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Nitric oxide (NO) acts as a neuronal messenger in
oth the central and peripheral nervous systems
nd has been implicated in reproductive physiology
nd behavior. Pharmacological inhibition of nitric
xide synthase (NOS) with the nonspecific NOS in-
ibitor, L-NG-nitro-Arg-methyl ester (L-NAME), in-
uced deficits in both the number of ovarian rup-
ure sites and the number of oocytes recovered in
he oviducts of mice. Female neuronal NOS knock-
ut (nNOS2/2) mice have normal numbers of rup-
ure sites, but reduced numbers of oocytes recov-
red following systemic injections of gonado-
ropins, suggesting that NO produced by nNOS
ccounts, in part, for deficits in ovulatory efficiency
bserved after L-NAME administration. Addition-
lly, endothelial NOS knockout (eNOS2/2) mice
ave reduced numbers of ovulated oocytes after su-
erovulation. Because endothelial NOS has been

dentified in ovarian follicles, and because of the
oted reduced breeding efficiency of eNOS2/2
ice, the present study sought to determine the role

f NO from eNOS in mediating the number of rup-
ure sites present after ovulation. Estrous cycle
ength and variability were consistently reduced in
NOS2/2 females. The number of rupture sites was

1 Support for this study was provided by USPHS Grants MH
7760 (R.J.N.), HL57818 (P.L.H.), and 1 K08 DK02568-01
A.L.B.) and a Merck Clinician Scientist Award (A.L.B.).

2 To whom correspondence should be addressed at Department
f Psychology, Behavioral Neuroendocrinology Group, 225 Ames
all, Johns Hopkins University, Baltimore, MD 21218-2686. Fax:

410) 516-6205. E-mail: drazen@jhu.edu.
66
nd after administration of exogenous GnRH. After
xogenous gonadotropin administration, eNOS2/2
emales displayed a significant reduction in the
umber of ovarian rupture sites. Female eNOS2/2
ice also produced fewer pups/litter compared to
T mice. These data suggest that NO from endothe-

ial sources might play a role in mediating rodent
vulation and may be involved in regulation of the
iming of the estrous cycle. © 1999 Academic Press

Key Words: ovulation; fertility; estrous cycle;
nockout; ovary.

Among a wide range of physiological and behav-
oral processes, nitric oxide (NO)3 has been impli-
ated in reproductive function (reviewed in 1). For
xample, NO regulates male mating behavior (2, 3)
nd is involved in male sexual performance through
ts direct involvement in penile erectile function (4,
). NO also appears to mediate female sexual behav-
or, specifically, lordosis (6). Additionally, NOS-
ontaining neurons are localized in brain regions
hat are dense with GnRH neurons and fibers (7, 8).
ecent evidence suggests that GnRH secretion may

3 Abbreviations used: NO, nitric oxide; NOS, nitric oxide syn-
hase; L-NAME, L-NG-nitro-Arg-methyl ester; PMSG, pregnant
are serum gonadotropin; hCG, human chorionic gonadotropin;
T, wild type; LD, light–dark; EGTA, ethylene glycol bis(b-

minoethyl ether)-N,N9-tetraacetic acid; PBS, phosphate-
uffered saline; eNOS, endothelial NOS.
1089-8603/99 $30.00
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367ENDOTHELIAL NOS AND OVULATION
e regulated through interactions among NO and
ther neural messengers (9–12).
NO is also involved directly in ovulatory pro-

esses. Treatment with the NOS inhibitor, L-NG-
itro-Arg-methyl ester (L-NAME), reduces both the
umber of ovarian rupture sites and the number of
ocytes recovered from the oviducts of female rats
nd rabbits (13, 14). Because L-NAME is nonspecific,
nhibiting all three isoforms of NOS, the contribu-
ion of NO from neural or endothelial sources in
vulatory processes remains unspecified. Recently,
ur group has attempted to identify the role of indi-
idual NOS isoforms in ovulatory processes through
he use of mice with targeted disruption of the genes
ncoding specific isoforms of NOS (15, 16). After
dministration of pregnant mare serum gonadotro-
in (PMSG) and human chorionic gonadotropin
hCG), female mice lacking the gene for the neuronal
orm of NOS (nNOS2/2) have fewer oocytes recov-
red from the oviducts when compared to WT fe-
ales, but nNOS2/2 and WT females do not differ

n the number of rupture sites on the ovaries after
atural ovulation (17). These results suggest that
O produced by nNOS accounts, in part, for the
eficits in ova release observed after L-NAME ad-
inistration.
However, these results suggest that nNOS is not

nvolved in mediating the number of ovarian rup-
ure sites. Because nonspecific inhibition of NOS
but not specific inhibition of nNOS) reduces the
umber of rupture sites, we hypothesized that eNOS
ay mediate rupture of ovarian follicles. The ovar-

an vasculature undergoes many dramatic and rapid
hanges in vascular resistance and ovarian micro-
irculation induced by the ovulatory surge of gonad-
tropins (18–20). Endothelial NOS is responsible for
roducing NO in vascular endothelium and regu-
ates vascular resistance, eliciting relaxation of the
djacent vascular smooth muscle (21–24). Immuno-
luorescent staining localizes eNOS specifically
ithin the endothelium of the ovarian vasculature
nd within the theca interna that surrounds preovu-
atory follicles (25). During PMSG-induced follicle
rowth, eNOS concentration increases in the ovary
y 2.5-fold relative to WT controls (26). Additionally,
NOS appears to be involved in mediating the num-
er of oocytes recovered following superovulation
27). Furthermore, during the establishment of our
NOS2/2 mouse breeding colony, low fertility was
Copyright © 1999 by Academic Press. All right
oted. Thus, the goal of the present study was to
xamine the role of eNOS in mediating ovarian rup-
ure sites by examining ovarian function in mice
acking the gene for the endothelial form of NOS
eNOS2/2).

ATERIALS AND METHODS

nimals

Thirty-six adult (.60 days of age) female WT
57BL/6J mice and 36 adult endothelial nitric oxide
ynthase knockout (eNOS2/2) female mice of com-
ined C57BL/6J and SV129 genetic backgrounds
ere obtained from the breeding colony at The
ohns Hopkins School of Medicine. Endothelial NOS
nockout mice were provided by Massachusetts
eneral Hospital to establish a breeding colony at
he Johns Hopkins School of Medicine (28). All an-

mals were individually housed in polycarbonate
ages (28 3 17 3 12 cm) in colony rooms with a
6:8-h light–dark (LD) cycle (lights on at 0600 h
astern Standard Time). Temperature and relative
umidity were held constant at 20 6 2°C and 50 6
%, respectively. Food (Prolab 1000; Agway, Syra-
use, NY) and tap water were provided ad libitum
hroughout the course of the experiment.

rocedure

reeding Colony

Sexually mature (56–70 days) male and female
NOS2/2 mice were combined in monogamous pair
ating (29) and were typically paired together for

he rest of their reproductive lives. Breeding cages
ere examined daily for the presence of pups. After

he females whelped, the number of pups delivered
y each was recorded. Pups were weaned at 25 days
f age, segregated by sex, and the data recorded.
otal colony fecundity was calculated as an aver-
ge 6 SE for all litters whelped in an 18-month
eriod of time.
Experiment 1: Natural ovulation. After a 2-week

cclimation period, daily vaginal cell samples were
btained from WT (n 5 10) and eNOS2/2 (n 5 12)
emales between 1400 and 1500 h to determine the
tage of estrus. Samples were transferred to micro-
cope slides that were fixed, stained, and evaluated
or estrous stage (estrus, diestrus I, diestrus II, and
s of reproduction in any form reserved.
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368 DRAZEN ET AL.
roestrus). Only females with regular estrous cycles
ere used in this experiment. After six regular es-

rous cycles, to confirm vaginal proestrus, females
ere paired overnight with a WT male in a clear
olycarbonate cage (28 3 17 3 12). Behavior was
ideotaped from 1900 to 0700 h. Females that
ated, as determined by videotaped behavioral ejac-
latory patterns and by the presence of sperm in the
aginal lavage, were killed 12 to 14 h after ovula-
ion. The number of ovarian rupture sites was
ounted using a dissecting microscope (325; Olym-
us SO, Tokyo, Japan).

Experiment 2: Exogenous gonadotropin-stimulated
vulation. Estrous cycles were monitored as de-
cribed above. After six regular estrous cycles, WT
n 5 9) and eNOS2/2 (n 5 12) female mice were
dministered an intraperitoneal (ip) injection of 5 IU
MSG (Sigma, St. Louis, MO) at 1500 h, followed by
n ip injection of 5 IU hCG (Sigma) 48 h later to
nduce ovulation. Estrous stage at the time of injec-
ion was not taken into account (30). All animals
ere killed 20 h later, and the number of ovarian

upture sites was counted as described above.

Experiment 3: Ovulation after GnRH treatment.
strous cycles were monitored as described above.
fter six regular estrous cycles, WT (n 5 9) and
NOS2/2 (n 5 11) female mice received an injec-
ion of 25 ng of GnRH (Calbiochem, San Diego, CA)
uspended in 0.1 ml of 0.9% sterile saline at 1400 h
uring diestrus. All animals were killed 19 h later,
nd the number of ovarian rupture sites was
ounted as described for Experiment 1.

estern Blot Analysis

The ovary and oviducts, uterine horns, uterocer-
ical junction, and vagina were dissected and placed
mmediately in protease inhibitor buffer containing
mM EDTA, 1 mM EGTA, 1 mM Pefabloc, 5 mg/ml

protinin, and 1 mg/ml leupeptin, at 4°C, and were
omogenized. The homogenized samples were cen-
rifuged at 10,000g for 4 min and the supernatant
as collected. An aliquot was removed and assayed

or total protein (Coomassie Plus Protein Assay Re-
gent; Pierce, Rockford, IL). Protein (500 mg) was
iluted with 1:1 with 23 Laemmli buffer and then
ubjected to 7.5% sodium dodecyl sulfate–
olyacrylamide gel electrophoresis (SDS–PAGE), re-
Copyright © 1999 by Academic Press. All right
olved by running at 15 mA, overnight. The proteins
ere transferred to Amersham Hybond-ECL nitro-

ellulose (Amersham, Arlington Heights, IL) on a
illipore Milliblot semidry transfer system (Milli-

orem Milford, MA) at 325 mA, for 1 h, optimizing
or high-molecular weight proteins. Blots were
robed with an antibody for neuronal nitric oxide
ynthase (diluted 1:5000), generated in a rabbit
gainst a C-terminal synthetic peptide sequence cor-
esponding to amino acids 1419–1433 of human
NOS coupled to keyhole limpet hemocyanin (Inc-
tar, Stillwater, MN), developed by enhanced chemi-
uminescence (Amersham), and exposed on autora-
iography film (Eastman Kodak, Rochester, NY).
at cerebellum was used as a positive control. Anal-
ses were performed by visual comparison of sam-
les run simultaneously at identical exposures.

mmunohistochemistry

Mice were killed by cervical dislocation, and the
eproductive tracts were removed en bloc. The tract
as separated into three regions: ovary, oviducts,
nd uterine horns and embedded in O.C.T. com-
ound (Sigma Chemical CO., St. Louis, MO). Speci-
ens were cut into 6-mm-thick sections on a cryostat

218°C) and mounted on slides coated with gelatin/
hrome alum. Tissue-mounted slides were fixed in
% paraformaldehyde for 15 min and then perme-
bilized in 0.4% Triton X-100 for 15 min. All slides
ere incubated in phosphate-buffered saline (PBS)
ith 1% (v/v) normal goat serum, for 30 min. Slides
ere washed with a 3% H2O2 in water to quench

ndogenous peroxides. Slides were incubated over-
ight in PBS containing a polyclonal antibody (di-

uted 1:250) generated in a rabbit against a syn-
hetic peptide, corresponding to amino acids 559–
13 of bovine endothelial nitric oxide synthase,
oupled to keyhole limpet hemocyanin (Alexis Cor-
oration, San Diego, CA). Staining was completed
sing a Vectastain Elite ABC Kit (Vectastain, Bur-

ingame, CA) and diaminobenzidine as the chromo-
en (Dako Corporation, Carpinteria, CA). Primary
ntibody was omitted for negative controls.

tatistical Analyses

Average estrous cycle length was based on the
irst six regular estrous cycles for each animal. Es-
s of reproduction in any form reserved.
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369ENDOTHELIAL NOS AND OVULATION
rous cycle variability was calculated based on the
ariance of the first six estrous cycle lengths for each
ndividual. Two-tailed t tests were used to assess
strous cycle length and the number of rupture sites
n the ovaries of WT and eNOS2/2 female mice.
ann–Whitney U tests were used to assess estrous

ycle variability and in cases where the assumptions
f a normal distribution were violated. Treatment
ffects were considered statistically significant if

, 0.05.

ESULTS

reeding Colony

The average litter size was smaller for eNOS2/2
emales (5.01 6 0.22 pups) than what is generally
eported for WT (6.3 6 0.37 pups) (31) female mice.
he weanling average in eNOS2/2 mice was 3.3 6
.29. The percentage weaned was smaller in
NOS2/2 (63.6%) compared to what is generally
eported for WT female mice (88.5%) (32).

xperiment 1

Average estrous cycle length was shorter in
NOS2/2 (3.88 6 0.09 days) than in WT female
ice (4.53 6 0.21 days) (P , 0.05). Figure 1A

resents the data for estrous cycle length from Ex-
eriments 1, 2, and 3 combined; the average estrous
ycle length was shorter in eNOS2/2 (4.15 6 0.07
ays) than that in WT female mice overall (5.05 6
.18 days) (P , 0.05). Estrous cycle variance was
educed in eNOS2/2 (4.28 6 0.39 standard errors of
he mean (SE)) compared to WT female mice (7.22 6
.69 SE) (P , 0.05). Figure 1B presents the data for
strous cycle variance from Experiments 1, 2, and 3
ombined; estrous cycle variance was reduced in
NOS2/2 (4.6 6 0.27 SE) compared to WT female
ice overall (11.95 6 1.69 SE) (P , 0.05). There
as no significant difference in the number of ovar-

an rupture sites between eNOS2/2 (7.6 6 0.77)
nd WT females following natural ovulation (9.36 6
.94) (Fig. 2; P . 0.05).

xperiment 2

The average estrous cycle length was shorter in
NOS2/2 (4.45 6 0.13 days) than that in WT female
Copyright © 1999 by Academic Press. All right
ice (5.46 6 0.39 days) (P , 0.05). (These data
ave been included in the combined cycle length;
ig. 1A.) Estrous cycle variance was reduced in
NOS2/2 (5.51 6 0.57 SE) compared to WT female
ice (15.12 6 4.0 SE) (P , 0.05). (These data have

een included in the combined cycle variance; Fig.
B.) The number of ovarian rupture sites was sig-
ificantly reduced in eNOS2/2 females (7.45 6
.75) compared to WT female mice following admin-
stration of exogenous gonadotropins (10.25 6 0.73)
Fig. 3; P , 0.05 in all cases).

xperiment 3

The average estrous cycle length was shorter in
NOS2/2 (4.12 6 0.09 days) than that in WT female
ice (5.22 6 0.28 days) (P , 0.05). (These data

ave been included in the combined cycle length;
ig. 1A.) Estrous cycle variance was reduced in
NOS2/2 (3.94 6 0.26 SE) compared to WT female
ice (14.04 6 2.84 SE) (P , 0.05). (These data have

een included in the combined cycle variance; Fig.
B.) There was no significant difference in the num-
er of ovarian rupture sites between eNOS2/2
8.67 6 1.47) and WT females following GnRH ad-

inistration (10.27 6 1.04) (Fig. 4; P . 0.05).

estern Blot

Neuronal NOS protein was identified by Western
lot analysis in the ovary/oviduct, uterine horn,
terocervical junction, and vagina of both eNOS2/2
nd WT mice. Neuronal NOS immunoreactivity was
onfirmed to a similar extent in respective reproduc-
ive tract organs in both WT and eNOS2/2 mice
data not shown).

mmunohistochemistry

vary/Oviduct Staining

In the ovary, eNOS immunoreactivity was con-
irmed in WT but not eNOS2/2 mice. Staining in
he WT ovary (Fig. 5A) was detected in the thecal
ell layers and in the ovarian stroma but not in the
NOS2/2 ovary (Fig. 5C). Tissues incubated in the
bsence of primary antibody did not stain (Fig. 5B).
s of reproduction in any form reserved.
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IG. 1. (A) Mean (6standard errors of the mean (SE)) estrous cycle length of eNOS2/2 females and WT females; data combined from
xperiments 1, 2, and 3. (B) Mean (6SE) estrous cycle variance of eNOS2/2 females and WT females; data combined from Experiments
, 2, and 3. *Significantly different from WT controls (P , 0.05).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.



U

r
b
n
c
i
t

D

h
t
O
o
f
e
e
s
t
d
l
t
t
d

t
t

m
s
f
t
t
s
p
a
r
e

F
e
n

F
e

F
e

371ENDOTHELIAL NOS AND OVULATION
terine Horn Staining

In the uterine horns of WT mice, eNOS immuno-
eactivity was seen lining the luminal aspects of
lood vessels distributed through the tissue (data
ot shown). Uterine horns from eNOS2/2 mice in-
ubated with primary antibody did not exhibit stain-
ng. Tissue incubated in the absence of primary an-
ibody did not stain.

ISCUSSION

Female mice with targeted deletion of eNOS ex-
ibited significantly shorter and less-variable es-
rous cycles than WT controls under all conditions.
vulatory function, as measured by the number of
varian rupture sites, under natural conditions, or
ollowing exogenous GnRH, was not impaired in
NOS2/2 mice. However, when administered exog-
nous gonadotropins, eNOS2/2 females displayed a
ignificant reduction in the number of ovarian rup-
ure sites. Additionally, eNOS2/2 females had re-
uced numbers of pups/litter and a reduced wean-
ing average when compared to WT females. Taken
ogether, these results suggest that NO from endo-
helial sources plays a role in female rodent repro-
uctive physiology.
Estrous cycle length and variability were consis-

ently reduced in eNOS2/2 females, suggesting
hat NO formed from eNOS is involved in the nor-

IG. 2. Mean (6SE) number of rupture sites on the ovaries of
NOS2/2 and WT females after natural ovulation.
Copyright © 1999 by Academic Press. All right
al variability in the timing of estrous cycles. Pre-
umably, stress and other intrinsic and extrinsic
actors influence blood flow via NO formation. Al-
hough the circadian system plays a primary role in
he timing of estrus in rodents (reviewed in 33–35),
ubtle changes in vascular tone (e.g., hypophyseal
ortal blood system and ovarian vasculature) can
ffect release and delivery of gonadotropins and ste-
oid hormones that could affect the precise timing of
strus (36, 37). If NO formed from eNOS mediates

IG. 3. Mean (6SE) number of rupture sites on the ovaries of
NOS2/2 and WT females after exogenous gonadotropins. *Sig-
ificantly different from WT controls (P , 0.05).

IG. 4. Mean (6SE) number of rupture sites on the ovaries of
NOS2/2 and WT females after GnRH treatment.
s of reproduction in any form reserved.
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372 DRAZEN ET AL.
he effects of extrinsic and intrinsic factors that af-
ect the timing of estrus, then estrous cycles of
NOS2/2 mice may be more regular than those of
T mice because circadian regulation of these cycles

IG. 5. eNOS immunostaining of the ovary from female WT and
NOS2/2 mice. Serial sections of the ovary are shown from
ntreated animals. In the WT mouse (A), eNOS localizations are
o the thecal cells (arrows) and the ovarian stroma (arrowheads).

negative control (B) incubated with normal goat serum shows
o immunoreactivity. In the eNOS2/2 mouse (C), tissue incu-
ated with eNOS antiserum reveals only nonspecific background
taining. G, granulosa cell layer; T, thecal cell layer; O, oocyte.
ar, 50 mm.
Copyright © 1999 by Academic Press. All right
s not obscured by other factors. Furthermore, NO
ould also affect circadian organization of estrus
irectly. Pharmacological inhibition of NOS with
-NAME prevented circadian phase shifts in re-
ponse to glutamate and attenuated light-induced
hase delays (38, 39). Additional studies are re-
uired to assess these hypotheses.
A significant reduction in the number of ovarian

upture sites was observed following artificial stim-
lation with PMSG and hCG. The study of ovarian
unction and, specifically, the morphology of the
vary is well controlled when using superovulation
ecause it allows for the inspection of ovaries that
ontain follicles at synchronized stages of develop-
ent (17, 40, 41). Although, in some cases, the ovary

s distorted following superovulation (e.g., 17), this
as not the case in the present study. Therefore, it is

ikely that the comparison of rupture sites between
NOS2/2 and WT mice was most accurate following
njection of PMSG and hCG. Because the number of
upture sites was normal after natural ovulation
nd following GnRH administration, it is possible
hat the results observed are a pharmacological ef-
ect associated with superovulation. However, this is
nlikely given the recent findings that eNOS2/2
emales display reduced numbers of ovulated oo-
ytes (27) and given that rupture sites and number
f eggs ovulated are highly correlated (42, 43). It has
ecently been determined that eNOS2/2 males ex-
ibit pronounced abnormalities in ejaculatory func-
ion (44). It appears, therefore, that these problems
n male erectile function may be responsible for the
educed breeding efficiency observed in the
NOS2/2 breeding colony.
Wild-type mice treated with L-NAME show re-

uced numbers of both rupture sites and oocytes,
hereas nNOS2/2 mice only have reduced numbers
f oocytes. The present study suggests that NO pro-
uced by eNOS plays a role in mediating the number
f rupture sites. Because NO in endothelial cells acts
s a vasodilator, it is possible that NO is necessary
or normal ovarian blood flow, and therefore neces-
ary for the regulation of ovarian rupture sites.
aken together, NO produced from eNOS appears to
lay a role in mediating ovulation.
Mice with targeted disruption of genes may use

ompensatory mechanisms that preserve the func-
ions of the protein derived from the disrupted gene
5, 45–47). The possibility that nNOS was upregu-
s of reproduction in any form reserved.
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373ENDOTHELIAL NOS AND OVULATION
ated to compensate for the lack of eNOS was exam-
ned; however, no upregulation of nNOS in repro-
uctive tissue of the eNOS2/2 females was
bserved. It is possible, though, that other compen-
atory mechanisms are responsible for the results of
he current study. Because gene deletion occurs in
n early embryonic stage, the missing gene is not
xpressed throughout development. The use of spe-
ific eNOS inhibitors or conditional gene knockouts
ill eliminate these potential confounds. However,

tudying the role of eNOS through the use of genetic
nockouts allows for a precise ablation with few of
he side effects associated with the use of pharma-
ological agents (reviewed in 45, 46). Data from
nockout animals, such as those in the current
tudy, when considered with converging evidence
rom other methods, such as pharmacological ma-
ipulations, can provide important insights into
hysiological mechanisms.
In sum, when combined with data from manipu-

ations using L-NAME, it can be concluded that NO
lays a role in mediating reproductive physiology in
ice. NO from both eNOS and nNOS are involved in

egulating ovulation; NO from endothelial sources
lso appears to affect the regulation of the timing of
he estrous cycle and appears to play a role in nor-
al fecundity.
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