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Abstract

Controlled ovarian hyperstimulation with gonadotropins is
followed by Ovarian Hyperstimulation Syndrome (OHSS)
in some women. An unidentified capillary permeability fac-
tor from the ovary has been implicated, and vascular endo-
thelial cell growth/permeability factor (VEGF) is a candidate
protein. Follicular fluids (FF) from 80 women who received
hormonal induction for infertility were studied. FFs were
grouped according to oocyte production, from group I (0-7
oocytes) through group IV (23-31 oocytes). Group IV was
comprised of four women with the most severe symptoms of
OHSS. Endothelial cell (EC) permeability induced by the
individual FF was highly correlated to oocytes produced (7 =
0.73, P < 0.001). Group IV FF stimulated a 63-4% greater
permeability than FF from group I patients (P < 0.01), re-
versed 98% by anti-VEGF antibody. Group IV fluids con-
tained the VEGF165 isoform and significantly greater con-
centrations of VEGF as compared with group I (1,105*=87
pg/ml vs. 35328 pg/ml, P < 0.05). Significant cytoskeletal
rearrangement of F-actin into stress fibers and a destruction
of ZO-1 tight junction protein alignment was caused by
group IV FF, mediated in part by nitric oxide. These mech-
anisms, which lead to increased EC permeability, were re-
versed by the VEGF antibody. Our results indicate that
VEGEF is the FF factor responsible for increased vascular
permeability, thereby contributing to the pathogenesis of
OHSS. (J. Clin. Invest. 1998. 102:1978-1985.) Key words:
estrogen « vascular permeability » infertility « controlled
ovarian hyperstimulation

Introduction

The Ovarian Hyperstimulation Syndrome (OHSS)! is the col-
lection of clinical findings that occur as the most serious com-
plication resulting from the use of gonadotropins for ovulation
induction (1). Although the mechanisms that lead to the devel-
opment of the syndrome are not clearly understood, two major
syndrome components are ovarian enlargement and increased
vascular permeability. Increased vascular permeability leads to
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extravasation of protein-rich fluid out of the intravascular
space, and this can account for virtually all the manifestations
of the syndrome. The signs include the accumulation of perito-
neal (and rarely pleural or pericardial) fluid, edema, and hypo-
volemia, leading to anuria or hypotension in the most severe
form (1-3). It has been postulated that a vasoactive substance
is released from the ovary in response to hormonal stimulation
and causes increased vascular permeability (2-4). Ovarian fol-
licular fluid (FF) obtained from patients at risk for developing
OHSS significantly augments in vitro permeability of endothe-
lial cells (ECs) (5).

The substance responsible for inducing the manifestations
of this syndrome has not been conclusively identified. One
candidate as the responsible factor is vascular endothelial cell
growth factor (VEGF). This glycoprotein was originally isolated
as a vascular permeability factor (6) because it potently stimu-
lates fluid transgression through EC tight junctions (7, 8). VEGF
also is a mitogen for ECs (9), contributing to neovasculariza-
tion in the ischemic diabetic retina (10) or tumor metastasis
(11, 12). VEGF is secreted by a variety of cells and binds to sev-
eral transmembrane receptors expressed on ECs, most impor-
tantly Fit and KDR (or VEGFR-1 and -2) (13, 14). This growth/
permeability factor is produced by normal and neoplastic hu-
man ovaries (15), including ovarian granulosa cells from
women undergoing stimulation for in vitro fertilization (16).

In this study, we sought to identify VEGEF as the factor con-
tained in the FF from women undergoing hormonally induced
oocyte production that induces EC permeability. We also
characterized the cytoskeletal changes induced by the FF to
provide a mechanistic basis for the increased EC permeability,
which leads to the clinical manifestations of this syndrome.

Methods

Subjects. 80 female patients between the ages of 29 and 41 were stud-
ied; they were not receiving hormonal medications other than as pre-
scribed by us for ovulatory induction. All gave informed consent to
procurement and experimental use of their FF, as per the protocol
approved by the Institutional Review Board of the Long Beach Me-
morial Medical Center. Using an unused aspiration cannula, each FF
was obtained while a patient underwent transvaginal aspiration of
follicles for in vitro fertilization. FF was obtained after hormone ad-
ministration to stimulate oocyte production; the protocol included
luteal phase administration of leuprolide acetate, 1 mg/day, followed

1. Abbreviations used in this paper: BAEC, bovine aortic endothelial
cell; bFGF, basic fibroblast growth factor; dpm, disintegrations per
minute; EC, endothelial cell; ET-1, human endothelin-1; FF, follicular
fluid; GC, granulosa cells; hCG, human chorionic gonadotropin;
hFSH, human follicle-stimulating hormone; L-NMMA, monomethyl
L-arginine; NO, nitric oxide; OHSS, Ovarian Hyperstimulation Syn-
drome; VEGF, vascular endothelial cell growth factor.



by daily administration of 150450 IU of human follicle—stimulating
hormone (hFSH), based upon the women’s age and past response his-
tory when applicable. Human chorionic gonadotropin (hCG), 10,000
1U, was administered 34-36 h before aspiration, and ovulation induc-
tion was monitored with vaginal ultrasound. The obtained fluid was
not bloody, was not diluted, and was briefly centrifuged at low speed
to remove debris or cells before freezing at —70°C for subsequent as-
says within 1-2 mo. Fluids were subsequently grouped according to
the number of oocytes retrieved: (group I, 0-7 oocytes; group 11,
8-14; group 111, 15-22; and group IV, 23-31). Patients underwent rou-
tine monitoring for signs of the development of OHSS.

Patients in groups I and II were asymptomatic for OHSS; in con-
trast, two patients in group III complained of significant “bloating
and edema of their extremities,” but this was not clinically apparent.
Two additional patients in group III were noted on physical examina-
tion to have mild edema of their lower extremities but no evidence of
ascites; their FFs induced the highest permeabilites in their group
(see below). The edema responded to discontinuation of further hor-
monal induction and dietary salt restriction. The four patients that
comprised group IV were the most symptomatic, developing moder-
ately severe lower extremity edema in all and significant ascites in
two patients. These patients were treated with discontinuation of hor-
monal induction and diuretics. All symptoms and signs resolved
within 4 d.

FF processing. Purification of FF for use in Western immunoblot
and RIA was accomplished by affi-gel blue column, then desalting
column elution, followed by dialysis against 20 mM PBS for 12 h. The
resulting samples were concentrated fivefold by lyophilization, then
reconstituted in water (immunoblot) or RIA buffer. Samples for
immunoblot were pooled from four random patients in each group,
except group IV (all samples used).

EC permeability assay. Bovine aortic ECs were isolated as previ-
ously described (17). BAEC formed a monolayer that displayed the
typical EC cobblestone appearance and contact inhibition and uni-
formly tested positive for factor VIII-related antigen. Primary cul-
tures of bovine aortic endothelial cells (BAEC), cultured in DMEM
with 10% FBS, were seeded onto 0.45-uM CM filters (Millipore,
Bedford, MA) coated with rat tail collagen and contained within plas-
tic inserts; the inserts were placed into 24-well plates and grown to
confluence over ~ 5 d. 2 d after confluence, chambers were created
by placing medium inside the inner insert and the outer wells, with
the endothelial cell monolayer on the insert filter (18). The cells were
washed and then subjected to FF incubation at 37°C in a CO, incuba-
tor for 24 h. FF was added to both aspects of the chamber, in unequal
volumes, as explained below. After 24 h, all medium was aspirated
and discarded. To the apical surface (insert containing the cells on fil-
ter) was then added an experimental sample, containing 395 pl of FF,
4 ul of 100 mM mannitol, and 1 ul of H3-mannitol (1 X 10° cpm). To
the basolateral surface of the chamber (outer well), 600 pl of FF was
added. These specific volumes equalized fluid heights in the two
chambers, so that only diffusive forces would be involved in perme-
ability of the BAEC. Similar equalization occurred during the 24 h
preceding the incubation period. After 2 h at 37°C in the incubator,
flux rate was determined over 24 h by measuring the amount of H3-
mannitol permeating to the basolateral compartment. This was deter-
mined by counting disintegrations per minute (dpm) in the aspirated
well fluid by using a B-counter. In some studies, we coadded antibod-
ies that bind to either human endothelin-1 (ET-1; Peninsula Labs,
Belmont, CA), VEGF, or basic fibroblast growth factor (bFGF;
Santa Cruz Biotechnology, Santa Cruz, CA). In other experiments,
exogenous VEGF (Upstate Biotechnology, Lake Placid, NY) was
added to EC cultures or the nitric oxide (NO) synthase inhibitor,
monomethyl L-arginine (10 puM L-NMMA; CalBiochem, San Diego,
CA) 30 min before the addition of FF. DMEM culture media alone
(no serum or added peptides) was used for control permeability as-
sessments.

Radioimmunoassay. VEGF immunoreactivity was measured by a
double antibody, nonequilibrium assay carried out over 48 h. VEGF

was radiolabeled to a specific activity of ~ 1,000 Ci/mmol by the io-
dogen method (19, 20). There was no cross-reactivity of the first anti-
body used in the assay with other peptides, including ET-1, atrial
natriuretic peptide, angiotensin II, or bFGF. The sensitivity of the as-
say was 10 pg per tube and the intra- and interassay coefficients of
variation were < 10%. Extraction efficiency of the VEGF in FF was
79.6-86% across all samples, and the values were accordingly cor-
rected.

Western immunoblot. Follicular fluid (5 ml) from each of four
randomly selected patients in each of the groups (except IV) were
processed, individually reconstituted, and aliquots from each sample
(20 pl) were pooled after reconstitution. Samples were processed as
described above. Before separation by gel electrophoresis, the sam-
ples were not adjusted for protein because the permeability determi-
nations on these same samples were also not adjusted for protein con-
tent, maintaining consistency.

Immunoprecipitation was performed on 100 pl of pooled, recon-
stituted samples from each group (20), by using a polyclonal VEGF
antibody directed against the first 22 amino acids of N-terminal bo-
vine VEGF. Immunoprecipitates were dissolved in SDS sample
buffer, boiled, separated, and then transferred to nitrocellulose.
VEGEF protein was detected using the ECL Western blot kit (Amer-
sham Life Sciences, Arlington Heights, IL), the first antibody at 1:500
dilution. Protein molecular weight markers and synthetic VEGF were
run in parallel, bands were quantitated by laser densitometry, and the
samples were used for a second, confirmatory immunoblot.

Cytoskeleton integrity. ECs were cultured to confluence on glass
coverslips, then incubated with exogenous VEGF (1 ng/ml) or FF
from group I or group IV patients for 24 h, in the presence or absence
of VEGF antibody. The cells were fixed with 3.75% formalin,
washed, then followed by cold acetone fixation and permeabilization,
and then stained with biotin-XX phalloidin (Molecular Probes, Eu-
gene, OR); this demonstrated actin fibers, which are crucial to main-
taining EC tight junctions (impermeability). In additional experi-
ments, cells were pretreated with L-NMMA for 30 min before the
addition of group IV FF.

ZO-1 protein was assessed by immunocytochemistry. ECs were
grown to postconfluence, then fixed, permeabilized, and then stained
with anti-ZO-1 antibody (Zymed Corp., San Francisco, CA). Sec-
ondary antibody conjugated to biotin was incubated, followed by the
addition of FITC-strepavidin for purposes of fluorescent microscopic
visualization of ZO-1.

Statistical analysis. Individual or pooled patient data from the
permeability assays were compared by ANOVA plus Scheffe’s test,
using the StatView statistical program (P < 0.05 as significant). The
same program was used to calculate correlation coefficients by linear
regression analysis for oocyte production and EC permeability.
VEGTF concentrations were similarly analyzed and are expressed as
the mean+SEM. Western immunoblots were compared by laser den-
sitometry.

Results

Effects of follicular fluid on endothelial cell permeability. We
first characterized our in vitro assay by its response to exoge-
nously added VEGF. Incubation of the BAEC with VEGF, 1
ng/ml, significantly stimulated transgression of labeled manni-
tol across the endothelial cell barrier by 4 h, and the maximum
increase of 62% was seen at 24 h, compared with the basal per-
meability (0 h), (basal permeability 6,206+63 cpm, 24-h per-
meability 10,073+81 cpm, n = 6 per condition, P < 0.05) (Ta-
ble I). Permeability of the EC in the absence of VEGF
increased by ~ 7% over the 24 h, and so the corrected increase
in specific permeability at this time, induced by exogenous
VEGF, was 55%. Increased permeability stimulated by VEGF
at 24 h was 97% prevented by coincubation with a monoclonal
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Table I. Effects of Exogenous VEGF on Endothelial Cell
Permeability In Vitro

Permeability (dpm)

VEGF 1ng/ml  DMEM (no VEGF)
Time of cell incubation (h)
0 620663 6096+48
2 7133+131 613870
4 7795+31% 6321+86
8 8934+91% 648465
24 10073+81* 6566+48
VEGF concentration (ng/ml)
No peptide 6114+12
0.1 619136
0.5 7189+153
1 10483 +160%*
2 11314+186*

Data represent the combined results from two experiments, each done
in triplicate (n = 6 observations per condition) and are the mean*=SEM.
*P < 0.05 by ANOVA plus Scheffe’s F-test for condition vs. 0 h or vs.
no VEGF peptide added to the cells. Hour 0 indicates the basal perme-
ability of the endothelial cells before the addition of VEGF. Bottom
data set represents the permeabilities induced by exogenous VEGF at
24 h.

antibody to this growth factor, diluted to 1:100 (data not
shown). In dose-related fashion, VEGF caused a significant in-
crease in endothelial cell permeability. Increased permeability
was first observed at a concentration of 0.5 ng/ml at 24 h, but a
substantial increase of 71% was seen at 1 ng/ml of VEGF (Ta-
ble I).

We then examined the permeabilities induced by the FF.
The induced permeabilities positively correlated with the num-
ber of oocytes produced by the individual patients (Fig. 1 A)
(correlation coefficient, ”? = 0.71, P < 0.001). 15 of the individ-
ual patients overlapped and hence are not represented as dis-
crete circles on the figure. Comparable correlation was seen
when the patients were represented as group mean oocyte pro-
duction (Fig. 1 B) (#* = 0.73, P < 0.001). The values for each
group are shown in Table II. Women who produced 15-22 oo-
cytes had a mean permeability of 7,954 cpm, which was signifi-
cantly increased from group I by 30+3%, while group 1V flu-
ids (23-31 oocytes) induced a 63+4% increase in permeability
(P < 0.01). The significantly increased permeability induced
by the FF from the group IV patients correlated to their devel-
opment of edema or ascites. Follicular fluids from women pro-
ducing 8-14 oocytes (group IT) produced a permeability mod-
estly greater (14%) than group I fluids (0-7 oocytes), and
women in both groups were asymptomatic.

Identification of VEGF as the permeability factor. We then
sought to determine the identity of the permeability factor in
the FF, theorizing that VEGF was the best candidate based
upon existing studies. We coincubated the endothelial cells
with pooled FF from group III or IV patients and an antibody
that binds human VEGF. The VEGF antibody reversed the
mean FF-stimulated permeabilities (above those of group I)
by 95 and 98%, respectively (Table II) (P < 0.05 compared
with group III or IV FF alone). In contrast, antibody to human
ET-1 or bFGF caused an insignificant reversal. These specific-
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Figure 1. (A) Correlation of number of oocytes retrieved from
women after hormonal stimulation of the ovary with in vitro endothe-
lial cell permeability stimulated by their individual ovarian FF. Each
circle represents the permeability to mannitol that transgresses an en-
dothelial cell monolayer in culture at 24 h, as described in Methods,
as a function of the number of oocytes produced. FF samples from 80
women were studied, but only 65 discrete circles are shown because
of overlapping values. (B) Group correlations for oocyte production
and FF-induced permeability. Some patient values overlap and hence
are not shown as discrete circles.

ity controls were used because ET-1 and bFGF have been
identified to stimulate increased vascular permeability in some
situations. Similarly, nonspecific human IgG antibody did not
affect the group IV—-induced permeability (data not shown).
The ability of VEGF to enact increased cell growth or
other actions is felt to be mediated at least in part by the gener-
ation of NO (21). To determine a possible role for NO in the
action of FF, L-NMMA was added before FF or exogenous
VEGF addition. The increased permeability stimulated by



Table I1. Stimulation of In Vitro Endothelial Cell Permeability
by Follicular Fluids and Reversed by VEGF Antibody

Permeability (cpm)

Oocyte
Group n number FF FF+VEGFab FF+ET-1lab FF+bFGFab
c — — 6008+28 — — —
I 11 0-7 6130+18 — — —
II 50 8-14 6963 +68* — — —
I 15 15-22 7954=156* 6436=51% 7903+103* —
IV 4 2331 10014+294* 6252+45% 9846:68* 9751+77*

Permeability data for each group are the mean+SEM. The permeability
induced by the FF from individual patients reflected duplicate in vitro
determinations for each patient’s sample assessed at 24 h. n is the num-
ber of individual patients within each group. *P < 0.05 vs. permeability
induced by group I FF. #P < 0.05 for FF vs. FF plus VEGF antibody. C,
control media (no FF); FF, follicular fluid; ab, antibody; ET-1, endothe-
lin-1; bFGF, basic fibroblast growth factor.

group IV FF was reversed 52% by inhibition of NO synthase
(Table III). Similarly, exogenous VEGF-stimulated perme-
ability was reversed 47% by this inhibitor of NO production.

Detection and quantitation of VEGF in FF. We determined
both qualitatively and quantitatively the VEGF contained in
the FFs. Known amounts of exogenous human VEGF165 were
separated on gel in parallel with the patient samples; all sam-
ples were membrane transferred and immunoblotted with the
growth factor antibody. Exogenous VEGF produced an ex-
pected single discrete band, in dose-related fashion, which was
~ 23 kD in size as a monomer (Fig. 2). This corresponds to the
gel migration of endogenous VEGF165 detected in vascular
smooth muscle cells (22). A single, same-sized band was de-
tected in the FF samples, indicating that the 165—-amino acid
isoform of VEGF predominates in the ovary. In groups I or II,
little VEGF was detected. In contrast, the samples from the
women producing > 23 oocytes (group IV) had clearly detect-
able VEGF protein, and the VEGF band density correlated
with the degree of ovarian stimulation (oocyte number). The
density of the VEGF band from group IV samples was roughly
comparable with that produced by 100 pg of exogenous
VEGF.

To precisely determine the concentration of VEGF in the
FFs, we developed an RIA for the growth/permeability factor.

Table I11. Reversal of Endothelial Cell Permeability by NO
Synthase Inhibition

Permeability (dpm) (% of control)

Group L-NMMA +L-NMMA
Control 100 101=%3
FF Group IV 161+3* 128+6¢
VEGF 1 ng/ml 1644 134+2%

Data are the mean+SEM permeability for each treatment (six replica-
tions per condition) carried out for 24 h and are derived from three ex-
periments. FF or VEGF data are compared with permeability from con-
trol EC in DMEM in the absence of any FF added to the chambers. *P <
0.05 for permeability induced by FF or VEGF vs. permeability of con-
trol EC. *P < 0.05 for FF or VEGF vs. FF or VEGF + L-NMMA, 10 pM.
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Figure 2. Immunoblot of VEGF contained within the FF of women
undergoing ovarian stimulation by hormonal administration. Lanes
are exogenous VEGF (200, 100, 50, and 25 pg) and pooled FF from
groups IV (> 23 oocytes), I1, and I, respectively. Molecular weight
markers run in parallel during gel separation are shown on the right
side of the figure.

As seen in Fig. 3, VEGF concentrations from the four groups
progressively increased. Group I patients had a mean VEGF
value of 353£28 pg/ml, increased to a mean of 51146 pg/ml
in group II (P < 0.05). Group III patients had a mean VEGF
concentration of 80562 pg/ml, and group IV patients had
threefold the VEGEF level of group I, at 1105=87 pg/ml. The
values obtained by RIA correlated well with oocyte produc-
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Figure 3. VEGF concentration in the follicular fluids of patients in
groups I-IV. Each bar is the mean*SEM of the samples in the group.
Asterisks indicate P < 0.05 by ANOVA plus Scheffe’s F-test vs.
group L.
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tion and generally paralleled the results from Western immu-
noblot, which is not quantitative.

Cytoskeletal rearrangement induced by group IV FF. We
then assessed the mechanism that leads to increased EC per-
meability. ECs form tight junction associations, regulating the
bidirectional passage of ions, nutrients, and fluids through the
endothelial lining (23). This limits the transgression of fluid
and protein out of the intravascular space to the peripheral tis-
sues. One important regulatory mechanism for the integrity of
tight junction maintenance is distribution of actin to a cortical
(peripheral) pattern, precluding stress fiber formation. This
situation is demonstrated by EC cultured on glass coverslips in
DME and stained to show F-actin (Fig. 4 a, A). A similar pat-
tern of peripheral actin fiber localization in the cell is seen
when ECs are incubated with FFs from group I patients (Fig. 4
a, B). In contrast, incubation of the cells with either group IV
FF (C) or exogenous VEGF (D) caused a marked redistribu-
tion of actin fibers to transversely span the entire cell, with re-
sulting stress fiber formation. Actin redistribution induced by
either exogenous VEGF or group IV FF was substantially re-
versed by coincubation with VEGF antibody (E and F, respec-
tively). This indicated that the VEGF content of the group IV
FF was responsible for this architectural change within the EC,
leading to increased vascular permeability.

Since we found that NO contributed to the increased per-
meability stimulated by group IV FF or exogenous VEGF, we
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assessed its contribution to the redistribution of actin. We
found that L-NMMA significantly reversed the effect of the
group IV FF to stimulate stress fiber formation (Fig. 4 b).
These results provide a mechanism to understand the contri-
bution by NO to the permeability enhancing action of the
group IV FF.

We also examined the integrity of ZO-1 tight junction pro-
tein alignment at the borders of the apposed EC (Fig. 5). The
distribution of ZO-1 at the borders is known to be discontinu-
ous around the normal EC (24), as seen in A. Group I FF had
no effect on this pattern (B). Group IV FF or exogenous
VEGF each induced significant clumping and disruption of the
Z.0-1 tight junction protein (C and D), often leaving large gaps
in ZO-1 expression (arrowheads). The disruption highly corre-
lates with increased cell permeability (25). Coincubation of the
cells with VEGF ab again substantially reversed the effects of
either FF (E) or exogenous VEGF (F). This indicates an addi-
tional mechanism by which the VEGF in FF disrupts the integ-
rity of EC tight junctions, leading to increased permeability.

Discussion

The symptoms that comprise the Ovarian Hyperstimulation
Syndrome are felt to mainly result from the leakage of fluid
from capillaries stimulated by an ovary-derived permeability
factor. It is proposed that production of this factor is aug-

Figure 4. (a) F-actin dis-
tribution in cultured EC
and the effects of FF or
exogenous VEGF, 1 ng/
ml. The white transverse
lines represent phalloidin
staining of the actin mi-
crofilaments. A is EC cul-
tured in media alone; B is
EC in the presence of
group I FF; Cis group IV
(high oocytes) FF; D is
exogenous VEGF, 1 ng; £
is exogenous VEGF plus
VEGF antibody; F'is
group IV FF plus VEGF
antibody. A cortical (pe-
ripheral) distribution is
seen in the control or low
oocytes FF, but a trans-
verse (stress fibers) distri-
bution occurs in response
to high oocyte FF or ex-
ogenous VEGF. Effects
of FF or VEGF are sub-
stantially prevented by
VEGF antibody. This
study is representative of
three separate studies. (b)
Effect of L-NMMA on
F-actin distribution in-
duced by group IV FF. A
is EC cultured in media
alone; B is group IV FF-
incubated EC; C is group
IV FF plus L-NMMA, 10
wM. This study was re-
peated twice.



Figure 5. Distribution of the tight junction protein ZO-1 around ap-
posed endothelial cells in response to FF or exogenous VEGF. Basal,
discontinuous distribution of ZO-1 in EC is shown in A. B is EC in
the presence of group I FF; C is group IV (high oocytes) FF; D is ex-
ogenous VEGF, 1 ng/ml; E is exogenous VEGF plus VEGF antibody;
F1is group IV FF plus VEGF antibody. Arrowheads denote areas of
typical ZO-1 disruption (C and D). This representative study was re-
peated twice.

mented by gonadotropic hormones administered as part of the
fertility procedure (2-4); the factor is then secreted or is
leaked from the massively enlarged ovaries. The resulting vas-
cular permeability leads mainly to peritoneal fluid collection,
edema, and occasionally hypovolemia. Loss of intravascular
volume is largely responsible for the morbidity and occasional
mortality associated with OHSS (3).

The development of this syndrome correlates well with the
ovarian response to gonadotropic hormones. This response in-
cludes large numbers of stimulated follicles and increased se-
rum estradiol (E2) levels, parameters that define patients at in-
creased risk for developing this disorder (26, 27). Previous
studies have correlated vasoactive substance levels in the vas-
culature or ovary with the temporal development of OHSS. As
a result, various intra- and extra-ovarian substances have been
postulated to contribute to OHSS, including prostaglandins,
histamine, serotonin, prolactin, angiotensin, and interleukin-2
(28-33). Our results here implicate VEGF as the ovarian fac-
tor produced during hormonal induction, which directly leads
to increased vascular permeability. VEGF is therefore likely to
cause the manifestations of OHSS.

The actions of VEGF to enhance vascular permeability (6)
may result in part from the effects of other vasoactive sub-
stances (34). Several actions of exogenous VEGF in vitro are
partially dependent on the generation of NO from the target
cell/organ, such as EC (34, 35). Our results indicate that the
ability of the group I'V FF to induce increased EC permeability
is significantly, though not totally, dependent upon the genera-
tion of NO. We found similar dependance on NO for the per-
meability response to exogenous VEGF, supporting the find-

ings of Murohara et al. (21). NO can induce increased vascular
permeability through the activation of protein kinase G (36).
NO can associate with and disrupt cytoskeletal protein com-
plexing (37, 38) and can deplete ATP, leading to dilation of
EC tight junctions (37) and the rearrangement of the actin cy-
toskeleton (39). The significant alterations of the cytoskeletal
proteins of EC demonstrated in this study result in part from
NO action.

The formation of the EC TJ modulates transendothelial
solute exchange, and several proteins have been implicated in
the dynamic formation of junctions. The association of TJ pro-
teins (including ZO-1, ZO-2, and occludin) with both the actin
cytoskeleton (40) and cadherin—catenin complex (41) are felt
to play important roles (42). Disrupting EC tight junction pro-
tein complex formation results from the disorganization of the
actin cytoskeleton (43, 44) and would lead to the endothelial
fenestrations induced by VEGF (45). We believe this sequence
of events underlies OHSS since we found that F-actin redistri-
bution, formation of stress fibers, and ZO-1 protein destruc-
tion in response to group IV FF were each reversed by VEGF
antibody. Recent in vitro studies showed that cadherin and oc-
cludin become disorganized at endothelial cell junctions in re-
sponse to exogenous VEGF (46). Normally, complexing of
Z0O-1 proteins with occludin mediates occludin’s localization
to the tight junction and association with the cytoskeleton (25).
VEGF-induced disruption of ZO-1 would 1) prevent this lo-
calization, and 2) markedly lower the electrical resistance of
EC, resistance typifying an ionic barrier function (47).

Regarding the source of the permeability factor, VEGF
transcripts and the protein isoforms VEGF121 and especially
VEGF165 have been found in human ovarian tissue (15).
Luteinized human ovarian granulosa cells, isolated from
women undergoing hormonal stimulation for in vitro fertiliza-
tion, express high concentrations of VEGF mRNA (16). In
cultured bovine ovarian granulosa cells (GC), either LH or E2
can stimulate VEGF mRNA expression, but the effects of LH
are more rapid (48). Cultured human GC respond to hCG with
increased VEGF mRNA production (49); this leads us to spec-
ulate that in our patients there is a sequential action of the ad-
ministered hormones (FSH, human menopausal gonadotro-
pins, and hCG) to first directly stimulate VEGF production.
This is followed by increased estrogen production that inde-
pendently augments VEGF. High intraovarian levels of E2 are
probably necessary for VEGF production and the clinical syn-
drome (50). Presumably, VEGF produced in the ovary acts lo-
cally, spills into the peritoneal cavity, and is also secreted into
the blood. It has been shown that some women who develop
OHSS have elevated levels of VEGF in their blood (51, 52), al-
though the source of the VEGF is not clear, since vascular
smooth muscle cells potently produce this growth factor. We
found that ovarian FF contained the VEGF165 isoform by im-
munoblot. Since this same antibody blocked the ability of the
FF to stimulate endothelial cell permeability, we propose that
ovarian VEGF165 contributes to the clinical symptomatology.

Since increased vascular permeability also occurs at ovula-
tion (53, 54), OHSS could be viewed as an exaggeration of the
events that occur during the menstrual cycle. When this
growth/permeability factor is produced in excess by the super-
physiologic hormonal induction of ovulation, it can lead to the
clinical syndrome of OHSS. Recently, Kobayashi et al. (55)
measured low levels of VEGF in the ascites from three women
with OHSS, concentrations that did not produce increased
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capillary permeability. This led them to conclude that VEGF
may not be involved in the pathogenesis of this syndrome. In
contrast, several studies have measured much higher concen-
trations of VEGF in the peritoneal fluid and/or serum of
women who developed OHSS after fertility induction (50, 52,
56). In a previous study, peritoneal fluid from three women
with OHSS induced increased capillary permeability, which
was prevented by the VEGF antibody (57). There was no de-
termination of the source of VEGF or mechanism of VEGF
action. Our patients in group IV developed significant signs of
OHSS, including edema and ascites, requiring bed rest and di-
uresis. Their FFs induced the greatest EC permeabilities,
which were 98% reversed by the VEGF antibody. VEGF con-
centrations in the FF from the four group IV patients were
more than three times those of group I patients, who were
asymptomatic. Group IV individuals also produced the largest
numbers of oocytes, and their FF caused EC cytoskeletal rear-
rangement, F-actin redistribution, and degradation of ZO-1
protein at the tight junction.

The collective data therefore supports an important role
for VEGEF in this syndrome. The increase in permeability stim-
ulated by the FF from our patients was not linearly related to
the absolute VEGF concentrations. This suggests that there is
a threshold concentration of VEGF, which is necessary to in-
duce EC permeability. It is difficult to definitively identify
VEGF as the causative factor in vivo, because there is no
VEGTF receptor antagonist currently available. A naturally oc-
curring truncated form of the VEGF receptor, fit, is an antago-
nist of some actions of VEGF (58), but its therapeutic use is
unknown. We have recently demonstrated that stimulation of
VEGTF synthesis in cultured vascular smooth muscle cells is
substantially inhibited by members of the natriuretic peptide
family (59). Administration of these peptides might limit pro-
duction of this growth factor in OHSS, potentially serving as a
therapeutic approach in predisposed individuals.

In summary, FF from women undergoing hormonal ova-
rian stimulation significantly increased endothelial cell perme-
ability, which correlated with the magnitude of oocyte produc-
tion (an important index of the degree of stimulation). We
have demonstrated that the FF factor responsible for increased
EC permeability is VEGF and therefore is the likely factor
leading to the important manifestations of OHSS. Rearrange-
ment of the actin cytoskeleton and disruption of ZO-1 protein
is a likely primary mechanism by which VEGF in the FF dis-
rupts the EC tight junctions and increases permeability. Re-
ceptor antagonists or inhibitors of VEGF synthesis should
prove useful in preventing the development of this disorder.
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