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ABSTRACT

Angiogenesis in the ovary occurs rapidly as the ovarian follicle transforms into a mature corpus
luteum. Granulosa cells produce vascular endothelial growth factor A (VEGFA) in response to the
ovulatory gonadotropin surge. VEGFA is established as a key mediator of angiogenesis in the
primate ovulatory follicle. To determine if additional VEGF family members may be involved in
angiogenesis within the ovulatory follicle, cynomolgus monkeys (Macaca fascicularis) received
gonadotropins to stimulate multiple follicular development, and human chorionic gonadotropin
(hCG) substituted for the luteinizing hormone surge to initiate ovulatory events. Granulosa cells of
monkey ovulatory follicles contained mRNA and protein for VEGFC and VEGFD before and after
hCG administration. VEGFC and VEGFD were detected in monkey follicular fluid and granulosa
cell-conditioned culture media, suggesting that granulosa cells of ovulatory follicles secrete both
VEGFC and VEGFD. To determine if these VEGF family members can stimulate angiogenic events,
monkey ovarian microvascular endothelial cells (mOMECs) were obtained from monkey ovulatory
follicles and treated in vitro with VEGFC and VEGFD. Angiogenic events are mediated via three VEGF
receptors; mOMECs express all three VEGF receptors in vivo and in vitro. Exposure of mOMECs
to VEGFC increased phosphorylation of AKT, while VEGFD treatment increased phosphorylation
of both AKT and CREB. VEGFC and VEGFD increased mOMEC migration and the formation of
endothelial cell sprouts in vitro. However, only VEGFD increased mOMEC proliferation. These
findings suggest that VEGFC and VEGFD may work in conjunction with VEGFA to stimulate early
events in angiogenesis of the primate ovulatory follicle.

Summary Sentence

VEGFC and VEGFD produced by granulosa cells of the ovulatory follicle may contribute to follicular
angiogenesis and ovulation.
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Introduction

Angiogenesis is the formation of new blood vessels from existing
blood vessels [1]. Similarly, lymphangiogenesis is the formation of
new lymphatic vessels from existing lymphatic vessels [2]. Both of
these circulatory systems consist of vessels lined with specialized en-
dothelial cells, and formation of new vessels is stimulated by factors
such as hypoxia and members of the vascular endothelial growth
factor (VEGF) family [3]. Angiogenesis within the ovulatory follicle
is underway at the time of ovulation [4,5]. Disruption of angio-
genesis by introduction of antiangiogenic agents into the ovulatory
follicle can prevent follicle rupture and oocyte release [6-12]. Both
angiogenesis and lymphangiogenesis occur during the formation of
the corpus luteum, and both vessel systems are essential for normal
luteal function [13-17]. However, a role for developing lymphatics
during the process of ovulation has not been rigorously addressed.

Members of the VEGF family are key paracrine regulators of both
angiogenesis and lymphangiogenesis. VEGF family members inter-
act with VEGF receptors (VEGFRs). VEGFA, acting via FLT1 (also
known as VEGFR1) and KDR (also known as VEGFR2), is most
often associated with angiogenesis [18]. VEGFC and VEGFD (also
known as C-fos induced growth factor (FIGF)), acting via FLT4 (also
known as VEGFR3), are often associated with lymphangiogenesis
[2]. However, recent studies have demonstrated roles for VEGFC,
VEGEFD, and FLT4 in angiogenesis [19,20]. Similarly, VEGFC and
VEGFD have been reported to act via KDR to promote angiogen-
esis and lymphangiogenesis [21]. It is becoming clear that vascular
endothelial cells and lymphatic endothelial cells may respond via
many of the same ligands, receptors, and intracellular signals for
development and maintenance of these two distinct vessel systems.

Expression of VEGF family members and VEGFRs has been re-
ported in the ovulatory follicle. VEGFA is produced by granulosa
cells of ovulatory follicles, and levels increase soon after exposure to
an ovulatory gonadotropin stimulus [22-29]. FLT1 and KDR have
been detected in ovulatory follicles, with protein localized to the
theca layer [25,27,30]. Analysis of gene array data indicates that the
ovulatory gonadotropin surge regulates expression of many angio-
genic factors, including both ligands and receptors, in human and
monkey ovulatory follicles [31,32]. VEGFC mRNA levels in human
luteinized granulosa cells were reduced by gonadotropin exposure
in a cell culture model which may be more representative of the
function of the corpus luteum than the ovarian follicle [26]. Little
else is known regarding expression of VEGFC, VEGFD, and their
receptors in the context of the ovulatory follicle or the development
of lymphatics as the follicle transitions to become the corpus luteum.

These studies were undertaken to determine if VEGFC and
VEGFD are produced by the primate ovulatory follicle. Macaque
ovarian tissues and primary endothelial cells of macaque ovarian
origin were utilized to determine if VEGFC and VEGFD may play a
role in angiogenesis or lymphangiogenesis as the follicle transforms
into the corpus luteum.

Methods

Animals

Ovarian cells and tissues were obtained from adult female cynomol-
gus monkeys (Macaca fascicularis) at Eastern Virginia Medical
School (Norfolk, VA). All animal protocols were approved by the
Eastern Virginia Medical School Animal Care and Use Commit-
tee and were conducted in accordance with the National Institutes
of Health’s Guide for the Care and Use of Laboratory Animals.

Briefly, adult females with normal menstrual cycles were main-
tained as previously described [33]. Blood samples were obtained
either consciously or under ketamine chemical restraint (5-10 mg/kg
body weight). Serum steroids were determined using the Immulite
1000 immunoassay system (Siemens Medical Diagnostics Solutions,
Malvern, PA). Aseptic surgeries were performed by laparotomy or
laparoscopy in a dedicated surgical suite with appropriate anesthesia
(1%—-2% isoflurane gas vaporized in 100% oxygen) and comprehen-
sive monitoring as previously described, except that atropine was
omitted [34]. Postoperative pain control was provided by buprenor-
phine and ketoprofen.

Ovarian cells and tissues

An ovarian stimulation model was used to obtain ovaries with mul-
tiple ovulatory follicles [33]. Briefly, monkeys received 90 IU of re-
combinant human follicle-stimulating hormone (FSH, Merck) for 6—
8 days, followed by 90 IU of FSH plus 60 IU of recombinant human
luteinizing hormone (LH , Serono) for 2 days to stimulate the growth
of multiple follicles. Animals also received a GnRH antagonist
(0.5 mg/kg Antide (Serono) or 0.03 mg/kg Ganirelix (Merck)) daily
to prevent an endogenous LH surge. Adequate follicular develop-
ment was monitored by ultrasonography and rising serum estradiol.
Follicular aspiration was performed during aseptic surgery before
(0 h) or up to 36 h after administration of 1000 IU recombinant hu-
man chorionic gonadotropin (r-hCG, Serono). At aspiration, each
follicle larger than 4 mm in diameter was pierced with a 22-gauge
needle, and the contents of all aspirated follicles were pooled. Whole
ovaries were also obtained from monkeys experiencing ovarian stim-
ulation. These ovaries were bisected, maintaining at least two fol-
licles greater than 4 mm in diameter on each piece. Ovarian pieces
were either fixed in 10% formalin and embedded in paraffin or
frozen in liquid propane and stored at —80°C until sectioned. Addi-
tional ovaries obtained 36 h after hCG were used to isolate monkey
ovarian microvascular endothelial cells (mOMECs).

Whole ovaries and luteal tissues were also obtained from mon-
keys experiencing natural menstrual cycles. Serum samples obtained
once daily beginning at mid-follicular phase were assayed for estra-
diol and progesterone. Serum LH (Endocrine Technology Support
Core, Oregon National Primate Research Center, Beaverton, OR)
was also determined when ovaries were collected £2 days of ovula-
tion. For luteal tissues, day 1 of the luteal phase is defined as the first
day of low serum estradiol following the midcycle estradiol peak;
serum progesterone is elevated above 1 ng/ml by luteal day 2 [35].
Ovaries with ovulatory follicles or corpora lutea were fixed in 10%
formalin and embedded in paraffin or frozen in liquid propane and
stored at —80°C until sectioned.

Monkey granulosa cells
Monkey granulosa cells and oocytes were pelleted from the follicu-
lar aspirates by centrifugation at 300 x g. The resulting supernatant
(follicular fluid) was stored at —=80°C pending analysis. Oocytes
were manually removed from the pelleted cells, and a granulosa
cell-enriched population of the remaining cells was obtained by the
Percoll gradient centrifugation [36]. Granulosa cells were either used
for cell culture or frozen in liquid nitrogen and stored at -80°C.
Granulosa cells were plated on fibronectin-coated cultureware
in chemically defined, serum-free DMEM-Ham’s F12 medium con-
taining supplements including human low-density lipoprotein and
treated with hCG (20 IU/ml; Sigma-Aldrich, St. Louis, MO) as pre-
viously described [36]. Spent culture media was stored at —20°C.
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Monkey ovarian microvascular endothelial cells
isolation and culture

Isolation and culture of mOMECs was previously detailed [4].
Briefly, follicles of stimulated ovaries were bisected, and the cells
lining the interior of each follicle were collected and subjected to col-
lagenase dispersal. Endothelial cells were enriched using CD31 Dyn-
abeads (Invitrogen, Rockville, MD) following the manufacturer’s
protocol, plated on fibronectin coated tissue cultureware, and main-
tained in EGM-2MV (EGM2) media (Lonza). This media is opti-
mized for culture of microvascular endothelial cells and contains
serum as well as growth factors including VEGFA, hydrocortisone,
fibroblast growth factor 2, insulin-like growth factor 1, and epider-
mal growth factor. A second Dynabead isolation was performed at
the second passage, resulting in a proliferating primary cell popula-
tion of greater than 95% endothelial cells as previously described [4].
Additional bead isolations were performed every fifth passage. Many
experiments were performed using basal media (EMB-2, Lonza, Al-
lendale, NJ), which lacks serum and growth factors listed above.
Optimal doses of VEGFA, VEGFC, and VEGFD were determined
by treating cells with a range of doses and assessment of migra-
tion (assay described below; data not shown). Experiments were
performed on passages 4-9.

RNA isolation, amplification, and quantitative PCR

Total RNA was prepared using Trizol reagent (Invitrogen),
treated with DNase, and reverse transcribed as previously de-
scribed [37]. Quantitative PCR (qPCR) was performed using a
Roche LightCycler and FastStart DNA Master SYBR Green I kit
(Roche Diagnostics, Indianapolis, IN). The strategy for design of
species-specific primers and reaction conditions for quantitative
detection of cynomolgus macaque mRNAs was previously described
[36]. Amplification of monkey ¢DNA used primers for VEGFC
(forward: CCAGCTGTGTGACCGTGC; reverse: GATCAT-
GAGGATCTGCATCCG; Accession# XM_005556349), VEGFD
(forward: GAAACATGCGTGGAGG; reverse: GTCGGCAAG-
CACTTAC; Accession# XM_005593026), and ACTB (forward:
ATCCGCAAAGACCTGT; GTCCGCTAGAAGCAT;
Accession# AY765990). PCR products were sequenced to confirm
amplicon identity. At least 5 log dilutions of the sequenced PCR

reverse:

product were included in each assay and used to generate a standard
curve. No amplification was observed when cDNA was omitted. For
each sample, the content of the mRNA of interest and ACTB mRNA
was determined in independent assays. All data are expressed as the
ratio of mRNA of interest to ACTB.

Western blotting

Preparation of cell lysates and western blotting was performed as
previously described [38]. For some experiments, spent media from
hCG-stimulated cultures of monkey granulosa cells obtained after
ovarian stimulation [39] and follicular fluid from monkey follic-
ular aspirates were concentrated by centrifugation using Amicon
centrifugal filter units (Millipore, Billerica, MA) with 100,000 kDa
and 10,000 kDa cutoffs, retaining proteins sized 10,000-100,000
kDa in a small volume. Cell lysates, media, and follicular fluid were
separated on polyacrylamide Tris-HCI gels (Bio-Rad, Richmond,
CA), transferred to a polyvinylidene fluoride membrane (Immo-
bilon; Millipore), and probed using antibodies against VEGFC (1
png/ml, GeneTex, Irvine, CA), VEGFD (1 pg/ml; GeneTex), AKT
(1:1000; Cell Signaling, Danvers, MA), p-AKT (1:1000; Cell Sig-
naling), CREB (1:1000; Cell Signaling), p-CREB (1;1000; Cell Sig-

naling), MAPK3/1 (1:2000; Cell Signaling), p-MAPK3/1 (1:1000;
Cell Signaling), PI3Kinase p85 alpha (1:750, Abcam, Cambridge,
MA), or pan-actin (1:1000; Millipore). Membranes were incubated
with anti-rabbit or anti-mouse AP-conjugated antibody (1:10,000
dilution; Applied Biosystems, Foster City, CA) and protein bands
visualized with Tropix CDP-Star (Applied Biosystems).

Immunofluorescent detection of proteins in ovarian
tissues and monkey ovarian microvascular endothelial
cells

Frozen tissue sections were fixed in 10% formalin for 20 min, and
immunodetection proceeded essentially as previously described [4],
using anti-human lymphatic vessel endothelial hyaluronan receptor
1 (LYVE1; 10 pug/ml; R&D Systems, Minneapolis, MN) and anti-
human von Willebrand Factor (VWF; 7.75 ng/ml; Dako, Glostrup,
Denmark); secondary chicken anti-goat (1:1000 dilution; 594 nm)
and goat anti-rabbit (1:1000 dilution; 488 nm) antibodies were ob-
tained from Molecular Probes (ThermoFisher, Pittsburgh, PA). In-
cubation with primary antibodies directed against human VEGFC
(5 ng/ml; GeneTex) and VEGFD (5 pug/ml; GeneTex) was followed
by visualization with goat anti-rabbit secondary antibody (1:1000
dilution; 488 nm).

Monkey OMEC:s cultured on chamber slides were fixed in 10%
formalin for 20 min, and immunostaining proceeded as previ-
ously described [4] using primary antibodies directed against FLT1
(5 png/ml; R&D systems), KDR (4 ng/ml; Santa Cruz, Dallas, TX), or
FLT4 (1:50 dilution; Millipore), followed by incubation with either
chicken anti-goat, goat anti-rabbit, or goat anti-mouse secondary an-
tibody (1:400; Molecular Probes/ThermoFisher; 488 nm). Immun-
odetection of FLT1, KDR, and FLT4 was also performed on frozen
sections of monkey ovaries containing large preovulatory follicles
as described for mOMECs. For colocalization of each VEGFR with
VWE, incubation with primary and secondary antibodies was per-
formed as described above for detection of a single VEGFR, followed
by incubation with a direct-labeled VWF antibody as previously de-
scribed [4].

All cells and tissue sections were counterstained with DAPI
(0.5 pg/ml; ThermoFisher) and coverslipped. Images were obtained
using an Olympus BX41 microscope fitted with a DP70 digital
camera and associated software. Omission of the primary antibody
served as a negative control.

Migration assay

Migration of mOMECs was assessed as previously detailed [4].
Briefly, mOMECs were plated on porous cell culture well inserts
(8 um pore size, Falcon, Corning, NY) in basal media. Media in
the well consisted of basal media with or without the addition of
recombinant human VEGFA 45 (VEGFA; 5 ng/ml; R&D Systems),
VEGFC (20 ng/ml; R&D Systems), or VEGFD (20 ng/ml; R&D
Systems); addition of basal medium and EGM2 served as negative
and positive controls, respectively. Optimal concentrations of VEGF
family members were determined in preliminary experiments (Sup-
plemental Figure S1), and findings were similar to published ED50
values for each VEGF family member [40,41]. Cells were incubated
for 24 h, and then cells remaining on the inside of the insert were re-
moved with a cotton swab. Optimal incubation time was determined
as previously described [4]. The inserts were fixed in 70% ethanol
and stained with hematoxylin and eosin. Four areas of each insert
were photographed as described above, and the number of migrated
cells was counted for each image.
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Proliferation assay

Monkey OMECs were grown to 60% confluence, switched to basal
medium overnight, then to basal media with the addition of recombi-
nant human VEGFA, VEGFC, or VEGFD as described for migration
assay above. The addition of basal medium or EGM2 served as neg-
ative or positive controls, respectively. After 24 h, cells were fixed
and immunostained using an antibody directed against Ki67 (0.35
png/ml, Dako) as previously described [4]. Omission of the primary
antibody served as a negative control. For each mOMEUC line, four
images were obtained for each treatment using an Olympus BX41
microscope fitted with a DP70 digital camera and associated soft-
ware. Positive and negative nuclei were counted; the percentage of
Ki67 positive nuclei was determined for each treatment.

Sprouting assay

Cells were added to Cytodex microcarrier beads (500-1000 cells per
bead; GE Healthcare, Little Chalfont, UK) and embedded in a fibrin
matrix as previously described [4,42]. Basal media with or without
the addition of VEGFA, VEGFC, or VEGFD as described for mi-
gration assay above was added on top of matrixes; EGM2 media
was used as a positive control. For each well, five areas were pho-
tographed 24 h after initiation of cultures using an Olympus CK40
microscope, Infinity Lite camera, and associated software (Lumen-
era, Nepean, ON, Canada). Beads with sprouts that were entirely
within the frame were used to generate sprout counts and measure-
ments. The number of sprouts per bead was determined, and an
average number of sprouts/bead was determined for each treatment

group.

Data analysis

Data were assessed for heterogeneity of variance by the Bartlett test.
Data were log or square root transformed when the Bartlett test
yielded P < 0.05; transformed data were subjected to the Bartlett
test to confirm that P > 0.05. All data sets were assessed by ANOVA
(without or with repeated measures), followed by the Duncan multi-
ple range test (StatPak version 4.12 software; Northwest Analytical,
Portland, OR). Significance was assumed at P < 0.05. Data are ex-
pressed as mean £+ SEM.

Results

Vascular endothelial growth factor C production by
monkey granulosa cells

VEGFC mRNA and protein were expressed by granulosa cells ob-
tained from monkey ovulatory follicles before (0 h) and 12, 24, or
36 h after administration of an ovulatory dose of hCG. VEGFC
mRNA was detected in all samples examined, and mRNA levels
were not altered by exposure to hCG in vivo (Figure 1A). VEGFC
protein was detected as multiple bands by western blot, with the
largest and most prominent size protein seen at 55 kDa and a faint
band inconsistently observed at 25 kDa. Granulosa cell content of
the 55 kDa form of VEGFC was low 0-12 h after hCG, peaked 24
h after hCG, and was low again 36 h after hCG; other bands were
inconsistently detected (Figure 1B and C).

VEGEFC protein was detected by immunofluorescence in granu-
losa cells of ovulatory follicles obtained both before and after expo-
sure to hCG (Figure 1D-G). Staining was also occasionally observed
in the stroma surrounding ovulatory follicles, which contains theca
cells, fibroblasts, and other cell types along with connective tissue.

VEGFC staining in large luteal cells of the monkey corpus luteum
served as a positive control; luteal stroma was essentially devoid of
staining (Figure 1H).

VEGFC protein is released by granulosa cells. VEGFC pro-
tein was detected in monkey follicular fluid, with a strong band
observed at 55 kDa and a very faint band present at 25 kDa
(Figure 1I). There were no apparent differences in the sizes or quan-
tity of VEGFC proteins in follicular fluid obtained before (0 h) and
36 h after hCG administration. VEGFC was also detected as a dou-
blet at 50-55 kDa in spent media from cultures of monkey granulosa
cells, again with no apparent difference between granulosa cells col-
lected 24 and 36 h after hCG administration (Figure 1]).

Vascular endothelial growth factor D production by
monkey granulosa cells

VEGFD mRNA and protein were also expressed by granulosa cells
obtained from monkey ovulatory follicles before (0 h) and 12, 24,
or 36 h after administration of an ovulatory dose of hCG. VEGFD
mRNA was detected in all samples examined, and mRNA levels were
not altered by exposure to hCG in vivo (Figure 2A). VEGFD was
detected as multiple bands by western blot, with the most prominent
proteins seen at 50 and 25 kDa. Levels of the 25 kDa form of VEGFD
were low 0-12 h after hCG, peaked 24 h after hCG, and remained
elevated 36 h after hCG administration (Figure 2B and D). Levels
of the 50 kDa form of VEGFD were low 0-12 h after hCG, peaked
24 h after hCG, and were low again 36 h after hCG administration
(Figure 2C and D).

VEGEFD protein was detected by immunofluorescence in granu-
losa cells of ovulatory follicles obtained 0-36 h after hCG; VEGFD
detection appeared to be restricted to the cytoplasm and was punc-
tate in appearance (Figure 2E-H). Staining was not observed in the
stroma surrounding ovulatory follicles. VEGFD staining in the mon-
key corpus luteum served as a positive control; luteal stroma was
essentially devoid of staining (Figure 2I).

VEGEFD protein is released by granulosa cells. VEGFD protein
was detected in monkey follicular fluid, with a strong band observed
at 50 kDa and a faint band present at 25 kDa (Figure 2J). There were
no apparent differences in the sizes or quantity of VEGFD proteins
in follicular fluid obtained before (0 h) and 36 h after hCG admin-
istration. VEGFD (50 kDa) was also detected in spent media from
cultures of monkey granulosa cells, with no apparent difference be-
tween granulosa cells collected 24 and 36 h after hCG administration
(Figure 2K).

Von Willebrand Factor and LYVE1 localization in
monkey ovulatory follicles

Previous studies by our laboratory demonstrated that angiogenesis
of the monkey ovulatory follicle is initiated by the ovulatory go-
nadotropin surge, with vascular endothelial cells present among the
granulosa cells of ovulatory follicles 24-36 h after the gonadotropin
surge and prior to ovulation [4]. To determine if lymphangiogenesis
is also stimulated in response to the ovulatory gonadotropin surge,
ovarian tissues were dual immunostained for the vascular endothelial
cell protein VWF and the lymphatic endothelial cell protein LYVE1.
Consistent with our previous report, vascular endothelial cells were
observed in the perifollicular stroma but not within the granulosa cell
layer of the ovulatory follicle before administration of an ovulatory
dose of hCG (Figure 3A-C). Ovulatory follicles obtained 36 h after
hCG contained VWF+ cells among the granulosa cells (Figure 3D-
F). LYVE1 immunodetection was also performed using these ovarian
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Figure 1. VEGFC production and release by monkey granulosa cells. (A) VEGFC mRNA is expressed by granulosa cells before (0 h) and at 12, 24, and 36 h after
administration of an ovulatory dose of hCG. VEGFC mRNA levels were expressed relative to ACTBmRNA; n = 3-5 animals/group. ANOVA showed no differences
between groups. (B) VEGFC 55 kDa protein (relative to pan-actin) in lysates of granulosa cells collected before and after hCG were assessed by ANOVA and the
Duncan test; groups with no common letters are different, P < 0.05; n = 3-4 animals/group. (C) Representative VEGFC (top) and pan-actin (bottom) detection in
lysates of granulosa cells obtained after ovarian stimulation and before (0 h) or 36 h after h\CG administration. VEGFC is detected as a major band at 55 kDa, with
inconsistent detection of smaller size proteins; pan-actin was detected as a single band. (D-G) VEGFC immunodetection (green) in granulosa cells (gc) of ovarian
tissues obtained before (D, 0 h) and 12 (E), 24 (F), and 36 (G) h after hCG. (H) VEGFC immunodetection (arrow) in large luteal cells of a day 11 corpus luteum
(CL) served as a positive control. For panels D-G, images are oriented with stroma (st) in lower left and antrum (an) in upper right. Nuclei are blue. All images
are representative of n = 3-4 animals/group. All images are at same magnification; bar in image F = 20 um. (I) VEGFC detection in follicular fluid obtained 0
and 36 h after hCG administration as 55 kDa (arrow) and 25 kDa (arrowhead) forms; faint, broad band at about 65 kDa is likely albumin (asterisk). Representative
of n = 3 animals/group. (J) VEGFC detection in spent media from cultures of monkey granulosa cells obtained 24 and 36 h after hCG administration in vivo.
VEGFC resolved as a doublet at approximately 50-55 kDa (arrows); representative of n = 3 animals/group. For panels C, |, and J, positions of molecular weight
standards (kDa) are shown at right.

tissues. Before hCG, LYVE1 immunodetection was restricted to the endothelial cells (VWF+) or lymphatic endothelial cells (LYVE1+)
(Figure 3G). Individual cells showing staining for both VWEF and

LYVE1 were very rare.

ovarian stroma (Figure 3A-C). LYVE1 immunodetection remained
restricted to the ovarian stroma and was never observed within the
granulosa cell of follicles collected 36 h after hCG, or just before the
expected time of ovulation (Figure 3D-F). In ovaries collected dur-
ing natural menstrual cycles after ovulation, both VWF and LYVE1
immunostaining were evident within the luteinizing granulosa cell

Vascular endothelial growth factors C and D activate
vascular endothelial growth factor receptor signaling

layer (Figure 3H-]J). Overall within the granulosa cell layer, LYVE1
staining was observed much less frequently than was VWF staining,
and LYVET staining was only observed in areas where VWF staining
was also observed. In areas where both VWF and LYVEL1 staining
were observed, VWF+ cells were consistently located closer to the
antrum of the follicle when compared to the location of LYVE1+
cells. Immunodetection of VWF and LYVEL1 in the medullary re-
gion of the ovary showed the presence of vessels lined with vascular

in monkey ovarian microvascular endothelial cells

To determine if VEGFC and VEGFD act directly at ovarian en-
dothelial cells, proliferating primary cultures of mMOMECs [4] were
immunostained for FLT1, KDR, and FLT4 (Figure 4A-C). All three
VEGEFRs were detected. VEGFR proteins appeared to be located in
the cytoplasm and/or plasma membrane and not in the nucleus,
consistent with typical location of these receptors. Immunofluo-
rescent detection of FLT1, KDR, and FLT4 also colocalized with
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Figure 2. VEGFD production and release by monkey granulosa cells. (A) VEGFD mRNA is expressed by granulosa cells before (0 h) and at 12, 24, and 36 h after
administration of an ovulatory dose of hCG. VEGFD mRNA levels were expressed relative to ACTB mRNA; n = 4-5 animals/group. ANOVA showed no differences
between groups. (B and C) VEGFD 25 and 50 kDa proteins (relative to pan-actin) in lysates of granulosa cells collected before and after hCG were assessed
by ANOVA and the Duncan test; groups with no common letters are different, P < 0.05; n = 3—-4 animals/group. (D) Representative VEGFD (top) and pan-actin
(bottom) detection in lysates of granulosa cells obtained after ovarian stimulation and before (0 h) or 36 h after hCG administration. VEGFD is detected as a band
at 25 and 55 kDa (arrows), with broad band at 65 kDa likely representing albumen; pan-actin was detected as a single band. (E and H) VEGFD immunodetection
(green) in granulosa cells (gc) of ovarian tissues obtained before (E, 0 h) and 12 (F), 24 (G), and 36 (H) h after hCG. (I) VEGFD immunodetection in a day 11
corpus luteum (CL) served as a positive control. For panels E-H, images are oriented with stroma (st) in lower left and antrum (an) in upper right. Nuclei are
blue. All images are representative of n = 4-5 animals/group. All images are at same magnification; bar in panel G = 20 um. (J) VEGFD detection in follicular
fluid obtained before (0 h) and 36 h after hCG administration as 50 kDa (arrow) and 25 kDa (arrowhead) forms; faint, broad band at about 65 kDa is likely albumin
(asterisk). Representative of n = 3 animals/group. (K) VEGFD detection in spent media from cultures of monkey granulosa cells obtained 24 and 36 h after hCG
administration in vivo. VEGFD resolved as a single band of 50 kDa (arrow), representative of n = 3 animals/group. For panels D, J, and K, positions of molecular
weight standards (kDa) are shown at right.

immunodetection of VWF in sections of monkey ovaries containing rylation of CREB but not AKT and served as a positive control

large ovulatory follicles (Supplemental Figure S2), demonstrating (Figure 5C and F). Treatment with VEGFC, VEGFD, or VEGFA

that follicular endothelial cells express FLT1, KDR, and FLT4 in did not significantly alter phosphorylation of MAPK3/1; these

vivo and in vitro. treatments also did not alter total PI3Kp85 protein (Supplemental
To further examine VEGFR-mediated signaling in mOMECs, Figure S3).

cultures were treated with either VEGFC or VEGFD for times rang-

ing from 5 min to 4 h. Cells were then harvested for the assess-

ment of phosphorylation of key signal transduction mediators pre- Vascular endothelial growth factors C and D stimulate
viously reported to be regulated by VEGFR activation (reviewed in angiogenic events

[18]). Treatment with VEGFC or VEGEFD resulted in a transient The earliest events in the formation of a new capillary include
increase in phosphorylation of AKT (Figure SA and B). Treatment endothelial cell migration, proliferation, and formation of capil-

with VEGFD, but not VEGFC, resulted in a transient increase in lary sprouts [1]. VEGFC and VEGFD each stimulated mOMEC
CREB phosphorylation (Figure 5D and E). In these experiments, migration in vitro (Figure 6A). VEGFD, but not VEGFC, in-
treatment of additional cultures with VEGFA increased phospho- creased mMOMEC proliferation above the levels seen in basal cultures
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Figure 3. Angiogenesis, but not lymphangiogenesis, precedes ovulation in primate follicles. Immunofluorescent detection of vascular endothelial cells (VWEF, red),
lymphatic endothelial cells (LYVE1, green), and cell nuclei (DAPI, blue) was performed in monkey ovarian tissues collected before hCG (A-C, 0 h hCG) or 36 h after
hCG (D-F) but prior to ovulation. Image in panel C shows two adjacent follicles with intervening stroma (st). Ovaries were also collected during natural menstrual
cycles 2 days after peak serum LH and visual observation of an ovulatory stigmata at the time of collection (H-J). In all panels, arrowheads indicate VWF+ cells in
the perifollicular stroma, arrows indicate LYVE1+ cells in the perifollicular stroma, asterisks () indicate VWF+ cells among granulosa/granulosa-lutein cells, and
hash signs (#) indicate LYVE1+ cells among granulosa/granulosa-lutein cells. (G) Detection of vascular endothelial cells (VWE, red, arrowhead) and lymphatic
endothelial cells (LYVE1, green, arrow) in large vessels of the ovarian medulla served as a positive control. Ovarian stroma (st), granulosa/granulosa-lutein cells
(gc), and follicle antrum (an) are indicated. Images are representative of n = 3-4 animals/group and are at the same magnification; bar in panel C = 50 um.

(A)(FLT1) (B)(KDR) (C)(FLT4)

nucle

Figure 4. Monkey OMECs express VEGFRs in vitro. Immunodetection of FLT1 (A), KDR (B), and FLT4 (C) in cultured mOMECs shows each VEGFR in green; nuclei
are blue. Representative of four mOMEC lines.
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Figure 5. VEGFR activation via VEGFC and VEGFD. Monkey OMECs were treated in culture for 5-240 min with VEGFC (A, D), VEGFD (B, E), or VEGFA (C, F); cells
were harvested for western blot detection of total AKT, p-AKT, total CREB, p-CREB, and pan-actin. Ratios of phosphorylated to total protein for p-AKT/AKT (A-C)
and p-CREB/CREB (D-F) were assessed by ANOVA and the Duncan test; groups with no common letters are different, P < 0.05, n = 3 mOMEC lines/group.

(Figure 6B). Finally, mMOMECs were treated with VEGFC or VEGFD
in an in vitro model of endothelial cell sprout formation. After 1 day
in vitro, cultures treated with VEGFD had a higher number of sprouts
when compared to cultures treated with basal medium; VEGFC did
not increase sprout formation (Supplemental Figure S4). Cultures
treated with VEGFC or VEGFD for 2 days each had a higher num-
ber of sprouts than were seen in cultures treated with basal medium
only (Figure 6C). VEGFA stimulated migration, proliferation, and
sprout formation as anticipated and served as a positive control in
these experiments (Figure 6A-C).

Discussion

VEGFC and VEGFD are often associated with lymphangiogenesis
[2], but these VEGF family members have been implicated in an-
giogenesis as well [1]. We have previously shown that vascular en-
dothelial cells enter the granulosa cell layer of monkey and human
ovulatory follicles prior to ovulation [4,5]. In this study, lym-
phatic endothelial cells were not present in the luteinizing granulosa
cell layer prior to follicle rupture and oocyte release. In contrast,
both vascular endothelial cells and lymphatic endothelial cells were
present in the young primate corpus luteum ([16] and this study).
While both angiogenesis and lymphangiogenesis are regulated by
many of the same signaling pathways and can occur concurrently,
angiogenesis has been reported to proceed in advance of lymphangio-
genesis [43]. Our findings support the conclusion that angiogenesis

is underway before ovulation in the primate follicle, while lymphatic
vessels remain relatively quiescent in the ovarian stroma until after
ovulation. Therefore, experiments were undertaken to determine if
VEGFC and VEGFD may be important for the formation of new
vascular capillary networks within the ovulatory follicle.

Both VEGFC and VEGFD are produced and secreted by cells
of the primate ovulatory follicle. VEGFC and VEGFD mRNA and
protein were expressed by monkey granulosa cells before and af-
ter hCG administration. Immunostaining did not consistently detect
VEGFC and VEGFD in other follicular cell types, although VEGFC
may be present in stroma surrounding ovulatory follicles. VEGFC
and VEGFD protein levels in granulosa cells increased after the ovu-
latory gonadotropin stimulus and reached peak levels prior to ovula-
tion. These proteins were also detected in spent granulosa cell culture
media and follicular fluid obtained during the ovulatory interval, in-
dicating that granulosa cells secrete VEGFC and VEGFD consistent
with a role in ovulatory events. VEGFC mRNA and protein have
previously been detected in human and monkey granulosa luteal cells
[16,26]. The present report is the first to demonstrate VEGFC and
VEGFD production by follicular granulosa cells of any mammalian
species. We also report for the first time that VEGFC and VEGFD
production by the follicle may be responsive to the ovulatory go-
nadotropin surge.

Detection of multiple sizes of VEGFC and VEGFD proteins in
monkey ovulatory follicles is consistent with current understanding
of the processing of these proteins in mammalian cells. Monkey gran-
ulosa cells, follicular fluid, and spent cell culture media contained
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Figure 6. VEGF family members promote angiogenic events in vitro. (A) Migration of mOMECs through a porous membrane in response to treatment for 24 h
with basal medium alone or with the addition of VEGFA, VEGFC, or VEGFD. Representative images of migrated cells after each treatment. In basal image, arrows
indicate migrated cells (pink); arrowheads indicate pores. (B) Proliferation of mMOMECs as assessed by Ki67 immunodetection and expressed as percentage
of total cells which were Ki67+. Representative images for each treatment are shown; examples of nuclei which are Ki67+ (brown, arrows) and Ki76- (blue,
arrowheads) are indicated in basal image. (C) Sprout formation by mOMECs after culture with each treatment for 2 days. Representative images show beads
with mOMECs forming sprouts (arrows) on day 2 in vitro for each treatment. For each graph, data were assessed by ANOVA and the Duncan test; groups with

no common letters are different, P < 0.05; n = 4 mOMEC lines/group.

primarily larger forms of VEGFC (55 kDa) and VEGFD (50 kDa);
smaller forms (25 kDa) of each protein were also occasionally
present. Multiple forms of VEGFC and VEGFD are produced by
posttranslational processing. This is notably different from the pro-
duction of multiple forms of VEGFA which arise from differen-
tial mRNA splicing [44]. VEGFC and VEGFD are each synthesized
as a single preproprotein containing an N-terminal propeptide, a
VEGF homology domain, and a cysteine-rich C-terminal propeptide
[45,46]. These preproproteins have a predicted molecular mass of

50-60 kDa;j further processing yields smaller (20-30 kDa) forms.
Monomer (20-30 kDa), dimer (45-60 kDa), and preproprotein
(50-60 kDa) forms can be secreted; preproprotein forms can be
processed into monomers after secretion through the activity of plas-
min and other proteases present in the ovulatory follicle [45-47]. In
this study, all proteins were resolved with reducing gels, so dimers
would not be detected. Smaller protein forms of VEGFC and VEGFD
contain the VEGF homology domain, which interacts with VEG-
FRs. In the monkey follicle, larger forms of VEGFC and VEGFD
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predominated in granulosa cells, follicular fluid, and cell culture me-
dia. Additional processing may take place in the extracellular space
near endothelial cells to convert larger forms of VEGFC and VEGFD
to smaller forms that are more potent ligands for VEGFRs and lead
to phosphorylation of the tyrosine kinase component of the recep-
tor’s intracellular domain [45,48,49].

Endothelial cells of monkey ovulatory follicles expressed all three
VEGFRs both in vivo and in vitro. In mOMECs, VEGFC treatment
led to phosphorylation of AKT, while VEGFD treatment led to phos-
phorylation of both CREB and AKT. Interestingly, VEGFA activated
only CREB. VEGFC and VEGFD have previously been shown to
activate both KDR and FLT4 in cell lines transfected with these re-
ceptors [45,48]. While VEGFA activates FLT1 and KDR but not
FLT4, activation of FLT1 by VEGFC or VEGFD is unlikely [49].
KDR is commonly referred to as the universal VEGFR since many
aspects of angiogenesis can be mediated via this receptor and its
downstream signaling pathways [1]. Signaling pathways activated
by ligand binding to KDR include AKT, CREB, and MAPK [49,50].
In contrast, FLT4 is most often linked to the AKT signaling pathway
[49]. In mOMEUGC:s, the activation of CREB by VEGFD and VEGFA
suggests that this signaling pathway is mediated via KDR; VEGFC
did not appear to activate KDR under the conditions used for these
studies. The activation of AKT by VEGFC and VEGFD (but not
VEGFA) indicates that AKT phosphorylation may be simulated via
FLT4 in mOMECs. Interestingly, no VEGF family member increased
MAPK3/1 phosphorylation in mOMECs. MAPK-mediated signaling
has been associated with the activation of both KDR and FLT4 in
embryonic angiogenesis [49]. The ability of VEGFD to activate mul-
tiple signal transduction pathways likely explains why VEGFD was
more effective than VEGFC to regulate angiogenic events in vitro in
our studies.

Both VEGFC and VEGFD-stimulated events were associated with
angiogenesis in vitro. VEGFD promoted mOMEC migration, pro-
liferation, and sprout formation. VEGFC increased migration and
had a modest but significant effect on sprout formation; VEGFC did
not stimulate mOMEC proliferation. Previous studies using vascu-
lar endothelial cells from other origins have shown that VEGFC
effectively promotes migration but requires very high concentra-
tions to stimulate cell proliferation [45,51]. VEGFC has also been
previously shown to induce new sprouts from established vessels
[52,53]. VEGFD has previously been shown to increase prolifera-
tion, migration, and capillary-like sprouting at the concentrations
used in this study [40,48]. Overall, our findings are consistent
with the concept that VEGFD is able to stimulate many aspects
of angiogenesis via the activation of both KDR and FLT4, while
VEGFC action through FLT4 promotes some, but not all, aspects of
angiogenesis.

VEGFC and VEGFD may be important paracrine mediators of
angiogenesis in the primate ovulatory follicle and may complement
the established role for VEGFA in follicular angiogenesis. The studies
presented here suggest that VEGFD may be a more potent stimulator
of follicular angiogenesis than VEGFC. One unanswered question is
whether VEGFC and VEGFD are present in the follicle at suffi-
cient quantities to impact angiogenesis associated with ovulation. In
this study, higher concentrations of VEGFC and VEGFD (20 ng/ml)
were utilized to stimulate endothelial cell functions when compared
to VEGFA (5 ng/ml). Quantitative assays for monkey VEGFC and
VEGEFD are not currently available. In addition, bioavailability of
VEGF family members may be modulated in vivo by binding to
extracellular matrix or to soluble forms of VEGFRs [54-56]. Cells
involved in active angiogenesis and lymphangiogenesis may com-

pete for ligands and further reduce the local availability of VEGF
family members [43]. In summary, it would be difficult, if not
impossible, to accurately quantify the pool of bioactive VEGF family
members available to interact with VEGFRs on endothelial cells in
a specific region of the follicle. The presence of additional vascular
growth regulators and dimerization of VEGFRs with each other or
coreceptors adds additional levels of complexity [1]. Targeted studies
will be needed to determine if VEGFC and VEGFD support VEGFA
and other regulators of angiogenesis to stimulate new blood vessel
formation during the process of primate ovulation. Finally, these
studies do not discount a role for VEGFC and VEGFD produced by
follicular cells to support the development of lymphatics, which are
essential to the proper function of the corpus luteum.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplemental Figure 1. Dose-ranging test for VEGF family mem-
bers in mOMEC migration. Numbers of migrated cells in vitro in
response to VEGFA (0.1-100 ng/ml), VEGFC (2-200 ng/ml), and
VEGFD (2-200 ng/ml) were determined. For each treatment, mi-
grated cells are expressed relative to migrated cells in response to
basal media (set equal to 1.0 and indicated by horizontal line).

Supplemental Figure 2. Ovarian endothelial cells express VEG-
FRs in vivo. Immunodetection of VWF (A, C, E; orange) colocalizes
with detection of a single VEGFR (FLT1 (B), KDR (D), FLT4 (F);
green) in ovarian tissue obtained after 36 h hCG. For each VEGFR,
dual staining was performed with VWF, and the tissue was pho-
tographed separately for visualization of VWF and the individual
VEGFR. Arrows indicate endothelial cells branching into granulosa
cell (ge) layer. st = ovarian stroma. Representative of n = 3.

Supplemental Figure 3. Monkey OMEC MAPK3/1 phosphory-
lation and PI3Kp8S5 levels are not altered by treatment with VEGFC
or VEGFD in vitro. Pan-actin detection confirmed similar loading.
Representative of n = 3 mOMEC lines.

Supplemental Figure 4. Sprouting by mOMECs in vitro is in-
creased by VEGFD on day 1 of culture. Treatment with VEGFC
did not increase sprout number on day 1; VEGFA increased sprout
formation and served as a positive control. Data were assessed by
ANOVA and the Duncan test; groups with no common letters are
different, P < 0.05; n = 4 mOMEC lines/group.

Supplemental Table S1. Source and dilution of antibodies used.
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