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Abstract In vitro the vasoactive intestinal peptide (VIP)
stimulates progesterone, androgens, and estradiol secretion,
and the effects are time-dependent. The present study
analyzed the acute (1 h) and sub-acute (24 h) effects of
unilateral injection of VIP into the ovarian bursa on each
day of the estrous cycle on progesterone, testosterone, and
estradiol serum levels. Cyclic 60-day-old virgin female rats
on diestrus-1, diestrus-2, proestrus, or estrus were injected
with saline or VIP 10~° M into the left or right ovarian
bursa. One hour after saline injection on each day of estrus
cycle, progesterone levels were higher than in control
animals. The acute effects of saline solution on testosterone
and estradiol levels were asymmetric and varied during the
estrous cycle. In comparison with saline groups, the effects
of VIPergic stimulation on progesterone, testosterone, and
estradiol serum levels depend on the time elapsed between
treatment and autopsy and vary during the estrous cycle.
An acute asymmetric response from the ovaries to the VIP
was observed at diestrus-1, diestrus-2, and proestrus on
progesterone and estradiol levels. The asymmetries on
testosterone levels were observed at diestrus-1, diestrus-2,
and estrus days. The present results suggest that in the
cyclic rat, each ovary has different sensitivities to VIPergic
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stimulation which depends on the endocrine status of the
animal.
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Estrous cycle - Steroid hormone

Introduction

In the ovary, the ovulation and steroid hormones secretion
are regulated by hormonal and neural signals [1-6]. The
ovary receives sympathetic innervation through two neural
pathways: the superior ovarian nerve (SON), which travels
along the suspensory ligament and the ovarian plexus nerve
(OPN) accompanying the ovarian artery [7]. The SON is
the main source of sympathetic innervations [8] and pro-
vides to the ovary with fibers containing catecholamines
and vasoactive intestinal peptide (VIP) [9-11]. The vagus
nerve also provides VIPergic innervation to the ovaries
[12].

VIP is a 28-amino acid peptide [13]. The VIP-mRNA
has been observed in the ovaries of rats [14], and the
presence of VIP immuno-reactivity in the granulosa layer
of the pre-ovulatory follicles suggests that these cells may
be the site where VIP is synthesized by the ovary, although
it cannot be excluded that VIP is internalized by granulosa
cells [15]. VIP immune-reactive fibers are associated to
blood vessels, the interstitial tissue, and are found around
pre-antral and antral follicles [11, 16].

VIP acts on target specific cells by binding to class II G
protein-coupled receptors family, VPAC-1 and VPAC-2,
which activates the adenylate cyclase pathway and stimu-
lates cAMP production [17]. Using RT-PCR and immu-
nofluorescence analysis, it has been shown that the VPAC-1
receptors are present in the theca/interstitial cells, while
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VPAC-2 receptors are present in both granulosa and theca/
interstitial cells [18].

In the ovary, VIP stimulates the initiation of follicular
growth [19, 20], the maturation of oocytes from isolated rat
follicles [21], tissue-type plasminogen activator activity
[22], and ovulation in PMSG-primed immature rat [23].
VIP also inhibits granulosa cells apoptosis [18, 24] and
follicular atresia [24].

In female rabbits, injecting VIP intravenously increases
progesterone plasma levels [25]. Adding VIP to cultured ova-
ries [16] or granulosa cells [26, 27] stimulates progesterone,
androgens, and estradiol secretion; effects are dose- and time-
dependent [27]. These effects have been explained by VIP’s
multiple roles in the regulation of steroidogenic enzymes,
including its ability to increase the expression of acute steroi-
dogenic regulatory protein (StAR) [28]; the synthesis of mMRNA
for cytochrome P450 cholesterol side-chain cleavage enzyme
complex (P450scc) and for 17o-hidroxilase (17a-OH) [26].
VIP also enhances the activity of 3-hydroxysteroid dehydro-
genase (3B-HSD) [27] and of aromatases [29].

These evidences indicate that VIP plays an important
role in regulating female reproductive functions. The levels
of VIP in the rat’s ovary vary along the estrous cycle [30].
In in vitro ovaries, VIP’s stimulating effects on androgen
and estradiol secretion are higher in ovaries obtained from
rats on proestrus [30].

Previously, using unilateral ovariectomized animals as a
study model, we showed the ovaries’ capacity to secrete
progesterone, testosterone, and estradiol is asymmetric, and
that this asymmetry varies along the estrous cycle [31-35].

To our knowledge, there are no studies analyzing the acute
and sub-acute effects of injecting VIP into the ovarian bursa of
rats on each day of the estrous cycle. The aim of the present
study was to analyze the effects on progesterone, testosterone,
and estradiol serum levels resulting from the unilateral VI-
Pergic stimulation of the ovaries along the estrous cycle of the
rat. For this purpose, and to mainly stimulate the target ovary,
VIP was micro-injected into the ovarian bursa of the left or
right ovary of adult rats on diestrus-1, diestrus-2, proestrus, or
estrus. Effects were evaluated 1 or 24 h after treatment.

Materials and methods

Experiments were carried out in strict accordance with the
Mexican Law of Animal Treatment and Protection
Guidelines and the specifications in the Mexican Official
Standard NOM-062-Z0O0-1999. The Committee of the
Facultad de Estudios Superiores Zaragoza approved the
experimental protocols. All efforts were made to minimize
the number of animals used and their suffering.

The study was performed using 60-day-old virgin
female rats of the CIIZ-V strain from our own stock. The

animals were kept under controlled lighting conditions 14/
10 h light-dark cycle (lights on from 05:00 to 19:00 h),
with free access to rat chow and tap water. Estrous cycles
were monitored by cytological examination of daily vagi-
nal smears performed at 09:00 h. Only rats showing at least
two consecutive 4-day cycles were used in the experiment.
All surgeries were performed between 10:30 and 11:30 h at
the days of diestrus-1, diestrus-2, proestrus, or estrus. Ten
animals were used in each experimental group.

Experimental groups

Rats were randomly assigned to one of the following
groups:

Control group. Groups of cyclic-untouched rats were
sacrificed between 10:30 and 11:30 h on the day of dies-
trus-1, diestrus-2, proestrus, or estrus.

VIP or saline solution treatment: The left or right ovary
treatment consisted of injecting the saline solution (0.9 %
w/v NaCl) or the VIP 107°M (Sigma Chem. Co., St. Luis,
MO, USA) solution into the respective left or right ovarian
bursa. The concentration of VIP was based on studies in rat
performed by Ahmed et al. [16], and Davoren and Hsueh
[27], where they showed that a dose of 107° M of VIP
produces the maximum stimulation of progesterone,
androgens, and estradiol secretion from granulosa cells
[27] and the whole ovary [16].

Injection procedures were performed following previ-
ously described methodology [36-39]. In brief, animals on
each day of the estrous cycle were anesthetized with
ether, and subsequently a left or right dorso-lateral inci-
sion was performed two cm below the last rib. The
incision affected skin, muscle, and peritoneum, allowing
exposure of the left or right ovary. After exposing the left
or right ovary, 20 pl of saline or VIP solution was
injected into the left or right ovarian bursa with the aid of
a 0.5 ml syringe with a 31G x 8 mm gauge needle. To
prevent leakage of the saline or VIP solution and allow
the injected solution to fully cover the ovary, the needle
was kept in the bursa for 1 min after injection treatment.
Subsequently, the ovary was carefully cleaned, dried, and
returned to the abdominal cavity, and the wound was
immediately sealed.

Autopsy procedures

Rats were sacrificed by decapitation either 1 h (acute
effects) or 24-h after treatment (sub-acute effects). The
blood of the trunk was collected, allowed to clot at room
temperature for 30 min, and centrifuged at 3,000 rpm
during 15 min. Serum was stored at —20 °C until proges-
terone, testosterone, and estradiol levels were measured
using radioimmunoassay (RIA).

@ Springer
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Table 1 Means &= SEM of progesterone serum levels (ng/ml) in
control rats and animals injected with saline solution into the left or
right ovarian bursa on diestrus-1, diestrus-2, proestrus, or estrus

Groups Day of treatment

Diestrus-1 Diestrus-2 Proestrus Estrus
Sacrificed 1 h after treatment
Control 157 £ 0.7° 42 4+ 0.7 55+£07 4.6 +0.3
Left saline 38.6 £ 0.5* 27.1 £2.0° 20.4 4+ 1.3* 34.0 + 1.5%
Right saline  38.7 £ 0.5 18.5 &+ 0.9*° 324 +£27% 344 +14°
Sacrificed 24 h after treatment
Control 42 4+ 0.7 55+£07 4.6 + 0.3 157 £ 0.7
Left saline 19.5 £ 2.7* 49 +04 6.3 £ 0.6 159 + 0.8
Right saline ~ 25.7 £+ 2.1* 38 +£05 5.1 £04 25.1 &+ 3.0*°

Animals were sacrificed one or 24 h after treatment
# p < 0.05 vs. its respective control group
 p < 0.05 vs. its respective saline solution treatment on the left ovary

€ p <0.05 vs. control groups sacrificed on diestrus-2, proestrus, or estrus
(MANOVA followed by Tukey’s test)

Hormone assay

Serum progesterone, testosterone, and estradiol concentration
were determined in duplicate in a single assay using RIA, with
solid-phase kits purchased from Diagnostic Products (Los
Angeles, CA, USA). Results are expressed in ng/ml (proges-
terone) and pg/ml (testosterone and estradiol). The intra- and
inter-assay coefficients of variation and their standard devia-
tion were 8.35 £ 3.9 and 9.45 + 0.09 % for progesterone,
965+ 45 and 102 £ 0.1 % for testosterone, and
8.12 £ 3.8 and 9.28 % 0.09 % for estradiol, respectively.

Statistical analyses

Data on progesterone, testosterone, and estradiol serum
levels were analyzed using multivariate analysis of vari-
ance (MANOVA), followed by Tukey’s test. Differences in
serum hormone levels between two groups were analyzed
using the Student’s ¢ test. A probability value, lower than
0.05, was considered statistically significant.

Results

Acute and sub-acute effects of unilaterally injecting
a saline solution into the ovarian bursa on progesterone,
testosterone, and estradiol serum levels

Acute effects on progesterone: Compared to the control
group on any day of estrus cycle, 1 h after animals were
treated with the saline solution into the left or right ovary,
progesterone serum levels were higher. On diestrus-2,
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saline solution treatment in the left ovary yielded the
highest progesterone level increase. A similar effect was
observed on proestrus, when saline solution treatment was
performed in the right ovary (Table 1).

Sub-acute effects on progesterone: Compared to the
control group, 24 h after saline solution treatment to either
ovary on diestrus-1 resulted in higher progesterone levels.
On estrus, 24 h after saline solution treatment of the right
ovary also resulted in higher progesterone levels (Table 1).

Acute effects on testosterone: Compared to control
animals on proestrus, testosterone levels were higher 1 h
after saline solution treatment of the right ovary. Animals
on estrus treated with the saline solution on the left ovary
showed lower testosterone levels 1 h after treatment
(Table 2).

Sub-acute effects on testosterone: 24 h after rats on
diestrus-1 were treated with the saline solution on the right
ovary; testosterone levels were higher than its corre-
sponding control group. On diestrus-2, the same treatment
resulted in lower testosterone levels. In turn, 24 h after rats
on proestrus were treated with the saline solution on the left
ovary; testosterone levels were lower than its correspond-
ing control group. Rats treated on estrus with saline solu-
tion into the left or right ovary showed lower testosterone
levels (Table 2).

Acute effects on estradiol: Compared to their respective
control group, animals on diestrus-1 treated with saline
solution in either ovary or those treated on diestrus-2 or
proestrus in the left ovary showed higher estradiol levels
1 h after treatment. On estrus, 1 h after saline solution
treatment to the left ovary resulted in lower estradiol levels
(Table 3).

Sub-acute effects on estradiol: Compared to control
animals, lower estradiol levels were observed; 24-h after
rats on diestrus-1 were treated with the saline solution on
either ovary. Lower estradiol levels were also observed in
rats on diestrus-2 treated with the saline solution on the left
ovary (Table 3).

Our results indicate that, compared to control groups,
the saline solution treatment resulted in significant differ-
ences on progesterone, testosterone, and estradiol serum
levels. Consequently, the effects of VIP treatment into the
left or right ovarian bursa were compared with their
respective saline treatment groups.

Acute and sub-acute effects on progesterone,
testosterone, and estradiol serum levels resulting
from unilateral VIPergic ovarian stimulation

VIP acute affects on progesterone: Compared to the cor-
responding saline solution group, animals on diestrus-1
with VIPergic stimulation to the right ovary showed lower
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Table 2 Means == SEM of testosterone serum level (pg/ml) in control rats and animals treated with saline solution into the left or right ovarian

bursa on diestrus-1, diestrus-2, proestrus, or estrus

Groups Day of treatment

Diestrus-1 Diestrus-2 Proestrus Estrus
Sacrificed 1 h after treatment
Control 508 £ 7.2 447 £ 2.7 112.9 &+ 13.9° 309 £ 5.2
Left saline 414 +£94 352+ 54 153.0 £ 22.0 47 +£0.3*
Right saline 479 £ 2.6 435+ 7.6 206.0 + 13.6* 21.6 + 0.7°
Sacrificed 24 h after treatment
Control 447 £ 2.7 1129 £ 139 309 £ 5.2 50.8 + 7.2
Left saline 55.6 £ 8.3 78.0 + 10.9 16.3 + 2.6* 27.8 + 3.6*
Right saline 759 4+ 2.8*° 423 4 3.7%P 29.1 4+ 4.2° 19.6 £ 4.6

Animals were sacrificed one or 24 h after treatment

4 p < 0.05 vs. its respective control group

b p < 0.05 vs. its respective saline solution treatment on the left ovary

¢ p < 0.05 vs. control groups sacrificed on diestrus-1, diestrus-2, or estrus (MANOVA followed by Tukey’s test)

Table 3 Means + SEM of estradiol serum level in control rats and animals treated with saline solution into the left or right ovarian bursa on

diestrus-1, diestrus-2, proestrus, or estrus

Groups Day of treatment

Diestrus-1 Diestrus-2 Proestrus Estrus
Sacrificed 1 h after treatment
Control 27.2 £+ 3.5¢ 724 + 12.8 1039 £ 15.8 522+ 44
Left saline 61.6 + 11.8* 115.1 4+ 12.5% 205.1 + 21.0* 28.7 + 1.0%
Right saline 54.6 £+ 2.6 53.7 £ 5.7° 120.3 4+ 8.2° 40.8 £ 5.0
Sacrificed 24 h after treatment
Control 724 £ 12.8 103.9 £+ 15.8 522+ 4.4 272 £35
Left saline 26.7 + 3.0% 46.3 + 1.9° 52.0 £ 6.1 226 £ 1.6
Right saline 26.5 + 1.3° 77.1 £ 11.2° 423+ 1.8 26.7 £ 2.0

Animals were sacrificed one or 24 h after treatment

* p < 0.05 vs. its respective control group

b p < 0.05 vs. its respective saline solution treatment on the left ovary

¢ p < 0.05 vs. control groups sacrificed on diestrus-2, proestrus, or estrus (MANOVA followed by Tukey’s test)

progesterone levels while on diestrus-2 resulted in higher
progesterone levels 1 h after treatment. In turn, animals on
proestrus with VIPergic stimulation to the left ovary, sac-
rificed 1 h after treatment, showed higher progesterone
serum levels (Fig. 1a).

VIP sub-acute effects on progesterone: 24 h after VI-
Pergic stimulation of the right ovary of rats on diestrus-2
resulted in higher progesterone levels than its respective
saline solution group (Fig. 1b).

VIP acute effects on testosterone: Compared to the
corresponding saline solution group, VIPergic stimulation
of the left ovary of rats on diestrus-1 or diestrus-2 resulted
in higher testosterone level 1 h after treatment. VIPergic

stimulation to either ovary of rats on estrus day also yielded
higher testosterone levels (Fig. 2a).

VIP sub-acute effects on testosterone: Compared to the
corresponding saline solution group, twenty-four hours
after VIPergic stimulation to either ovary of rats on dies-
trus-1 or of left ovary of animals on estrus day yielded
lower testosterone levels. VIPergic stimulation of the left
ovary of rats on proestrus day resulted in higher testos-
terone levels (Fig. 2b).

VIP acute effects on estradiol: Compared to the corre-
sponding saline solution group, 1 h after VIPergic stimu-
lation of the right ovary of rats on diestrus-1 decreased
estradiol serum levels. VIPergic stimulation to the left

@ Springer



972

Endocrine (2015) 48:968-977

Fig. 1 Means £+ SEM of (a) 1 hour
progesterone serum level (ng/ 60 -
ml) in rats injected with saline
or VIP into the left or right <
h ' 50 4 T .
ovarian bursa on diestrus-1, — H :
diestrus-2, proestrus, or estrus. (\E» H
Animals were sacrificed 1 h k=4 40 1 ?;,
(a) or 24 h (b) after treatment. Q /
*p < 0.05 vs. its respective g 30 1 %
saline solution group; ® %
<$p < 0.05 vs. VIP solution é’) 20 %
group into the left ovary a %
(Student’s ¢ test) 10 4 %
0 %
Diestrus-1
(b) 24 hours
60 -
_ 50
E
g’ 40
2
o 304
9}
2
o 20
o
o
10 1
0 -

Diestrus-1

ovary of rats on diestrus-2 or proestrus also resulted in
lower estradiol serum level (Fig. 3a).

VIP sub-acute effects on estradiol: Compared to the
corresponding saline solution group, twenty-four hours
after VIPergic stimulation of left ovary of rats on diestrus-2
or proestrus resulted in higher estradiol serum levels. In
rats on diestrus-1 or proestrus, VIPergic stimulation of the
right ovary also resulted in higher estradiol serum levels,
while in rats on diestrus-2, VIPergic stimulation of the right
ovary yielded lower estradiol serum levels (Fig. 3b).

Discussion

The results obtained in the present study show that in the
adult rat, over-stimulating the VIPergic system of left or
right ovary changes the secretion rates of steroid hormone
(progesterone, testosterone and estradiol), and that these
changes depend on the stimulated ovary, the day of the
estrous cycle studied, and the time elapsed between the
ovarian stimulation and autopsy.

Estradiol is the final product in the biosynthesis of ste-
roid hormones by the ovary. In general, progesterone,
testosterone, and estradiol levels are considered an activity
index of key enzymes that participate in the synthesis of
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these three hormones: 33-HSD for progesterone, P450c17a
for testosterone, and aromatase for estradiol [3, 4].

In previous studies, we showed that the ovaries have an
asymmetric capacity to release steroid hormones, and that
this capacity varies along the estrous cycle [31, 33-35].
The ovaries’ asymmetric response has been explained by
the neural information received by each ovary [3]. Results
obtained in the present study indicate that unilaterally
injecting saline solution or VIP into the ovarian bursa
modified the secretion rate of steroid hormones in different
ways. These results suggest that the neural signals received
by the ovary are translated differently by the left and right
gonads, and that the information, or its translation, depends
on the endocrine status of the animal.

Morphological evidences of a multisynaptic neural
pathway between the brain and the adrenals, and between
the brain and the ovaries have been reported [40]. Té6th
et al. [41] described the existence of neurons in the central
nervous system receiving direct neural communication
from the adrenals and the ovaries. The unilateral perfora-
tion of the peritoneum to pre-pubertal [5, 6] or cyclic rats
[31, 33] resulted in higher progesterone serum levels. In the
present study, unilaterally injecting the saline solution into
the bursa of either ovary on any day of the estrous cycle
resulted in higher progesterone levels 1 h after treatment.
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Fig. 2 Means £+ SEM of
testosterone serum level (pg/ml)
in rats injected with saline or 240 1
VIP into the left or right ovarian
bursa on diestrus-1, diestrus-2,
proestrus, or estrus. Animals
were sacrificed 1 h (a) or 24 h
(b) after treatment. *p < 0.05
vs. its respective saline solution
group; <p < 0.05 vs. VIP
solution group into the left
ovary (Student’s ¢ test)
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Since the adrenals seem to be the main source of proges-
terone secretion [42, 43], it is possible that the observed
increase in progesterone levels to be mainly adrenal origin
and result of a neural signal between ovaries and adrenals.
Another possibility is that the distention of the ovarian
bursa by saline solution activated a neural pathway con-
necting the ovaries and adrenals [41].This assumption must
be further elucidated in detail.

VIP enhanced in vitro progesterone release in granulosa
cell [27] or the whole ovary from pre-pubertal and puberal
rats [16]. Such effects have been associated with increases
in StAR mRNA levels and the protein phosphorylation
[28]; higher P450scc mRNA and protein levels [26, 44];
and with greater rates of pregnenolone to progesterone
conversion via 3B-HSD and lower metabolism of proges-
terone by 20a-hydroxysteroid dehydrogenase [27]. In vitro,
adding VIP to hemi-ovaries from adult rats on diestrus-1
decreased the release of progesterone while increased it
when the hemi-ovaries were obtained from rats on diestrus-
2 [45]. In the present study, VIPergic stimulation yielded
similar results, with an acute asymmetric response of
progesterone secretion that varied along the estrus cycle.
According to Hu et al. [46] and Dominguez et al. [3], the
acute steroidogenic response is characterized by the

120 | _. .........

Left Saline
@ Left vVIP

Right Saline
@B Right VIP

Diestrus-2 Proestrus Estrus
Left Saline Right Saline
@B LettviP @ Right VIP
<>
<>
<>

N

Diestrus- Proestrus

phosphorylation (and hence the activation) of enzymes, a
rapid mobilization of cholesterol esters and cholesterol
delivery to the inner mitochondrial membrane, and its
subsequent conversion to pregnenolone. Since VIP
increases the expression and activity of key enzymes par-
ticipating in the biosynthesis of progesterone [26-28, 44],
it is possible that VIP inhibits or stimulates the activity of
these enzymes depending on the neuroendocrine state of
the animal.

During the estrous cycle of the rat, the ovaries are the
main source of testosterone secretion, with only a moderate
contribution by the adrenals [42, 47]. The acute effects on
testosterone serum levels resulting from the unilateral
perforation of the peritoneum depend on the side where the
incision is made and the stage of the estrous cycle when
surgery was performed [31, 34]. Similar results were
obtained in the present study, where an asymmetric
response on testosterone secretion was observed after
unilateral saline solution treatment, which depends on the
day of the cycle studied. Uchida et al. [48] showed that
mechanical stimulation of abdominal skin result in the
activation of spinal segmental reflex pathways that increase
SON activity. According to Flores et al. [42], neural
information arises from the dorsal-lateral peritoneum and
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Fig. 3 Means £+ SEM of
estradiol serum level (pg/ml) in
rats injected with saline or VIP
into the left or right ovarian 240 A
bursa on diestrus-1, diestrus-2,

proestrus, or estrus. Animals

were sacrificed 1 h (a) or 24 h 180 -
(b) after treatment. *p < 0.05
vs. its respective saline solution
group; <p < 0.05 vs. VIP
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from the ventral wall play different roles in the mechanism
regulating testosterone secretion. Based on these evi-
dences, it is possible that neural pathways arising from the
abdominal skin or peritoneum that regulates enzymatic
activity are activated during surgical procedures.

In in vitro rat ovaries, VIP has a stimulatory effect on
androgen release [16, 30]. In cultured hen granulosa cells,
the stimulating effects of VIP on androstenedione secretion
are explained by the increase in 170-OH mRNA levels
[26]. VIP induces a maximum increase in androgen
secretion in cultured rat ovaries obtained on early proestrus
[30]. In the present study, comparing the effects of VI-
Pergic stimulation with saline solution treatment indicates
that VIP has an acute stimulatory effect on testosterone
secretion and that the effect was asymmetric (between the
left and right ovary) and depended on the day of the cycle
studied.

On proestrus VIP’s stimulatory effects on testosterone
secretion are evident when comparing testosterone levels
from VIPergic stimulated rats to those of intact animals,
particularly in the right ovary. Compared to the mechani-
cal/neural stimulation induced by the saline solution
treatment on proestrus, the apparent lack of effects on
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testosterone serum levels resulting from VIPergic treat-
ment suggests that the stimulation induced by the ovarian
bursa distention reached the ovaries’ maximum response
capacity. This idea is supported by the fact that in rats
anesthetized with ether, the increase in progesterone levels
is similar to those in rats submitted to laparotomy [33].
Such results suggest that the hypothalamus—pituitary—
adrenal axis’ stress response capacity, manifested by
increasing progesterone secretion, reaches its peak with the
effects of ether anesthesia [33].

During the rat’s estrous cycle, the intra-ovarian nerve
growth factor (NGF) and VIP levels vary in an inverse
relationship, suggesting that the local production of VIP is
regulated by NGF [30]. According to Johnson et al. [26], in
in vitro granulosa cells, VIP stimulates 170-OH mRNA
levels, and such effects are blocked with the addition of
transforming growth factor a. Since the ovaries have an
asymmetric capacity for testosterone release and this
capacity varies along the estrous cycle [31, 34], we propose
that the absence of acute effects on testosterone levels
resulting from VIPergic stimulation to rats on diestrus-1
(right ovary), diestrus-2 (right ovary), or proestrus
(both ovaries) could be explained by the action of local
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neuro-trophic factors that modulate the effects of VIP in
the ovary.

VIPergic innervation arrives to the ovaries mainly via
the SON [11]. VIP enhances estradiol secretion in ovarian
and granulosa cell cultures [16, 27, 30]. On estrus, elec-
trical stimulation to the right SON during 5 min resulted in
lower estradiol secretion rates in the ovarian venous blood
[2], while bilateral section of the SON on proestrus day
decreased estradiol secretion, with no apparent effects
observed when SON surgery was performed on estrus day
[49]. In the present study, the increase in estradiol serum
levels that followed the unilateral injection of saline solu-
tion into the ovarian bursa on diestrus-2 or proestrus was
inhibited with the VIPergic stimulation. Based on these
results we propose that VIP has an asymmetric inhibitory
effect on estradiol secretion at the ovarian level. It should
be noted that the inhibitory effect of VIP on estradiol
levels, observed 1 h after treatment, can also be related to
hypothalamic control of ovarian VIP levels, as has been
shown by Advis et al. [50] in pre-pubertal rats, the left,
right, or bilateral lesions of the preoptic-anterior hypotha-
lamic area resulted in higher VIP levels in the left ovary,
suggesting the existence of a marked asymmetry in the
hypothalamic control of ovarian VIP.

In the ovary, the follicle-stimulating hormone (FSH)
stimulates proliferation of granulosa cells and the aroma-
tization of testosterone to estrogens [51]. In fetal ovaries,
VIP increases aromatase activity within 24 h and reached
its maximal effect at 48 h [29]. The stimulating effects of
VIP on estradiol production are time-dependent and of
smaller magnitude than those induced by the FSH [27]. In
the present study, unilateral overstimulation of the ovary
with VIP on diestrus-1 or diestrus-2 resulted in asymmetric
effects on estradiol secretion 24 h after treatment. The
highest stimulatory effect of VIP on estradiol secretion was
observed on proestrus day, similarly to the results reported
by Parra et al. [30]. The ovarian follicle has a subpopula-
tion of granulosa cells that are predominantly sensitive to
VIP and another subpopulation that only responds to FSH
stimulation [52]. Based on this information, we suggest
that the different effects of VIP on each day of estrous
cycle on estradiol serum levels observed in the present
study are explained by the different sensitivities of the
granulosa cell to the VIP in each stage of the estrus cycle.

According to Uchida et al. [48, 53, 54], the mechanical
stimulation of the hindpaw or the abdominal wall
decreased estradiol secretion rate by the ovary as a con-
sequence of the reflex increase in SON activity. The
decrease of the estradiol secretion rate from the ovary did
not immediately result in changes in systemic blood [53].
In pre-pubertal rats, unilateral or bilateral laparotomy
results in an acute (30 min) increase of progesterone and
testosterone serum levels, while estradiol levels were

lower. One hour after surgery, the serum levels of the
hormones were higher than in untouched control animals
[5, 6]. In present study, the sub-acute effects of unilateral
saline injection into either ovarian bursa on steroid hor-
mone levels could reflect the changes produced by neural
signals arising from abdominal wall [48], ovaries, and the
adrenals [40, 41, 55], which were activated during the
surgery.

According to Hu et al. [46], long-term steroidogenesis
stimulation induces the transcription of genes codifying for
steroidogenic enzymes. Such increase in the synthetic
capacity of the cells could explain the results observed 24 h
after overstimulation of ovarian VIPergic system observed
in the present study.

The asymmetries in hormone synthesis between the left
and right ovaries observed in the present study could be
explained by differences in the innervation received by
each ovary. According to Téth et al. [55], the supra-spinal
innervation of the left ovary is more abundant than in the
right ovary. Klein and Burden [56] showed a slight
asymmetry in the number of neural fibers projecting into
the ovary through the SON and OPN from the celiac-
superior mesenteric ganglia, with a higher number of inputs
into the right ovary than in the left. Additionally, Gerendai
et al. [40] and T6th et al. [41] showed that the supra-spinal
innervations of the ovaries and adrenals have left side
predominance.

Taken together, present results indicate that in the adult
cyclic rat each ovary has a different sensitivity to VIPergic
stimulation. It is possible that the ovarian asymmetric
response to VIP is modulated, at least in part, by the
innervation received by each ovary. The validity of this
hypothesis awaits experimental analysis.
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