibodies, respectively (Table 2).
Both the frozen and deparaffinized sections were incubated
with the primary antibody overnight at 4°C. After rinsing
and immersion in blocking serum, sections were incubated
with the second antibody (1:200 dilution) for 30 min at
room temperature. Final visualization was achieved with the
ABC kit (Vector Laboratories, Burlingame, CA) and 0.025%
diaminobenzidine tetrahydrochloride (Dojindo Molecular

Table 2. Thickness of monkey endometrium.

Technology, Rockville, MD) in Tris-buffer pH 7.6, 0.03% H_,O,
(Fisher Scientific) to induce brown color. Tissue sections were
then lightly counterstained with hematoxylin to facilitate
identification of cellular elements. The measurement of
thickness of functionalis and basalis was made in FFPE
embedded sections stained for H. and E. [17].

Double immunostaining was performed with FFPE
embedded spleen, which was immunostained initially for VWF
in brown and then blue (Vecstatin and Vector SG, Burlingame,
CA) for LYVE-1.

Animals Basalis Functionalis Total Endometrium
Menstrual phase, E - 3 (5)

1 1.0 mm 0 1.0 mm
2 0.8 0 0.8

3 0.8 0 0.8

4 0.8 0 0.8

5 0.8 0 0.8
Mean = SE 0.8+0 0+0 08+0
Early proliferative phase, E - 7p (4)

1 0.4 mm 1.7 mm 2.1 mm
2 0.4 1.8 2.2

3 0.4 1.9 23

4 0.2 1.7 1.9
Mean + SE 04+0 1.8+£0 2.1+0.2
Late proliferative phase, E - 14p (3)

1 0.6 mm 2.8 mm 34 mm
2 0.4 2.1 25

3 0.4 2.1 25
Mean + SE 04+0 23+0.2 28+0.3
Early secretary phase, E + 7p (3)

1 0.4 mm 3.3 mm 3.7mm
2 0.4 3.2 3.6

3 0.4 2.9 3.2
Mean =+ SE 04+0 3.1+£0.1 3.5+0.1
Mid secretary phase, E + 10p (1)

1 0.4 4.0 4.4 mm
Late secretary phase, E + 14p (4)

1 0.4 mm 2.8 mm 3.2mm
2 0.4 2.8 3.2

3 0.6 29 35

4 0.4 2.8 3.2
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Results

The frozen sections of spleen showed diffuse positive
immunostaining for LYVE-1 in the lymphatic sinusoidal
epithelia with no staining in the central arteries in the germinal
center (Figure 1A). VWF immunostaining was positive in the
central arteries as well as in the numerous thinner venous
sinusoidal epithelia in the frozen section (Figure 1B), of which
a few parts were immunostained in the FFPE embedded tissue
sections (Figure 1D). The broader LYVE-1 positive sinusoidal
space was immunostained a bit wider in the frozen sections
than in the FFPE sections (Figures 1A and 1C). With routinely
FFPE embedded splenic sections, double immunostaining
for LYVE-1 and VWF was performed, which showed strong
LYVE-1 immunostaining in the broader splenic sinusoids
and positive VWF staining for the large central arteries in the
germinal center with a part of blood sinusoid immunostained

for VWF, the latter were mostly positively stained for vWF
only in the frozen sections (Figures 1B and 1D). Thus, smaller
vWEF-positive venous sinusoids were mostly immunostained
with the frozen sections with a small part of venous sinusoid
immunotained in the FFPE embedded sections (Figure 1D).
The frozen sections of lymph node showed subcapsular sinus
(s) (Figure1E) where there were many dilated veins and some
arteries (,), both were immunostained by vWF (Figure 1F).

In E-3p, 3 days after removing P capsule, which represented
the menstrual phase, all showing sloughed off residual basalis
(Figures 2A -2D), measuring 0.8 mm in thickness (Table 2).
There were several thin lymphatic and venous vessels in the
basalis as compared to many lymphatic and venous vessels in
myometrium (Figures 2A and 2C), some of which extended
vertically into the endometrial-myometrial interphase (Figures
2A-2D). Another case showed dilated lymphatic vessels by

Figure 1. Spleen (A to D) and Lymph Node (E and F). The frozen sections of spleen showed diffuse positive staining for LYVE-1 in the broader
splenic lymphatic sinusoid (A) and thin venous sinusoids for VWF immunostaining (B). The LYVE-1 positive sinusoids were a bit broader in
the frozen sections than in the FFPE sections (A and C). The VWF immunostaining showed numerous small venous sinusoids together with
positive immunostaining in the central arteries (B) in the frozen sections (C) but only a part of veins (,) was immunostained by the double
LYVE-1 and vVWF immunostained in the FFPE embedded sections (D). The frozen sections of lymph node showed positive staining for LYVE-1
in the subcapsular sinus (E) where there were many blood vessels including some vWF-positive arteries (F) A, B, E and F: Frozen sections, C
and D: FFPE embedded sections A, C and E: LYVE-1, B and F: vVWF, D: double immunostained for LYVE-1 (blue) and vWF (brown). ,: arteries
in the lymphatic sinus, ,: blood vessel, c: central artery, s: subcapsular sinus.
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D2-40 (Figure 2C) and a few dilated venous vessels by VWF in
the basalis (Figure 2D). All five cases revealed post-menstrual
endometrium after menstrual bleeding.

In E-7p, 7 days after removing P capsule, there were
functionalis, measuring 1.8 mm, larger than the basalis
(Table 2). Lymphatic vessels in the basalis for LYVE-1
immunostaining showed a few vertical lymphatic vessels
toward the endometrial surface in the lower functionalis
but not by D2-40 immuostaining (Figures 2E and 2F). The
myometrium contained abundant venous vessels and was
mildly cross immunostained for D2-40 as seen in all stages of
menstrual cycle (Figures 2C and 2F). The basalis consisted of
round to oval short glands with slightly basophilic granular

cytoplasm while the functionalis consisted of elongated,
vertically tubular and clear cytoplasm with weak iridescent
to eosinophilic staining (Figures 2E and 2F). Vertical blood
vessels toward the endometrial surface were distributed
in the entire endometrium with more blood vessels in the
functionalis than in the basalis (Figure 2G).

In E-14p, 14 days after removing P capsule, functionalis was
a bit more enlarged, measuring 2.3 + 0.2 mm, where vertical
lymphatic and venous vessels toward the endometrial
surface were immunostained with some of lymphatic vessels
spreading into the lower functionalis from basalis (Figures 3A
and 3B). Myometrium was richly supplied by venous vessels
(Figure 3B) with mild cross immunostaining to D2-40 (3-C).

Figure 2. Endometrium 3 days after removing P capsule (E-3p) (A to D) and Endometrium 7 days after removing P capsule (E-7p) (E to G)
Cases 1to 5 from E-3p all showed the sloughed off residual basalis, measuring 0.8. Case 1 showed small linear lymphatic vessels in the basalis
by LYVE-1 (A) and many venous vessels in the basalis (B). Case 2 showed dilated lymphatic vessels by D2-40 (C) and a few dilated veins in the
basalis (D) while there were many vertical blood vessels in basalis and numerous linear blood vessels in the myometrium by vWF, some of
which were circumferential in the myometrium (B and D). Cases from E-7p showed thin basalis and thin functionalis, containing a few small
linear lymphatic vessels by LYVE-1 (E) and no obvious lymphatic vessels by D2-40 in the basalis (F). Numerous vertical venous vessels were
more densely covered in the functionalis than basalis (G). There was mild cross immunostaining of D2-40 in the myometrium (F). A and E:
LYVE-1, Cand F: D2-40, B, D and G: vVWF immunostained. b: basalis, f: functionalis, m: myometrium.
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functionalis, m: myometrium.

Figure 3. Cases from 14 days after removing P capsule (E-14p) (A to C) and 7 days after placing P capsule (E + 7P) (D to F) Cases from E
—-14p showed larger functionalis than that of basalis, containing several small linear lymphatic in the deep functionalis and many lymphatic
vessels in the basalis by LYVE-1 (A) with few lymphatic vessels in the functionalis by D2-40 (B). There were numerous vertical venous
vessels in the functionalis (C). Myometrium was densely supplied by venous vessels (C) with mild cross immunostaining to D2-40 (C). Cases
from E + 7p showed further larger functionalis than the previous ones (A to C). Vertical lymphatic vessels toward the endometrial surface
were distributed in the basalis by both LYVE-1 and D2-40 (D and E). There were LYVE-1 immunostained lymphatic vessels (,) in the middle
functionalis by LYVE-1 (D) but no lymphatic vessels by D2-40 (E). There were abundant vertical venous vessels in the functionalis. There was
mild cross immunostaining of D2-40 in the myometrium (E). A and D: LYVE-1, B and E: D2-40, C and F: vVWF immunostained. b: basalis, f:

In E + 7p, 7 days after placing P capsule, there were larger
functionalis, measuring 3.1 + 0.1 mm with scattered small
lymphatic vessels by LYVE-1 (Figure 4D) and a bit larger
lymphatic vessels by D2-40 (Figure 4E) were present in the
deep functionalis with numerous venous vessels in the entire
functionalis (Figure 4F).

In E + 10p, 10 days after inserting P capsule, functionalis
measured the largest at 4 mm in thickness where scattered
lymphatic vessels in the basalis spread into the deep
functionalis by LYVE-1 and D2-40 (Figures 4A and 4B) with
covering venous vessels in the entire functionalis (Figure 4C).

In E+14p, 14 days after inserting P capsule, functionalis
measured 3.3 + 0.1 mm, where there were abundant
lymphatic vessels in the basalis by both LYVE-1 and D2-40
immunostaining with LYVE-1 smaller lymphatic capillaries
immunostained than D2-40 in the lower functionalis, some
of which extended into the middle functionalis with LYVE-1
immunostaining (Figure 4D). D2-40 immunostained less but
broader lymphatic vessels while LYVE-T immunostained more
but smaller lymphatic vessels (Figure 4D and 4F). Cases 1 and 2
showed elongated tubular functionalis containing elongated
straight arteries accompanied by numerous small periarterial
lymphatic vessels, corresponding to the late secretary phase
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(Figures4D and 4E).Cases 3 and 4 presented shortfunctionalis,
where there was positive interstitial immunostaining for vIWF
in the subepithelial upper functionalis, which appeared to
have vVWF-positive oozing interstitial leaking blood into the
upper functionals at the menstruation (Figures 4F and 4G).
The similar interstitial positive immunostaining for vVWF was
also noted at the tip of E-3p Case 2 as shown in Figure 2D,
which represented the residual phase of menstrual phase.
All four cases did not show degenerative phase of menstrual

Discussion

There was a difference in immunostaining patterns between
frozen sections and FFPE-embedded sections of spleen: LYVE-1
positive splenic sinusoids were broader in the frozen sections
thaninthe FFPEembedded sections (Figures 1A and 1B).There
were two types of sinusoids in the splenic frozen sections: the
broader, strongly LYVE-1 positive lymphatic sinusoids shown
in both frozen sections and FFPE embedded sections and the

endometrium, thinner VWF positive venous sinusoids, which were depicted

Figure 4. Endometrium 10 days after implanting P capsule (E +10P) (A to C) and 14 days after implanting P capsule (E+14P) (D to F) Case
from E + 10P showed the largest functionalis, containing small, scattered lymphatic vessels by LYVE-1 (A) and a bit larger lymphatic vessels
by D2-40 in the deep functionalis (B), with numerous venous vessels in the entire functionalis (C). Cases from E + 14P showed a bit less than
that of E + 7p functionalis with extreme diffuse interstitial edema containing small lymphatic vessels in the mid to deep functionalis by both
LYVE-1 (D) and D2-40 (F). There were numerous vertical venous vessels toward the endometrial surface in the entire functionalis (E and G).
All four cases did not show degenerative phase of menstrual bleeding. There was mild cross immunostaining of D2-40 in the myometrium
(F). A and D: LYVE-1, B and F: D2-40, C, E, and G: vVWF immunostained. a: surface artery, b: basalis, f: functionalis, o: interstitial VWF positive
staining, m: myometrium.
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mostly in the frozen sections with only partly depicted FFPE
embedded sections (Figures 1A and 1B). Thus, the thinner
VvWF positive venous sisunoids in the frozen section were not
mostly immunostained in the FFPE sections, and this may
prove the validity of using frozen section immunostaining
for lymphatic and blood vessels. The broader LYVE-1 positive
vessels appeared to be broader lymphatic sinusoids while
the VWF positive thin capillaries in the frozen sections
corresponded to the venous sinusoids (Figures 1C and 1D).

The endometrium consists of basalis and functionalis while
basalis generally makes up about one third of endometrium
while functionalis makes up more than two thirds of
endometrium, the latter is the site of proliferation, secretion,
and degeneration and is believed to regrow and regenerate
from basalis, which is primarily driven by estrogen [18,19]. The
basalis provides the regeneration capacity of the endometrium
when functionalis has been desquamated [18,19]. Functionalis
sheds at menstruation and subsequently regenerates from
the remaining basalis, suggesting the putative endometrial
stem cells residing in basalis [20].

On pathogenesis of endometriosis, lymphatic dissemination
theory has been proposed for explaining the presence of
endometrial and/or endometriotic tissue in lymphatic vessels.
To support this theory, lymphatic vessel density is increased in
the eutopic endometrium of women with endometriosis, which
promotes for entering endometrial tissue into the lymphatic
circulation [21]. Histopathologically, typical endometriosis
consists of a few to more round or oval glands lined by simple
layers of endometrial glands, which are surrounded by non-
neoplastic endometrial stromal cells. Glands are variable from
simple to dilated cysts [19]. Thus, glands forming endometriosis
appear to be closer to that of basalis glands than functionalis
glands.

Menstruation, marked by the bleeding and sloughing of the
functionalis, is followed by repair and regenerative processes
in the surviving tissue (primarily basalis) both in human and
non-human primates [22-24]. In macaques, postmenstrual
repair begins around day 3 after P withdrawal and includes the
healing of the ragged surface by epithelial cells that migrate
from the gland openings to form a new luminal epithelium,
and the production of glandular fibronectin, which may
facilitate surface healing [22-24]. Post menstrual repair is also
characterized by the reappearance of estrogen receptors in
the stroma and glands of the functionalis [22-24] and by the
onset of mitosis in the newly constituted functionalis glands
around day 5 after P withdrawal [13-16].

Arterial distribution in the uterus is well established:
arcuate arteries are often circumferential in the myometrium
and radial arteries are present close to the myometrium-
endometrium junction. Basal arteries are in the basalis while

spiral arteries, which are amplified post-ovulatory phase, arein
the functionalis, which end up becoming surface arteries and
eventually form surface capillary network [19,20,23,24]. Spinal
arteries are characteristic of the human endometrium and
have central roles in the menstruation process and in placenta
formation [22-25]. Spiral arteries develop during the secretary
phase under the influence of progesterone, coiling through
the basalis into functionalis to supply a discrete region of the
sub-epithelial capillary plexus and the plexus subsequently
drain into venous sinuses [18,19]. Vertical surface arteries were
present in the functionalis from the secretary phase monkey
endometrium (Figures 4D and 4F). Bleeding during a normal
menstrual cycle is a consequence of rhythmic vasospasm
and relaxation of spiral arteries, resulting in a complete, yet
self-limited sloughing of functionalis [18-20]. Endometrium
is one of the highly vascularized organs with functionalis
more vascularized than basalis. Endometrium’s rich vascularity
is crucial for its function in menstruation and pregnancy
[25]. From the current study by immunostaining blood
vessels with the frozen sections, endometrium is immensely
vascularized on par with the other most vascularized organs
of liver, kidney and lungs. Most blood vessels immunostained
with VWF were veins and arteries had not been reportedly
immunostained except damaged ones with FFPE embedded
sections [6]. With frozen sections, normal non-damaged
arterial endothelium was also immunostained for vVWF albeit
weaker immunostained than veins. Vertical venous vessels
toward the endometrial surface are diffusely distributed
more in the functionalis than in the basalis as shown in this
study. In contrast, the distribution of lymphatic vessels in
the uterus is quite different: there were many small, linear
circumferential lymphatic vessels in the myometrium, while
basalis had preexisting small lymphatic vessels. Functionalis
had no lymphatic vessels in the early proliferative phase and
had a few lymphatic vessels in the lower functionalis in the
proliferative and early secretary phase, which partly extended
into the middle functionalis during late secretory phase
by both D2-40 and LYVE-1 immunostaining. Blood vessels
grow concomitantly to supply blood to the full thickness
of functionalis with enough nutrients through the blood
circulation, but lymphatic vessels have not grown to catch up
with fast growing blood vessels in the secretary phase.

Rogers et al. extensively studied angiogenesis and
lymphangiogenesis in the FFPE embedded human
endometrium by measuring lymphatic vessels density (LVD)
using monoclonal D2-40: no significant difference between
proliferative and secretory phase endometrium LVD within the
functionalis (proliferative phase: 16.7 £ 2.6 mm?vs secretary
phase: 16.2 £ 2.6 mm?), basalis (proliferative phase: 73.1 + 3.7
mm? vs secretary phase: 79.1 £ 7.5 mm?) and myometrium
(proliferative phase: 63.4 + 2.7 mm? vs secretary phase: 60.3
+ 2.6 mm?) [7]. These data are quite different from ours using
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frozen sections for immunohistochemically staining using
both D2-40 and LYVE-1 antibodies [7] as presented here:
most abundant, residing lymphatic vessels were consistently
present in the myometrium and in the basalis throughout
the menstrual cycle while lymphatic vessels started growing
longitudinally from the basalis to the deep functionalis in the
early proliferative phase, which further grew during in the mid
secretary phase and reached at the middle functionalis in the
late secretary phase. With routinely FFPE embedded human
endometrium, Donoghue et al. further studied the relative
percentage of lymphatic vessels compared to the blood vessels
and estimated that 13%, 43%, and 28% were lymphatic vessels
in the functionalis, basalis, and myometrium, respectively [7].
As shown in Figures 2-4, there were many more blood vessels,
especially vertically growing venous vessels immunostained
in the frozen sections using vVWF as a blood vessel marker.

By immunostaining with frozen sections, D2-40
immunostained less but thicker lymphatic vessels while LYVE-1
immunostained more but thinner lymphatic vessels (Figures
4C and 4D). We estimate the percentage of lymphatic vessels
compared to that of blood vessels as less than 1% in the
functionalis and less than 10% in basalis and less than 25%
in the myometrium since most endometrial blood vessels
are venous capillaries, which are immunostained with frozen
sections but were not reportedly and properly immunostained
with routinely FFPE embedded sections. In our experience,
immunohistochemical staining for lymphatic and blood
vessels did not provide longitudinally growing lymphatic and
blood vessels in the FFPE embedded tissues. Using currently
available antibodies to lymphatic and blood vessels, the
previous authors using FFPE embedded tissue counted the
limited positive staining in the high-power photomicrographs,
not presenting vertically growing lymphatic and blood
vessels in the low power photomicrographic perspective as
we presented in this study [7-10]. Thus, it appears that those
newly formed lymphatic vessels in the middle functionalis,
which probably did not contain enough D2-40 protein, might
not be positively immunostained with the FFPE embedded
tissue sections.

Regarding immunocytochemical staining blood vessels
with VWF antibody, vVWF circulates in the blood stream and
sticks to the surface endothelium of blood vessels, which is
immunostained by vVWF antibody in the venous vessels in the
endometrium. The positive interstitial oozing immunostaining
for vVWF may represent the leaked vVWF since the molecular
weights of VWF varies between 500 and 20,000 Da [27,28] and
the VWF with a smaller molecular weight may leak into the
stroma in the late stage of the secretary phase as it was ready
for menstrual bleeding [23,24]. Newly formed venous vessels
in the functionalis are diffusely and clearly immunostained
by VWF immunostaining in the frozen sections while arterial
endothelium is less immunostained probably due to the

less VWF antigen attached to the endothelial surface by the
faster blood stream in the artery than in the vein (Figure 4F).
Undamaged arteries were not reportedly immunostained
with VWF antibody in the FFPE embedded tissue sections
[6-9] in contrast to the consistently positive immunostaining
in the non-damaged arteries and veins with frozen sections.

The lymphatic vessel system plays a major role in both
fluid tissues and immune surveillance in the endometrium
[29,30], but the functional significance of sparce lymphatic
vessels in the functionalis remains speculative today [29,30].
Edema in the functionalis during the late phase of menstrual
cycle is due to hormonal fluctuation, especially progesterone
[23, 24]. The sparce lymphatic vessels in the functionalis
causes an insufficient interstitial drainage, which results in
interstitial edema in the functionalis, and this edema has been
recognized as histological feature of the functionalis at the
secretary phase of the menstrual cycle [23,24]. Maintaining
fluid homeostasis is a key function of lymphatic vessels.
Excess protein-rich fluid is removed from the tissue stroma via
lymphatic system for return to the blood circulation [7,31-34].
Endometrium is one of the most vascularized tissues and
more venous vessels grow concomitantly with less lymphatic
vessels in normal and neoplastic tissues [35,36]. Endometrium
is unique in that venous vessels are diffusely supplied in all
stages of menstrual cycle compared to less lymphatic vessels
in functionalis, especially in the upper part of functionalis
during the late secretary phase (Figures 4D-4G).

To summarize the pathophysiology of lymphatic vessels in
the menstrual bleeding, diffuse blood vessels supply the
entire endometrium in both proliferative and secretary phase
while lymphatic vessels reside in the basalis throughout
the menstrual cycle. Lymphatic and diffuse blood vessels
grow vertically toward the endometrial surface from the
basalis to the lower functionalis in the early secretary phase,
then, grow continuously to the mid to upper functionalis
in the late secretary phase and burst during the menstrual
shedding. Thus, lymph angiogenesis in the functionalis is not
followed by the fast-growing angiogenesis, which is a cause
of endometrial edema in the menstrual shedding through
decreased absorption of interstitial fluid. The presence
of lymphatic vessels in the functionalis during menstrual
period implies the presence of sliver of lymphatic fluid in the
menstrual fluid.

We conclude that immunostaining with frozen sections is
superior to the FFPE embedded tissue for revealing lymphatic
and blood vessels as shown in this study. There was a big
difference in how much antibody needed forimmunostaining
between frozen sections and FFPE embedded sections:
polyclonal LYVE-1 antibody needed 1: 100 dilutions for the
FFPE embedded sections while frozen sections needed 1:
1,200 dilutions. The polyclonal vVWF antibody needed 1: 100
dilutions for the FFPE embedded sections compared to 1: 800
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dilutions needed for frozen sections. The monoclonal D2-40
needed the same 1: 100 dilutions for both frozen sections and
FFPE embedded sections. The antibodies are expensive, so
immunostaining with frozen sections is much more economic
than with the FFPE embedded sections.

The hindside of using frozen sections at 5-7 um in thickness
is labor-intensive and cumbersome, and only small animal
tissues (1 x 1 x 0.5 cm) are properly handled at our hand with
monkey tissues [12-16]. With human tissues, slightly larger
tissues (1.5 x 1x 0.5 cm) are feasible to handle as human tissues
are easier to freeze sectioning than animal tissues from rats,
mice and monkeys. Despite these size limitations in handling
the freezing sections compared to FFPE embedded tissues,
immunostaining for lymphatic and blood vessels with the
frozen sections is superior to the FFPE embedded tissues. The
new findings from immunostaining with frozen sections will
certainly shed light on involvement of lymphatic and blood
vessels in pathophysiology and prognosis of human cervical
and endometrial carcinoma and endometriosis.
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