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Abstract

Angiogenesis within the ovarian follicle is an important component of ovulation. New capillary growth is initiated by the ovulatory surge of
luteinizing hormone (LH), and angiogenesis is well underway at the time of follicle rupture. LH-stimulated follicular production of vascular growth
factors has been shown to promote new capillary formation in the ovulatory follicle. The possibility that LH acts directly on ovarian endothelial
cells to promote ovulatory angiogenesis has not been addressed. For these studies, ovaries containing ovulatory follicles were obtained from
cynomolgus macaques and used for histological examination of ovarian vascular endothelial cells, and monkey ovarian microvascular endothelial
cells (mOMECs) were enriched from ovulatory follicles for in vitro studies. mOMECs expressed LHCGR mRNA and protein, and immunostaining
confirmed LHCGR protein in endothelial cells of ovulatory follicles in vivo. Human chorionic gonadotropin (hCG), a ligand for LHCGR, increased
mOMEC proliferation, migration and capillary-like sprout formation in vitro. Treatment of mOMECs with hCG increased cAMP, a common
intracellular signal generated by LHCGR activation. The cAMP analog dibutyryl cAMP increased mOMEC proliferation in the absence of hCG.
Both the protein kinase A (PKA) inhibitor H89 and the phospholipase C (PLC) inhibitor U73122 blocked hCG-stimulated mOMEC proliferation,
suggesting that multiple G-proteins may mediate LHCGR action. Human ovarian microvascular endothelial cells (hOMECs) enriched from ovarian
aspirates obtained from healthy oocyte donors also expressed LHCGR. hOMECs also migrated and proliferated in response to hCG. Overall,
these findings indicate that the LH surge may directly activate ovarian endothelial cells to stimulate angiogenesis of the ovulatory follicle.

Summary Sentence The ovulatory surge of LH may regulate follicular angiogenesis by acting directly at LHCGRs on ovarian vascular endothelial
cells.

Graphical Abstract
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Introduction

Ovulation can be defined as rupture of the ovarian follicle
to release a mature oocyte [1]. Vascular changes associated
with ovulation include follicular angiogenesis, increased vas-
cular permeability, and increased follicular blood flow; these

vascular changes have been associated with successful ovu-
lation [1]. Ovulation is initiated by the midcycle surge of
luteinizing hormone (LH), and ovulatory vascular changes can
be mediated within the follicle by LH-stimulated paracrine
factors [2]. LH has been shown to regulate follicular pro-
duction of many angiogenic factors, including progesterone
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[3, 4], prostaglandin E2 (PGE2, [5, 6]), vascular endothe-
lial growth factor A (VEGFA, [7–9]), placental growth fac-
tor (PGF, [8]), thrombospondins (THBS1-4, [10, 11]), and
angiopoietins (ANG1, ANG2, [7, 12]). Each of these vascular
regulators has been implicated in angiogenesis of the ovula-
tory follicle and/or young corpus luteum. However, a direct
angiogenic action of LH on ovarian vascular endothelial cells
to initiate and regulate ovulatory changes in the vasculature
has not been explored.

LH acts via its receptor, LHCGR, which is activated by
both LH and human chorionic gonadotropin (hCG). LHCGR
mRNA and protein are expressed by multiple cell types within
the ovulatory follicle [13–15]. Primary targets for LH and
hCG action include granulosa cells and theca cells, although
very low levels of LHCGR mRNA and protein have been
detected in cumulus cells and oocytes [13, 14]. LHCGR
expression by and LH/hCG action at ovarian vascular
endothelial cells has not been reported, but LHCGR mRNA
and protein have been reported on vascular endothelial cells
of non-gonadal blood vessels [16–19]. In the present study,
microvascular endothelial cells obtained from ovulatory
follicles of cynomolgus macaques and women were used
to determine if there is a potential role of endothelial cell
LHCGR in follicular angiogenesis associated with ovulation.

Methods

Animals

Whole ovaries and ovarian biopsies were obtained from
4- to 8-year-old female cynomolgus macaques (Macaca
fascicularis) at Eastern Virginia Medical School (EVMS,
Norfolk, VA). All animal protocols were conducted in
accordance with the National Institutes of Health’s Guide
for the Care and Use of Laboratory Animals and were
approved by the EVMS Animal Care and Use Committee
and were performed as described previously [20]. Utilizing
chemical restraint (ketamine, 5–10 mg/kg body weight), blood
samples were obtained as needed by femoral venipuncture
and serum was stored at −20◦C. The Immulite 1000
immunoassay system (Siemens Medical Diagnostics Solutions,
Rockville, MD) was used to determine serum estradiol
and progesterone levels. Aseptic surgeries were performed
by laparotomy under isoflurane anesthesia. Postoperative
analgesia was accomplished with buprenorphine and a non-
steroidal anti-inflammatory drug (ketoprofen or meloxicam).
Monkey corpus luteum and adrenal were obtained at
necropsy, fixed, and sectioned as described for ovaries
below.

Ovarian stimulation

The ovarian stimulation protocol has been previously
described [20]. Monkeys received 90 IU of recombinant
human follicle-stimulating hormone (FSH, Organon, Jersey
City, NJ) for 6–8 days, then 90 IU of FSH plus 60 IU
of recombinant human LH (Serono Reproductive Biology
Institute, Rockland, MA) for 2 days to stimulate the growth
of multiple follicles. A GnRH antagonist (0.03 mg/kg
Ganirelix; Organon) was also administered daily to prevent
an endogenous LH surge. Ultrasonography and rising serum
estradiol were used to monitor follicle growth. Follicle
aspiration was performed during aseptic surgery before (0 h)
or up to 36 h after 1000 IU recombinant hCG (Serono)
administration. At surgery, each follicle with a diameter

greater than 4 mm was pierced and aspirated with a 22-
gauge needle. All aspirates from a single animal were pooled
and used for the enrichment of granulosa cells as previously
described [20] or for obtaining ovarian microvascular
endothelial cells (below). Whole ovaries were also obtained
from monkeys experiencing ovarian stimulation. Some ovaries
were used for obtaining ovarian microvascular endothelial
cells (below). Additional ovaries were bisected, maintaining
at least two follicles greater than 4 mm in diameter on each
piece, fixed in 10% formalin, and embedded in paraffin
for sectioning. For each experiment using monkey ovaries
or granulosa cells, n reflects the total number of tissues or
aspirates, each collected from a different animal.

Monkey ovarian microvascular endothelial cells

Monkey ovarian microvascular endothelial cells (mOMECs)
were enriched from either whole stimulated monkey ovaries
[5] or follicular aspirates after oocyte removal [21], as
previously described. All mOMEC lines were tested as
described by Trau et al. [5] to ensure a >95% endothelial
cell phenotype. For these experiments, mOMECs (passages
4–9) were plated on fibronectin-coated culture ware and
maintained in EGM-2MV (EGM2) growth media (Lonza, Sal-
isbury, MD). mOMECs were cultured in serum- and growth
factor free media (EMB-2 (basal); Lonza) containing 1% fetal
bovine serum overnight prior to experiments described below.
For each experiment using mOMECs, n reflects the number
of distinct mOMEC lines, each enriched from a different
animal.

Monkey theca cells

Monkey theca cells were isolated from ovarian follicles
and characterized as previously described [22]. Theca cells
were maintained in a humidified cell culture incubator
at 37◦C in an atmosphere of 5% O2, 5% CO2, 90%
N2. Theca cell base media was a pH 7.4, 1:1 mixture of
low glucose DMEM (Sigma), and Ham’s F-12 medium
(Sigma) supplemented with 5.96 g/L HEPES (Sigma), 2.4 g/L
NaHCO3 (Sigma), 3.33 mU/mL insulin (Humulin R U-100,
Lilly), 20 nM selenium (Sigma), 1 μM vitamin E (Sigma),
and antibiotic/antimycotic mixture (Sigma) [23]. For these
experiments, theca cells (passages 3–5) were plated on
fibronectin-coated culture ware and maintained in growth
media, which was base media plus 10% fetal bovine serum
(R&D Systems), 10% horse serum (Gibco), and 2% UltroSer
G (PALL Life Sciences) [23]. Theca cells were cultured in
serum-free media [23] for 24 h before use in experiments
and during experimental treatments. Serum-free medium was
base media plus 1.0 mg/mL bovine serum albumin (Sigma)
and 100 μg/mL apo-transferrin (Sigma). For each experiment
using theca cells, n reflects the number of distinct primary
theca cell lines, each enriched from a different animal.

Human ovarian microvascular endothelial cells

Human ovarian microvascular endothelial cells (hOMECs)
were enriched from follicular aspirates obtained during
oocyte retrieval from healthy young women undergoing
ovarian stimulation for oocyte donation at the Jones Institute
for Reproductive Medicine, EVMS. This use of discarded
human follicular aspirates does not constitute human subjects
research as determined by the EVMS Institutional Review
Board. hOMECs were enriched as previously described [21].
Culture, characterization, and experiments were performed as
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described for mOMECs. For each experiment using hOMECs,
n reflects the number of distinct primary hOMEC cell lines,
each enriched from a different woman.

Immunohistochemistry

Immunostaining using paraffin-embedded monkey tissues sec-
tioned at 5 μm has been previously described [5]. Tissue
sections were heated to 55◦C and deparaffinized. mOMECs,
hOMECs, theca cells, and granulosa cells were cultured on
fibronectin-coated chamber slides (Tissue-Tek, Thermofisher,
Waltham, MA) and fixed in 10% formalin for 20 min. For
immunodetection of LHCGR, slides were exposed to basic
antigen retrieval (heating to 85–90◦C for 30 min in 10 mM
Tris, 1.3 mM EDTA, 0.05% Tween 20). Slides were blocked
in phosphate-buffered saline (PBS) + 0.1% Triton X-100 con-
taining either 0.75% non-immune serum (LHCGR) or 5%
non-immune serum (VWF, CYP17A1, CYP19A1). Slides were
then incubated overnight in a humidified chamber at 4◦C with
a primary antibody against LHCGR (1:200, gift of Dr. Asger-
ally Fazleabas, Michigan State University, [24]), VWF (1:200,
rrid: AB_2315602; Dako, Glostrup, Denmark), CYP17A1
(0.35 μg/mL; product #14447-1-AP, Proteintech, Rosemont,
IL), or CYP19A1 (1:200, Serotec, Raleigh, NC) in PBS–Triton.
Tissues were color-developed by using a rabbit (LHCGR,
VWF, CYP17A1) or mouse (CYP19A1) Vectastain ABC kit
(Vector Laboratories, Burlingame, CA) and DAB kit (Vector)
according to protocols provided by the manufacturer. Slides
were counterstained in hematoxylin, dehydrated, and perma-
nently 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.

PCR amplification

Total RNA was prepared using Trizol reagent (Invitrogen,
Waltham, MA), treated with DNase, and reverse transcribed
using an oligo-dT primer and moloney murine leukemia virus
reverse transcriptase (M-MLV RT) as previously described
[25, 26]. 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 for qPCR of
cynomolgus macaque mRNAs and establishment of reaction
conditions was previously described [25]. Monkey and
human cDNA was used as a template for qPCR of LHCGR
(forward: GTTGATTCCCAAACCAAGG; reverse: GGC-
CACCACATTGAGA; Accession numbers XM_005575920
(monkey) and NM_000233 (human); 363 base pair product).
PCR products span an intron/exon boundary to avoid
undetected amplification of genomic DNA and sequencing
confirmed amplicon identity. At least five log dilutions of the
sequenced PCR 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 was determined in independent assays.
Numerical data are expressed as the ratio of mRNA of interest
to ACTB [25].

Nested PCR for LHCGR was performed using 1 μL of reac-
tion product from the first round amplification as described
above with a primer pair (forward: TGTCTACACCCTCAC-
CGTCA; reverse: ATTGCTGACACCCACAAGGG; 163 base
pair product), which were located internal to the original
primer pair (above). The product of the second round of

PCR was separated on a 2% agarose gel, photographed under
ultraviolet illumination, and sequenced to confirm identity.

Media cAMP

mOMECs and hOMECs were cultured for 24 h without
(basal) or with hCG (Sigma-Aldrich, St. Louis, MO) at concen-
trations of 0.2, 2.0, or 20 IU/mL media, PGE2 (1 μM; Cayman
Chemical, Ann Arbor, MI), or LH (20 or 200 IU/mL; Serono).
Cell culture media samples were centrifuged to pellet any cells,
and the supernatant was stored at −20◦C. Media samples
were analyzed utilizing a cAMP enzyme-linked immunosor-
bent assay (ELISA) (#581001; Cayman Chemical) according
to kit instructions for acetylation. Levels of media cAMP
were normalized to the protein content of the corresponding
cell lysates, as determined by the bicinchoninic acid method
(Sigma). Inter-assay coefficient of variation (CV) was 11.2%
and the intra-assay CV was 11.6%.

Angiogenesis assays

Migration was assessed as previously described [5]. Briefly,
mOMECs or hOMECs were trypsinized and immediately
added to fibronectin-coated six-well membrane inserts with
8-μm pores (BD Biosciences, San Jose, CA) in basal media;
media in the lower chamber consisted of either basal media
alone or with hCG (20 IU/mL). After 24 h in a standard cell
culture incubator, a cotton swab was used to gently remove
non-migrated cells from the upper surface of the membrane.
Membranes were fixed in 70% ethanol and stained with
hematoxylin and eosin. Images of five different fields were
taken of the membrane side opposite to the side of plating, and
migrated cells were counted. The average number of migrated
cells/image was 25. The average number of migrated cells was
determined for each treatment group.

To assess proliferation, mOMECs or hOMECs were
grown to 60% confluence on chamber slides as previously
described [5]. Cells were cultured for 24 h in basal media
with or without the addition of hCG (20 IU/mL), LH (20
or 200 IU/mL), H-89 (1 μM; Sigma #19-141), U71322
(1 μM; Sigma #U6756), GF109203X (1 μM; Tocris #0741),
SB203580 (20 μM; Sigma #559395), U0126 (10 μM; Sigma
#U012), or dibutyryl cAMP (10 μM; Sigma #D0627). Cells
were fixed in 10% formalin for 20 min, then immunostained
for Ki67 as described above with no antigen retrieval using
a mouse monoclonal antibody (1:100 dilution, Dako) and
mouse Vectastain ABC kit (Vector). For each mOMEC
line, images of five different fields were obtained for each
treatment. Positive and negative nuclei were counted, with
a minimum of 40 cells scored per image. The percentage of
Ki67 positive nuclei out of total nuclei was then determined
for each treatment group.

To assess capillary-like sprout formation in vitro, Cytodex
microcarrier beads (GE Healthcare, Little Chalfont, UK)
were incubated with mOMECs (250–500 cells per bead) and
embedded in a three-dimensional fibrin matrix, as previously
described [5]. Basal media without or with 20 IU/mL hCG
was added on top of each matrix. Five beads in each well
were photographed at the start of culture (day 0), day 1, and
day 2 of culture using an Olympus CK40 microscope, Infinity
Lite camera, and associated software (Lumenera, Nepean,
ON, Canada). For each bead imaged, the number of sprouts
and length of each sprout was determined for each day. An
average number of sprouts and average length of sprouts was
determined for each treatment group on each day of culture.
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Figure 1. LHCGR immunodetection in monkey ovarian tissues and cells. LHCGR immunodetection (brown) in monkey ovarian follicles after ovarian
stimulation before hCG (0 h hCG, A and A inset), 24 h after hCG (B), and 36 h after hCG administration (C, D). (D) shows an enlargement of indicated
area in (C). In (A)–(D), arrows indicate putative endothelial cells, surrounding red blood cells in small vessels. Asterisk (∗) indicates ovarian stroma
consistent with location of theca cells. In (A)–(C), follicle antrum is upper right, granulosa are cells central, and ovarian stroma is lower left. (A)–(C) use
bar in (C) = 40 μm. (A) inset and (D) are 2.5× higher magnification than (A)–(C). LHCGR (E) and VWF (F) localization by immunostaining in adjacent
monkey ovarian tissue sections obtained 0 h after hCG. Arrows indicate endothelial cells of a perifollicular vessel; asterisk (∗) indicates ovarian stroma
consistent with location of theca cells. In (E)–(F), follicle antrum is on the top, granulosa cells are central, and ovarian stroma is at the bottom of the
image. (E)–(F) use bar in (F) = 40 μm. Images are representative of n = 4–7 monkey ovarian tissues per treatment group. (G)–(I) LHCGR
immunodetection in mOMECs cultured with basal medium (G), hCG (H), or VEGFA (I). (J)–(K) show LHCGR immunodetection in monkey theca cells in
vitro after culture without (J) or with (K) hCG. For (G)–(K), arrows indicate LHCGR detection across entire cell; arrowheads indicate the concentration of
LHCGR detection near the nucleus. Insets in (B), (G), and (J) show the absence of brown staining when the primary antibody was omitted. Images are
representative of n = 4 mOMEC or theca cell lines per treatment group.

Data analysis

Data were assessed for heterogeneity of variance using Bartlett
test. Data were log transformed when Bartlett test yielded
P < 0.05; log-transformed data were subjected to Bartlett test
to confirm that P > 0.05. Log transformation was performed
for granulosa cell LHCGR and cAMP. As indicated in the
figure legends, data sets were assessed by two-tail paired t-test
or ANOVA followed by Duncan multiple range test (StatPak
version 4.12 software; Northwest Analytical, Portland, OR).
Significance was assumed at P < 0.05. Data are expressed as
mean + SEM.

Results

Ovarian vascular endothelial cells express LHCGR

To determine if LHCGR is expressed by ovarian endothelial
cells, monkey ovarian tissues were used for immunodetection
of LHCGR. LHCGR was detected in granulosa cells, with
strongest immunodetection in granulosa cells of large antral
(preovulatory) follicles before (0 h) hCG administration
(Figure 1A). Granulosa cell immunostaining for LHCGR

was apparently reduced after hCG (Figure 1B and C).
Immunodetection of LHCGR was also present in the ovarian
stroma surrounding large antral follicles both before and
after hCG administration, consistent with the location of
theca cells (Figure 1A; asterisk). In addition, LHCGR was
detected in the vascular endothelial cells of these large follicles.
Brown staining cells with thin cytoplasm were present
surrounding luminal areas containing clusters of red blood
cells near the granulosa cell basement membrane before hCG
(Figure 1A inset; arrow) and within the luteinizing granulosa
cell layer after hCG administration (Figure 1C and D;
arrows). Interestingly, hCG administration did not alter
the apparent intensity of LHCGR immunodetection in pre-
sumptive vascular endothelial cells (compare Figure 1A inset
Figure 1D).

To support the identification of LHCGR in ovarian vascular
endothelial cells, adjacent monkey ovarian tissue sections
were stained for LHCGR (Figure 1E) and VWF, an endothelial
cell protein (Figure 1F). Endothelial cells lining a small vessel
showed dark brown staining for both LHCGR and VWF
(arrows), supporting the detection of LHCGR in follicular
endothelial cells in vivo.
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To confirm LHCGR detection in ovarian vascular endothe-
lial cells, cultured mOMECs were immunostained for
LHCGR (Figure 1G–I). In mOMECs maintained in basal
media, brown staining was dispersed across each cell
(Figure 1G, arrow), consistent with the anticipated plasma
membrane location of LHCGR. Treatment in vitro with
hCG prior to immunostaining resulted in the clustering of
LHCGR immunodetection near the nucleus in most mOMECs
(Figure 1H, arrowheads). Treatment in vitro with VEGFA
prior to immunostaining resulted in LHCGR immunode-
tection dispersed across the cell (Figure 1I, arrow), similar
to that seen after culture with basal media only. Isolated
monkey theca cells also showed immunodetection of LHCGR
using this approach (Figure 1J and K), which served as an
additional positive control. LHCGR immunostaining was also
observed in the large luteal cells of the corpus luteum obtained
on day 7 of the luteal phase (Supplementary Figure S1A), but
LHCGR immunodetection was not prominent in endothelial
cells of luteal capillaries (Supplementary Figure S1A) or
vessels of the ovarian stroma (Supplementary Figure S1B).
LHCGR was detected in the zona reticularis of the monkey
adrenal, but the adrenal medulla did not show immunodetec-
tion of LHCGR (Supplementary Figure S1C).

LHCGR was present in key monkey cells. Granulosa cells
aspirated from monkey ovarian follicles before (0 h) and after
hCG treatment in vivo also expressed LHCGR, with highest
levels before hCG and lower levels after hCG administration
(Figure 2A). LHCGR was also present in cultured monkey
theca cells (Figure 2B), detectable by PCR but below the
quantitative range of our qPCR assay. LHCGR was incon-
sistently detected in cultured mOMECs using qPCR. A
nested PCR approach demonstrated the presence of LHCGR
in cultured mOMECs, with amplification of LHCGR in
granulosa cells serving as a positive control (Figure 2C).
We considered that LHCGR detection in mOMECs may
be due to small numbers of contaminating granulosa cells
or theca cells. Immunostaining for CYP17A1 (theca cell
protein) or CYP19A1 (granulosa cell protein) did not
indicate the presence of these cell types in cultured mOMECs
(Supplementary Figure S2).

LHCGR stimulation promotes angiogenic events in
vitro

Endothelial cell migration, proliferation, and sprout forma-
tion are early events in the formation of new capillaries [27].
The LHCGR agonist hCG at a concentration of 20 IU/mL [28]
increased mOMEC migration compared with untreated cells
(Figure 3A–C). hCG also increased the number of mOMECs
immunostaining positive for the proliferation antigen Ki67
(Figure 3D–F). The ability of hCG to modulate capillary
sprout formation was also explored in vitro (Figure 3G–M).
hCG tended to increase the number of capillary-like sprouts
after 1 day in vitro (Figure 3H), with significant increase after
2 days (Figure 3J). hCG did not alter the length of capillary
sprouts formed in vitro (Figure 3G and I).

LHCGR signaling pathways in mOMECs

LHCGR is a member of the seven transmembrane family
and has been reported to couple to multiple G proteins [29,
30]. mOMECs treated with 20 IU/mL hCG had increased
cAMP in culture media; lower hCG concentrations did not
increase cAMP (Figure 4A). PGE2, previously shown to

Figure 2. LHCGR mRNA in monkey cells. (A) LHCGR mRNA
quantification by qPCR in monkey granulosa cells obtained after ovarian
stimulation before hCG (0 h) and 12, 24, or 36 h after hCG administration.
LHCGR mRNA copy number is expressed relative to copy number for
ACTB mRNA. N = 4 animals/group; groups with different letters are
different, P < 0.05 by ANOVA with one repeated measure. (B) LHCGR
mRNA detection by PCR in cultured monkey theca cells. LHCGR cDNA
amplified fragment (363 bp) shown at arrow (right). Lanes show the
molecular size ladder (L) and amplification of cDNA from LHCGR
standard (std), no cDNA control (water; W), and individual monkey theca
cell lines (T1–T4; n = 4). C. LHCGR mRNA was detected in mOMECs by
nested PCR. Nested LHCGR cDNA amplified fragment (163 bp) is shown
at arrowhead (right). Sample lanes show the molecular size ladder (L),
amplification of cDNA from LHCGR standard (std), no cDNA control
(water; W), monkey granulosa cells (G), individual mOMEC lines (M1–M4;
n = 4), and re-amplified no cDNA control (NC) from the first round PCR.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac189#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac189#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac189#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac189#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac189#supplementary-data
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Figure 3. hCG stimulates angiogenic events in mOMECs. (A) hCG
increases the number of migrated cells when compared to basal medium
alone. (B) (basal) and (C) (hCG) show sections of migration membranes,
with arrows indicating migrated cells and arrowhead indicating a pore.
N = 4 mOMEC lines. (D) hCG increases mOMEC proliferation over basal
medium. (E) (basal) and (F) (hCG) show Ki67 staining, with arrows
indicating Ki67 positive (dark) cell nuclei and arrowheads indicating Ki67
negative (pale) nuclei; n = 5 mOMEC lines. (G)–(J) mOMEC sprout
formation in vitro increases with hCG treatment. Sprouts were assessed
for sprout length (G, I) and sprout number (H, J) after 1 (G, H) or 2 days (I,
J) in vitro. Data in (G)–(J) reflect n = 5 mOMEC lines. Representative
sprouting is shown for time of plating (day 0; K), basal media on day 2 (L),
and hCG treated on day 2 (M); arrows show representative sprouts. In
(A), (D), and (J), significant differences were detected by paired t-test,
P < 0.05, as indicated by the asterisk (∗).

increase mOMEC cAMP [5], served as a positive control.
PGE2 increased cAMP, but the combination of PGE2 and
hCG resulted in media cAMP levels similar to either agonist
alone (Figure 4B).

To further explore LHCGR signal transduction in mOMECs,
cells were treated with signal transduction pathway mod-
ulators in vitro, and proliferation was assessed by Ki67
immunodetection. Treatment of mOMECs with dibutyryl
cAMP increased proliferation above basal levels, similar
to treatment with hCG (Figure 4C). Chemical inhibitors of
signal transduction intermediaries were used to block hCG-
stimulated proliferation. The protein kinase A inhibitor H89
alone did not alter proliferation but did prevent an hCG-
stimulated increase in proliferation (Figure 4C). Similarly, the
phospholipase C inhibitor U73122 did not alter proliferation
but did prevent hCG-stimulated proliferation (Figure 4D).

LH stimulation of LHCGR in mOMECs

Additional studies demonstrated that recombinant human LH
at concentrations of 20 and 200 IU/mL also increased media
cAMP (Figure 5A) and mOMEC proliferation as assessed by
Ki67 immunodetection (Figure 5B).

Functional LHCGRs in hOMECs

hOMECs were also evaluated to determine if functional LHC-
GRs were present in endothelial cells of human ovulatory
follicles. LHCGR (Figure 6A) was detected in hOMECs by
nested PCR. Treatment of hOMECs with 20 IU/mL hCG
stimulated hOMEC migration (Figure 6B) and proliferation
(Figure 6C).

Discussion

The present report identifies LHCGR mRNA and protein
in vascular endothelial cells of primate ovulatory follicles.
LHCGR expression in granulosa and theca cells is first
observed at the secondary follicle stage and is consistently
detected throughout subsequent follicle growth in rodents,
monkeys, and women [13, 14, 31, 32]. LHCGR expression
in granulosa cells is high prior to the ovulatory gonadotropin
surge and decreases after surge [13, 14, 31, 32]. In contrast,
LHCGR mRNA and protein expression by cumulus granulosa
cells and oocytes is low to nondetectable throughout the
ovulatory interval [13, 14]. In our study, mural granulosa
cells of large macaque preovulatory follicles show high levels
of LHCGR mRNA and protein prior to the LH surge, with
decreased detection after the surge, similar to these prior
reports [13, 14, 31, 32]. Monkey theca cells also expressed
LHCGR mRNA and protein in vitro as anticipated. Generally,
mural granulosa and theca cells are considered the primary
targets for LH action in the dominant follicle prior to
ovulation [1]. We considered that our mOMEC populations
may contain small numbers of LHCGR-expressing granulosa
or theca cells, resulting in the detection of LHCGR mRNA
and protein. However, mOMECs did not contain CYP17A1
or CYP19A1 positive cells by immunostaining, and all
mOMECs showed LHCGR by immunostaining. Importantly,
we detected LHCGR in ovarian follicular vascular endothelial
cells both in vitro and in vivo. It is interesting to note that
LHCGR was not detected by immunostaining in vascular
endothelial cells of the corpus luteum or larger ovarian
vessels of the ovarian stroma. This observation supports the
hypothesis that LHCGR-driven angiogenesis within the ovary
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Figure 4. hCG-activated signaling pathways in mOMECs. (A)–(B) mOMECs treated with hCG (0, 0.2, 2.0, 20 IU/ml) without or with PGE2 (1 μM; grey
bars) were assessed for cAMP accumulation in culture media (A, n = 5 mOMEC lines; B, n = 3 mOMEC lines). cAMP (A, B) was assessed by ELISA and
standardized to total cell protein. (C) hCG-stimulated proliferation after treatment for 24 h with dibutyryl cAMP (10 mM), hCG (20 IU/mL), and/or the
protein kinase A inhibitor H89 (1 μM; n = 3 mOMEC lines). (D) hCG-stimulated proliferation after no treatment (basal), treatment with hCG (20 IU/mL),
and/or treatment with the phospholipase C inhibitor U71322 (U7, 1 μM; n = 3 mOMEC lines). Proliferation (C, D) was assessed by Ki67 immunodetection
and expressed as the percentage of total cells that are Ki67 positive. For each panel, groups with different letters are different, P < 0.05 by ANOVA with
one repeated measure.

Figure 5. LH activates LHCGR in mOMECs. (A) mOMECs in basal media
or basal media with hCG (20 IU/mL) or LH (20 or 200 IU/mL) were
assessed for cAMP accumulation in media; cAMP was assessed by
ELISA and standardized to total cell protein. n = 4 mOMEC lines. (B) hCG
(20 IU/mL) and LH (20 or 200 IU/mL) increase mOMEC proliferation over
the basal medium (n = 3 mOMEC lines). For each panel, groups with
different letters are different, P < 0.05 by ANOVA with one repeated
measure.

may be limited to the ovulatory follicle. Overall, our findings
add the vascular endothelial cell of the ovulatory follicle to
the list of follicular cell types capable of responding directly
to LH.

There is compelling evidence that LHCGR mRNA and pro-
tein are expressed by many types of cells, including vascular

endothelial cells, within and beyond the reproductive system.
Gonads are traditional targets for LH/hCG action. Steroido-
genic cells of the primate corpus luteum express LHCGR; they
respond to LH during the reproductive cycle and to chorionic
gonadotropin (CG) in early pregnancy [33]. Leydig cells of
the testis respond to LH via LHCGR [34]. In addition, the
endometrium responds directly to CG secreted by the embryo
at the time of implantation [35]. Prior reports show that
human umbilical vein endothelial cells (HUVECs) and both
endothelial and epithelial cells of the uterine endometrium
express LHCGR and respond to LHCGR stimulation [17, 18].
LHCGR mRNA and protein have also been reported in tissues
outside the reproductive tract. The cortical cells of the adrenal
gland express LHCGR, perhaps because of a common embry-
ological origin with the gonads [36]. LHCGRs on adrenal
cortical cells have been implicated in altered adrenal function
in polycystic ovary syndrome, pregnancy, and adrenal corti-
cal neoplasms [36]. The fetal retina expresses LHCGR, and
stimulation of these LHCGRs has been implicated in mouse
eye development [37]. Human lymphatic endothelial cells and
circulating angiogenic progenitor cells have also been shown
to express LHCGR [19]. The wide distribution of LHCGRs
within and beyond the reproductive tissues suggest multiple
functions for this receptor and its ligands, LH and CG.

Regulation of LHCGR is complex. In the present study,
administration of hCG in vivo led to decreased LHCGR
mRNA and protein in follicular granulosa cells. In contrast,
LHCGR immunodetection in mOMECs persisted after hCG
treatment in vivo and in vitro. LH or CG binding to the
LHCGR can reduce receptor numbers via a variety of mech-
anisms (reviewed in [38]). Interestingly, hCG treatment of
mOMECs and monkey theca cells in vitro led to a shift in
cellular location of LHCGR, with a concentration of LHCGR
detected near the nucleus after hCG exposure. This ligand-
driven response is consistent with LHCGR internalization
reported for other LH/CG-responsive cells [39–41]. Regula-
tion of LHCGR mRNA and protein by other mechanisms has
been reported. In mouse granulosa and theca cells, LHCGR
correlates with methylation status of the LHCGR promoter,
where demethylation leads to enhanced LHCGR in granu-
losa cells of preovulatory follicles [42]. A primary endocrine
regulator of LHCGR is FSH, which increases LHCGR in
granulosa cells of preovulatory follicles [43]. This mechanism
may be most important for preovulatory granulosa cells, as
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Figure 6. LHCGR expression and function in hOMECs. (A) LHCGR mRNA
was detected in hOMECs by nested PCR. Molecular size standards (base
pairs, lane 1) are shown at the left. Nested LHCGR cDNA amplified
fragment (163 bp) shown at arrow (right). Sample lanes show
amplification of cDNA from (2) LHCGR standard, (3) no cDNA control
(water), (4) monkey granulosa cells, (5–8) re-amplified first round PCR
cDNA from individual hOMEC lines (n = 4), (9) re-amplified no cDNA
control from the first round PCR. (B) hCG-stimulated migration. hCG
increases the number of migrated cells when compared with the basal
medium alone, n = 4 hOMEC lines. (C) hCG increases hOMEC
proliferation over the basal medium alone. For each hOMEC line, basal
proliferation set equal to 100%, and hCG-stimulated proliferation
expressed relative to the basal level. n = 4 hOMEC lines. In (B) and (C),
significant differences were detected by the paired t-test, P < 0.05, as
indicated by the asterisk (∗).

FSH receptors (FSHR) are expressed predominantly by this
follicular cell type. HUVECs also express FSHR [44], so FSH-
induced increase in LHCGR may occur in tissues other than
the ovarian follicle. The involvement of FSHR signaling and
LHCGR promoter methylation in the regulation of LHCGR

mRNA and protein in mOMECs or hOMECs has yet to be
examined.

LHCGR stimulation promoted angiogenic actions in
mOMECs in vitro, including migration, proliferation, and
capillary sprout formation. Migration of an endothelial tip
cell, followed by proliferating endothelial cells to form a
tube lumen, are essential components of the formation of
a new capillary [27]. In the present study, hCG promoted
these angiogenic actions in vitro. For example, hCG treatment
resulted in a 2-fold increase (over basal levels) in migration in
mOMECs and a 1.7-fold increase in migration in hOMECs.
This is similar to our prior studies of VEGFA-stimulated
migration, where VEGFA treatment resulted in a 2-fold
increase in migration for both mOMECs [45] and hOMECs
[21] in vitro. In studies of other types of endothelial cells,
hCG was also as effective as VEGFA to promote migration,
proliferation, and sprout formation [18, 46]. A wide variety
of in vitro and in vivo models have been used to support the
concept that hCG acts directly at endothelial cells to stimulate
angiogenesis at concentrations similar to those used in our
present study [17–19]. Whereas our studies focus specifically
on angiogenesis in the ovarian follicle at the time of
ovulation, there is ample evidence that hCG, at ovulatory
concentrations, may be a potent pro-angiogenic stimulus in
many organs.

In the present study, both hCG and LH at 20 IU/mL resulted
in similar stimulation of mOMEC cAMP and proliferation.
Concentrations of hCG and LH used in the present study have
previously been shown to stimulate changes in granulosa cells
in vitro consistent with changes observed after administration
of an ovulatory dose of hCG in vivo for collection of mature
oocyte for in vitro fertilization. For example, hCG at a dose of
20 IU/mL in vitro was shown to regulate monkey granulosa
cell prostaglandin synthesis/metabolism [47, 48], cell cycle
[49, 50], and epidermal growth factor like ligands [51]. LH is
used less frequently in vitro, but LH stimulation of ovulatory
changes in granulosa cell cultures has been reported [52].
Taken together, these findings indicate that mOMECs respond
to an ovulatory dose of LHCGR ligand with angiogenic
changes.

LHCGRs expressed by mOMECs utilize previously
reported signal transduction pathways [29]. Previous studies
have identified the Gαs protein as a key mediator of LHCGR
activation [22–24]. LHCGRs in mOMECs also utilize the
Gαs–cAMP–PKA pathway. For example, we demonstrated
that dibutyryl cAMP mimicked the ability of hCG to
increase proliferation, while inhibition of PKA with H89
[53] blocked hCG-stimulated proliferation. Other G proteins
have also been linked to LHCGR activation. Davis et al.
[54] showed that inositol triphosphate levels increased in
rat granulosa cells in response to LH, and selective deletion
of Gαq/11 in mouse granulosa cells impaired generation of
inositol phosphates, progesterone production, and ovulation
[30]. In our studies of mOMECs, U71322 blocked hCG-
stimulated proliferation. U71322 is widely accepted as an
inhibitor of phospholipase C [55], implicating Gαq as a
mediator of LHCGR stimulation, but alternative targets
for U71322 have been suggested [56]. Our initial studies
reported here focused on traditional LHCGR signaling path-
ways. Additional signaling pathways have been implicated
in mediation of hCG action [16, 57] and may also be
involved in LH/hCG-stimulated angiogenesis in the ovulatory
follicle.
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Data presented in this manuscript support the intriguing
suggestion that the midcycle LH surge promotes ovulatory
angiogenesis via multiple mechanisms. Many vascular growth
factors are produced within the ovulatory follicle in response
to the LH surge, and these growth factors promote healthy
ovulatory angiogenesis (reviewed in [1]). Furthermore, LH
action at granulosa and theca contributes to breakdown of the
granulosa cell basal lamina and, more generally, remodeling of
the extracellular matrix [58, 59]; this reorganization of extra-
cellular matrix provides focal areas conducive to capillary
penetration into the granulosa cell layer, which facilitates new
vessel formation (reviewed in [1]). In addition, we propose
that LHCGR stimulation may directly promote the rapid
angiogenesis, which occurs as the follicle moves toward ovu-
lation and transformation into the corpus luteum. A growing
body of work suggests a causal relationship between follicular
angiogenesis and successful release of the oocyte at ovulation
[5, 8, 10, 45, 60]. In each of these studies, disruption of angio-
genic factor action resulted in reduced or absent ovulation.
Further experiments will be necessary to discern the individual
contributions made by direct action of LH at the LHCGR
and other LH-regulated processes to the overall success of
ovulatory angiogenesis and, ultimately, ovulation in primates,
including monkeys and women.
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