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The aim of the present work was to investigate whether the nitric oxide produced by the nitric oxide/nitric oxide
synthase (NO/NOS) system present in the coeliac ganglion modulates the effects of cholinergic innervation on
oxidative status, steroidogenesis and apoptotic mechanisms that take place in the rat ovary during the first
proestrous. An ex vivo Coeliac Ganglion- Superior Ovarian Nerve- Ovary (CG-SON-O) system was used.
Cholinergic stimulation of the CG was achieved by 10 °M Acetylcholine (Ach). Furthermore, 400 uM
Aminoguanidine (AG) - an inhibitor of inducible-NOS was added in the CG compartment in absence and pre-
sence of Ach. It was found that Ach in the CG compartment promotes apoptosis in ovarian tissue, probably due to
the oxidative stress generated. AG in the CG compartment decreases the release of NO and progesterone, and
increases the release of estradiol from the ovary. The CG co-treatment with Ach and AG counteracts the effects of
the ganglionic cholinergic agonist on ovarian oxidative stress, increases hormone production and decreases Fas
mRNA expression. These results suggest that NO is an endogenous modulator of cholinergic neurotransmission
in CG, with implication in ovarian steroidogenesis and the apoptotic mechanisms that take place in the ovary

during the preovulatory period in rats.

1. Introduction

Through anatomical descriptions mostly derived from rodent stu-
dies, it was demonstrated that the extrinsic innervation of the ovary is
primarily provided by sympathetic and sensory nerves, as well as a
small contingency of parasympathetic nerves. These nerves reach the
ovary via two main routes: (i) the ovarian plexus nerve, which travels
along the ovarian artery; and (ii) the superior ovarian nerve (SON),
which is associated with the suspensory ligament of the ovary [1,2].

The SON is constituted mainly of catecholaminergic fibers and the
neurochemical nature of this projection is mainly noradrenergic. This
route provides communication between the coeliac ganglion (CG) and
the ovary, with implication in steroidogenesis, follicular maturation,
ovulation and luteolysis [2,3].

The CG is a component of the prevertebral ganglionic sympathetic
pathway with function of receiving and integrating information from
the central nervous system and organizes responses that influence
ovarian physiology [4]. This structure has a variety of

neurotransmitters (acetylcholine, catecholamines, neuropeptides, and
nitric oxide) also specific receptors [5,6].

Acetylcholine (Ach) is the principal preganglionic neurotransmitter
of the sympathetic ganglionic pathway [7]. The CG has specific struc-
tures to respond to cholinergic stimuli, such as nicotinic and muscarinic
receptors in the principal cells as well as muscarinic receptors in other
neuronal populations [8,9]. It has been shown that the stimulation of
such receptors modifies the release of ovarian steroids in prepubertal
[10], cyclic [11], pregnant [12] and peripubertal-pubertal rats
[3,13,14].

Respect of nitric oxide (NO), this gasotransmitter is produced by
three isoforms of NO synthase (NOS): nNOS (neural), iNOS (inducible),
and eNOS (endothelial). The presence of the NO/NOS system in rat
prevertebral ganglia has been confirmed [15]. In addition, the three
isoforms have been shown to influence autonomic neural function in
some manner [16-18]. Unlike conventional neurotransmitters, NO is
not stored in synaptic vesicles, its action is not limited to the synaptic
regions of the neurons and does not interact with receptor proteins. This
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gaseous molecule accordingly regulates many functions, such as vas-
cular tone, immune response, synaptic plasticity, neurotransmission,
and oxidation-sensitive mechanisms [19,20], suggesting its participa-
tion in the physiological and pathological processes.

In a previous report, Casais and her collaborators [10], using the ex
vivo CG-SON-O system of prepubertal rat and stimulating both CG and
ovary with isoform-selective inhibitors of NOS enzymes, corroborated
the existence of the NO/NOS system in CG when obtaining relevant
results with aminoguanidine (AG, a selective inhibitor of the iNOS). In
addition, they highlighted the existence of a contribution of NO from
the CG to the ovary through the SON [10]. Afterwards, using the ex vivo
CG-SON-O system of rats in the first proestrous (PE), Delsouc et al. [13]
demonstrated that the addition of 107®M Ach into the CG compart-
ment increases NO concentration in the incubation media of ovaries
and causes oxidative stress in gonadal tissue. Assuming that highest
levels of reactive oxygen species (ROS) and reactive nitrogen species
(RNS) lead to irreversible cell damage, it was also considered inter-
esting to stimulate the ovary with 400 UM AG. Finally, this study de-
monstrated that the addition of AG in the ovarian compartment coun-
teracts the effects generated by the ganglionic cholinergic agonist,
showing a protective action against induced damage in gonadal tissue
[13]. Despite the interesting findings, the influence of the ganglion NO/
NOS system on the ovary is not known in depth. It is presumed that
both NOS and choline acetyltransferase play a vital role in prevertebral
ganglia, complementing each other's functions and synergistically
modulating the activity of preganglionic neurons [6,21] and, as such,
likely to contribute in ovarian physiology.

Given the important role of NO in physiological and pathophysio-
logical processes, several studies have analyzed the expressions and
localization patterns of NOS isoforms in reproductive systems in mouse,
rat, sheep, and pig [22,23]. Although neuronal pathways are an im-
portant factor in the regulation of ovarian function, our understanding
of the regulatory factors governing NOS function and the influences of
NO on the CG remains limited. The NO generated in the nerve synapses
can easily diffuse through short distances and affect one or more cells,
influencing the presynaptic and postsynaptic events of both excitatory
and inhibitory synapses [17]. Clearly its mechanism of action is com-
plicated and for this reason additional studies are necessary.

Based on the above and without attempting to oversimplify the
complex problem of ganglionic functioning and regulation, the aim of
this work was to investigate whether the NO/NOS system present in CG
modulates the effects of cholinergic innervation on oxidative status,
steroidogenesis and apoptotic mechanisms that take place in rat ovary
during the first PE.

2. Materials and methods
2.1. Animals

Female 37-day-old virgin Holtzman rats in their first PE and
weighing 100 = 10 g were used in all the experiments. The rats were
kept under controlled conditions with light on from 07:00 to 19:00h
and at a temperature of 22 + 2°C. Animals had free access to food
(Cargill SAIC, Saladillo, Buenos Aires, Argentina) and tap water. Groups
of six animals were used for the experimental procedure.

The experiments were performed per duplicate according to the
procedures approved in the UFAW Handbook on the Care and
Management of Laboratory Animals [24]. The experimental procedures
used in this study were approved by the Institutional Animal Care and
Use Committees of the National University of San Luis (Protocol# B-96/
12, B-200/15).

2.2. Reagents

t-acetylcholine hydrochloride (Ach), aminoguanidine (AG), dex-
trose, ascorbic acid, bovine serum albumin-fraction V (BSA),
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sulfanilamide, N-1-naphthylethylenediamine were from Sigma
Chemical Co (St. Louis, MO, USA). 1,2,6,7—[3H]—Progesterone
(107.0 Ci/mmol) was provided by New England Nuclear Products
(Boston, MA, USA). The Estradiol (E;) DIASource ImmnoAssays kit was
purchased from DiagnosMed SRL (Buenos Aires, Argentina). Other re-
agents and chemicals were of analytical grade.

2.3. Experimental procedure

The animals were anesthetized by intraperitoneal injection of ke-
tamine (80 mg/kg) and xylazine (10 mg/kg). The CG-SON-O system
was removed by dissecting, as previously described by Delgado et al.
[3]. In order to prevent spontaneous depolarization of the nerves, the
strip of tissues was carefully dissected avoiding contact between the
surgical instruments and the nerve fibers or the ganglion, and the total
surgical procedure was completed within 1-2 min (min). The CG-SON-
O system was rinsed with incubation medium and immediately placed
in a cuvette with two compartments, one for the CG and the other for
the ovary, both joined by the SON. The incubation medium was 1 ml of
Krebs-Ringer bicarbonate buffer, pH 7.4, with 0.1 mg/ml dextrose and
0.1 mg/ml BSA at 37 °C in a saturated atmosphere of 95% O, and 5%
CO,. Incubations were conducted in a Dubnoff metabolic shaking-water
bath.

The CG-SON-O system was pre-incubated for 15 min, and the end of
this pre-incubation period was considered incubation time 0. After this
pre-incubation time, Krebs-Ringer solution (1 ml) was changed in both
compartments, and 0.1 mg/ml ascorbic acid was added as an anti-
oxidant agent to the CG compartment. Likewise, the different agents
used for each experimental group were added at the same time. To
stimulate the CG, Ach was dissolved in 1 ml of Krebs-Ringer solution at
a 107 °M final concentration in the CG compartment (Ach group). In
addition, to test the role of NO on extrinsic ovarian innervation, AG (a
selective inhibitor of the iNOS) was dissolved in 1 ml of Krebs-Ringer
solution at a 400 uM final concentration in the CG compartment, with
or without 107®M Ach [10]. The control groups consisted of untreated
CG-SON-O systems.

The incubation was performed during 180 min. Periodical extrac-
tions of 250 pl were made from the ovary compartment at 30, 120 and
180 min. Liquid samples from the ovary compartment were maintained
at —20 °C for further analysis. At the end of the incubation period, the
ovaries were collected and frozen at —80 °C for further analysis.

2.4. Nitrite assay

Levels of nitrite, a water-soluble metabolite of NO, were measured
spectrophotometrically by Griess reaction [25]. Briefly, 50 ul of each
aliquot of incubation medium from the ovaries was mixed with Griess
reagent (1% sulfanilamide with 0.1% N-I-naphthyl-ethylenediamine/
HCl in 1% phosphoric acid). After 10 min incubation at room tem-
perature, the absorbance was read at 540 nm. A solution of nitrite of
known concentration was used to prepare a standard curve. The assay
sensitivity was < 2.5 nmol/ml. The intra-assay coefficients of variation
for all the assays were less than 10%. The results were expressed as
nmol of nitrite per milligram of ovarian tissue (nmol/mg ovary).

2.5. Preparation of tissue homogenate

Six ovaries per experimental group were homogenized separately in
150 pl RIPA buffer (Thermo Fisher Scientific Inc., Waltham, MA, USA)
according to the manufacturer's instructions. Tissue homogenates were
centrifuged at 14,000 X g for 15 min at 4 °C to remove nuclei and cell
debris. The pellets were discarded whereas the supernatants were col-
lected and used to determine the expression of iNOS, BAX and BCL-2
proteins, the total antioxidant capacity (TAC) and the activity of anti-
oxidant enzymes (catalase and glutathione peroxidase). The con-
centration of protein carbonyls and thiobarbituric acid reactive
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substances (TBARS) were measured as biomarkers of oxidative damage
of proteins and lipids, respectively. The total protein concentration in
tissue homogenates was measured by the Bradford method.

2.6. Expression of iNOS, BAX and BCL-2 proteins

The expression of iNOS, BAX and BCL-2 proteins was analyzed by an
indirect enzyme-linked immunosorbent assay (ELISA). Ten microliters
of sample (10 ug of total proteins) were added to 190 pul of 0.1 M bi-
carbonate buffer pH 9.6, in clear 96-well microplates (Corning
Incorporated, Corning, NY, USA) and incubated overnight at 4 °C. After
washing with PBS/0.05% Tween-20/5% and blocking with PBS/0.05%
Tween-20/5% nonfat dry milk for 1hat 37 °C, the microplates were
incubated with 50 pl of rabbit polyclonal anti-iNOS (1:200 dilution;
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) for 3hat 37 °C,
rabbit polyclonal anti-Bax (1:500 dilution; Abcam, CA, USA) and rabbit
polyclonal anti-Bcl-2 (1:10,000 dilution; Abcam, CA, USA) overnight at
37 °C. After three washes, 50 pl of goat anti-rabbit IgG-HRP conjugate
(1:10,000 dilution; Jackson Immuno-Research Labs, West Grove, PA,
USA) was added to each well and incubated for 1 hat 37 °C. Finally,
immunocomplexes were quantified using 3,3,5,5%-
Tetramethylbenzidine (TMB). The oxidation reaction of the substrate
was stopped with 2M sulfuric acid, and the optical density (OD) at
450 nm was measured using a TECAN microplate reader (Infinite M200
PRO, Research Triangle Park, NC, USA).

2.7. Total antioxidant capacity

The TAC was measured by an improved method of quenching of the
2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) radical cation
(ABTS®*) by both lipophilic and hydrophilic antioxidants present in
the ovary homogenates [26]. The ABTS®* was generated by oxidation
of 7mM ABTS with 2.45mM potassium persulfate. The TAC was ex-
pressed as the percentage of reduction in the absorbance due to the
ABTS®*, and it was determined as follows: %inhibition = [(Aq-A¢)/
Aol x 100, where Ay and A; were the absorbance at 734 nm of the
reaction mixtures measured at t = 0 and after 5 min of sample addition,
respectively. All measurements were performed in duplicate for each
sample.

2.8. Antioxidant enzymes activity

The specific catalase (CAT) and glutathione peroxidase (GSH-Px)
enzymatic activities were determined following Aebi's [27] and Flohé
and Gunzler's [28] methods, respectively. Briefly, the CAT activity was
determined by measuring the decrease in the absorbance at 240 nm
when 100l of 3mMH,0, were added to a reaction medium con-
taining a 1/500 dilution of ovary homogenates in 50 mM phosphate
buffer, pH 7.3. The decrease of the absorbance at 240 nm was acquired
every 5s during a total time of 30s. During this time, the decomposi-
tion of the H,O,, follows a first order reaction kinetic. The GSH-Px ac-
tivity was determined following NADPH oxidation at 340 nm in a re-
action medium containing 0.2 mM GSH, 0.25 IU/ml yeast glutathione
reductase and 0.5mM tert-butyl hydroperoxide in 50 mM phosphate
buffer, pH 7.2. The results were expressed in international units of
enzymatic activity per milligram of total proteins (IU/mg protein).

2.9. Measurement of protein oxidation

As a marker of protein oxidation, protein carbonyls were de-
termined by ELISA following the method of Winterbourn and Buss [29],
with some modifications. Briefly, tissue homogenates were derivatized
to 2,4-dinitrophenylhydrazone by reaction of carbonyl groups in oxi-
dized proteins with 2,4-dinitrophenylhydrazine in 2M HCl. Ten mi-
croliters of the derivatized or nonderivatized sample were added to
190 pl of 0.1 M bicarbonate buffer, pH 9.6, in clear 96-well microplates
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(Corning Incorporated, Corning, NY, USA) and incubated overnight at
4 °C. After washing with PBS/0.05% Tween-20/5% and blocking with
2.5% cold-water fish skin gelatin (Sigma) in PBS at 37 °C for 1h, the
microplates were incubated with 50 ul of rabbit polyclonal anti-dini-
trophenyl antibody (1:2000 dilution; Thermo Fisher Scientific Inc.,
Waltham, MA, USA) for 1hat 37 °C. After three washes, 50 pul of goat
anti-rabbit IgG-HRP conjugate (1:10,000 dilution; Jackson Immuno
Research Laboratories, West Grove, PA, USA), was added to each well
and incubated for 1 hat 37 °C. Finally, immunocomplexes were quan-
tified using TMB. The oxidation reaction of the substrate was stopped
with 2M sulfuric acid and the absorbance was measured at 450 nm
using a TECAN microplate reader (Infinite M200 PRO, Research Tri-
angle Park, NC, USA). The results were expressed as nmol of carbonyl
per milligram of total proteins (nmol/mg protein).

2.10. Measurement of lipid peroxidation

TBARS were determined according to the method described by
Draper and Hadley [30]. The TBARS assay measures malondialdehyde
(MDA) production from lipid hydroperoxides. A calibration curve was
performed using 1,1,3,3-tetramethoxypropane as standard. TBARS
were determined by the absorbance at 535 nm and were expressed as
umol of MDA per milligram of total proteins (umol MDA/mg protein).

2.11. Progesterone and estradiol assay

Steroids were measured in the ovarian incubation liquid per du-
plicate by radioimmunoassay (RIA). The progesterone (P) antiserum,
provided by Dr. R. Deis (IMBECU, Mendoza, Argentina), was produced
in rabbits against P conjugated to bovine serum albumin at the 11
position. The antiserum was highly specific for P with low cross-re-
activities, < 2.0% for 20a-dihidro-progesterone and deoxy-corticos-
terone and 1.0% for other steroids. The sensitivity was less than 5ng/
ml and the inter- and intra-assay coefficients of variation were less than
10%. This assay has been previously validated [31]. P concentration
was expressed as nanogram per milligram of ovarian tissue (ng/mg
ovary).

The estradiol (E,) concentration was determined using a double
antibody RIA DiaSource kit (DiagnosMed SRL, Buenos Aires, Argentina)
following the manufacturer's instructions. The percentages of cross-re-
actions were 1.8% for estrone, 1.2% for estriol, 0.0011% for andros-
tenedione and 0.0002% for P. The assay sensitivity was < 2.2 pg E;/ml.
The inter- and intra-assay coefficients of variation in all the assays
were < 10.0%. E, was expressed as picograms per milligram of ovarian
tissue (pg/mg ovary).

2.12. RNA isolation and Reverse Transcriptase-Polymerase Chain Reaction
(RT-PCR) analysis

Total RNA was extracted from three pools of two ovaries each per
experimental group. All RNA isolations were performed using the Trizol
reagent (Invitrogen, Carlsbad, CA, USA) as suggested by the manu-
facturers. Purified total RNAs were then quantified and assessed for
purity by measurement of the 260/280 ratio using a UV spectro-
photometer Beckman DU-640 B (CA, USA). Only samples with 260/280
ratio of 1.8-2.0 were used. The integrity of the total RNAs were checked
on a denaturing agarose gel. After GelRed™ (Biotium, Hayward, CA,
USA) staining, RNA bands were visualized with a UV transilluminator,
and 28S and 18S rRNA band patterns were analyzed. Two micrograms
of total RNA were reverse-transcribed at 37 °C with 200 units of M-MLV
Reverse Transcriptase (Promega, Madison, WI, USA) using random
hexamers in a 26 pl reaction mixture to produce cDNA according to the
manufacturer's instructions. For amplification of the cDNAs, the reac-
tion mixture consisted of 1 X Green Go Taq reaction buffer, 0.2 mM
deoxynucleoside triphosphates, 0.5 uM specific oligonucleotide primers
and 1.25 U Go Taq DNA polymerase (Promega, Madison, WI, USA) in a
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Table A

Primers used for PCR amplification.
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Gene name Forward primer 5’-3’ Reverse primer 5’-3’ GenBank accession # Fragment size
iNOS GCATGGACCAGTATAAGGCAAGCA GCTTCTGGTCGATGTCATGAGCAA S71597 219
eNOS CGAGATATCTTCAGTCCCAAGC GTGGATTTGCTGCTCTGTAGG NM_021838 164
3B-HSD GTCTTCAGACCAGAAACCAAG CCTTAAGGCACAAGTATGCAG NM_001042619 447
20a-HSD TTCGAGCAGAACTCATGGCTA CAACCAGGTAGAATGCCATCT D14424 440
P450arom TGCACAGGCTCGAGTATTTCC ATTTCCACAATGGGGCTGTCC M33986 266
Bax GATTGCTGACGTGGACACGGACT TCAGCCCATCTTCTTCCA AB046392 473
Bcl-2 CACCCCTGGCATCTTCTCCT GTTGACGCTCCCCACACACA 114680 349
Fas TGTCAACCGTGTCAGCCTGGT GGGTCCGGGTGCAGTTCGTT NM_139194 190
FasL GTGCTGGTGGCTCTGGTTGGAA AGTGGGCCACACTCCTTGGCTT NM_012908 178
B-actin CGGAACCGCTCATTGCC ACCCACACTGTGCCCATCTA NM_031144 289

final volume of 50 pl. The PCR primers were designed using Primer
Express 3.0 software (Applied Biosystems, USA) on the basis of the
respective published rat DNA sequences. The primers information is
shown in Table A.

PCRs were performed using a thermocycler (My Cycler; BioRad)
programmed at 95 °C for 1 min, 56 °C for 1 min and 72 °C for 1 min by
35 cycles, for iNOS, eNOS, Bax (a pro-apoptotic regulator) and Bcl-2 (an
anti-apoptotic regulator). Instead, the reactions were carried out at
95 °C for 1 min, 59 °C for 1 min and 72 °C for 1 min by 35 cycles, for 3f3-
hydroxysteroid dehydrogenase (33-HSD, P synthesis enzyme), 20a-
hydroxysteroid dehydrogenase (20a-HSD, P degrading enzyme), P450
aromatase (P450arom, E, synthesis enzyme), Fas cell surface death
receptor (Fas), Fas ligand (FasL) and f-actin (housekeeping gene). All
the reactions were terminated with a 5min extension at 72°C. The
reaction products were electrophoresed on 2% agarose gels, visualized
with GelRed (0.05 pl/ml) and examined by ultraviolet transillumina-
tion. Band intensities of RT-PCR amplicons were quantified using
ImageJ (Image Processing and Analysis in Java from http://rsb.info.
nih.gov/ij). Relative levels of mRNA were expressed as the ratio be-
tween the signal intensity of target genes and that for the housekeeping
gene.

2.13. Statistical analysis

All data are presented as means + SEM for each group of six rats.
The differences between the two groups were analyzed with the
Student's t-test. For multiple comparisons made along the incubation
times, a repeated measures analysis of variance followed by Tukey's test
was used. For multiple comparisons not involving repeated measures,
one-way analysis of variance followed by Tukey's test was used. A
difference was considered to be statistically significant when p < 0.05.

3. Results

3.1. Effect of ganglionic stimulation with 400 uM AG on the ovarian
oxidative status in the ex vivo CG-SON-O system, in the first PE day

The results on NO release and oxidative status in the ovary com-
partment by ganglionic stimulation with 10 "M Ach were previously
published by our research group [13,14].

3.1.1. Release of NO and expression of the NOS isoforms

The addition of 400 uM AG into the CG compartment decreased the
ovarian release of NO at 30 (mp < 0.001) and 120 min (*p < 0.05), as
compared to the control group (Figure Al). Treatment of the CG
compartment with AG also decreased iNOS mRNA in the ovarian tissue
at 180 min (*p < 0.01), as compared to the control group (Figure A2).
However, this treatment did not change eNOS mRNA expression (Figure
A3) or iNOS protein expression (Figure A4) in ovarian tissue at 180 min.

In addition, the co-treatment of the CG with 10"®M Ach and
400 UM AG decreased the ovarian release of NO at 30 (mp < 0.001),
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120 (p < 0.01) and 180 min (mp < 0.001), as compared to the Ach
group (Figure A1). The iNOS mRNA expression (*p < 0.01; Figure A2)
and the iNOS protein expression (*p < 0.05; Figure A4) in ovarian
tissue at 180 min also decreased. However, there was no change in the
eNOS mRNA expression (Figure A3), as compared to the Ach group.

3.1.2. Antioxidant status: TAC and the activity of the enzymes CAT and
GSH-Px

The addition of 400 pM AG into the CG compartment did not modify
the TAC in ovarian tissue, as compared to the control group. However,
the ganglionic co-treatment with 10~ M Ach and 400 uM AG increased
the TAC in ovarian tissue at 180 min (p < 0.01), as compared to the
Ach group (Figure B1).

No significant effects were observed in CAT and GSH-Px activity in
ovarian tissue after CG treatment with 400 pM AG, as compared to the
control group. However, the co-treatment of the CG with 107®M Ach
and 400 uM AG increased the CAT activity (mp < 0.001), but decreased
the GSH-Px activity (mp < 0.001) in ovarian tissue at 180 min (Figure
B, 2 and 3), as compared to the Ach group.

3.1.3. Biomarkers of oxidative stress: protein carbonyl and TBARS levels

The addition of 400 pM AG into the CG compartment did not modify
the protein carbonyl content in ovary tissue, as compared to the control
group. However, the co-treatment of the CG with 10 M Ach and
400 uM decreased the protein carbonyl content in ovary tissue at
180 min (wp < 0.001), as compared to the Ach group (Figure C1).

In addition, no significant modification in TBARS concentration in
ovary was observed after the ganglionic treatment with AG (Figure C2).

3.2. Effect of ganglionic stimulation with 400 uM AG on the synthesis and
release of ovarian steroids in the ex vivo CG-SON-O system, in the first PE
day

The results on synthesis and release of ovarian steroids by gang-
lionic stimulation with 10~%M Ach were previously published by our
research group [13,14].

3.2.1. P release and mRNA expression of 33-HSD and 20a-HSD

The addition of 400 uM AG into the CG compartment decreased the
release of ovarian P at 30, 120 (mp < 0.001) and 180 min (*p < 0.05)
(Figure D1) and increased the 20a-HSD mRNA expression (*p < 0.01)
in ovarian tissue at 180 min (Figure D3), as compared to the control
group.

In addition, the ganglionic co-treatment with 107®M Ach and
400 uM AG increased the release of ovarian P at 180 min (sp < 0.01;
Figure D1) without causing changes in the mRNA expression of 33-HSD
and 20a-HSD in ovarian tissue (Figure D, 2 and 3), as compared to the
Ach group.

3.2.2. E, release and P450arom mRNA expression
The addition of 400 uM AG into the CG compartment of the ex vivo
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Figure A. Effect of ganglionic stimulation with
10~° M Ach and with 400 uM AG, in the CG-
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system increased the release of ovarian E, at 30 (*p < 0.05), 120 and
180 min (*p < 0.01) (Figure E1), without showing significant changes
in the P450arom mRNA expression in ovarian tissue (Figure E2), as
compared to the control group.

In addition, the ganglionic co-treatment with 10 °*M Ach and
400uM AG increased the release of ovarian E, only at 30 min
(*p < 0.05) (Figure E1), without showing significant changes in the
P450arom mRNA expression in ovarian tissue at 180 min (Figure E2),
as compared to the Ach group.
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3.3. Effect of ganglionic stimulation with 10~° M Ach and 400 uM AG on
the ovarian expression of pro- and antiapoptotic factors in the ex vivo CG-
SON-O system, in the first PE day

Compared with the control group, the addition of 10~°M Ach into
the CG compartment did not change the Bax mRNA (Figure F1) and
protein expression (0.143 = 0.017 vs 0.147 =+ 0.023, n = 5). How-
ever, decreased the Bcl-2 mRNA (*p < 0.05; Figure F2) and protein
expression (0.149 + 0.012vs0.106 + 0.009, *p < 0.05,n = 5), and
increased the ratios of the Bax/Bcl-2 (mRNA and protein, *p < 0.05;
Figure F, 3 and 4), in ovarian tissue at 180 min. In addition, the mRNA
expression of Fas and FasL (Figure F, 5 and 6) increased in ovarian
tissue in this experimental group (*p < 0.05), compared with the
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00
Control

control group.

Ganglionic treatment with 400 uM AG did not modify the ovarian
mRNA expression of Bax, Bcl-2, Fas or FasL, as compared to the control
group. However, the ganglionic co-treatment with 107® M Ach and
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400 uM AG decreased the Fas mRNA expression in ovarian tissue at
180 min (*p < 0.05) (Figure F5), as compared to the Ach group.

4. Discussion

The aim of this work was to investigate whether the NO produced
by the NO/NOS system present in CG modulates the effects of choli-
nergic innervation on oxidative status, steroidogenesis and apoptotic
mechanisms that take place in the rat ovary during the first PE.

We study the first PE because on this stage the extrinsic ovarian
innervation reaches biochemical and functional maturity [32], which
has great relevance on the follicular maturation and the first ovulation.

In the CG-SON-O system, the stimulation of the cholinergic re-
ceptors present in CG was carried out through the addition of 10~°M
Ach [3,11,13]. In addition, the synthesis of NO in CG was inhibited by
adding 400 uM AG in order to analyze the participation of the NO/NOS
ganglion system on the ovarian physiology [10]. AG was used for being
very effective in animal models as a selective inhibitor of iNOS [33,34],
the isoform of the NOS enzyme which is present in CG and in ovary, and
has shown to have great participation in the CG-SON-O system of
prepubertal [10] and peripubertal rats [13,14].

According to the previously published results [13], 10 ®M Ach in
the CG compartment causes oxidative stress in ovarian tissue since TAC
decreases and the production of NO increases, which probably derives
in the formation of ROS and RNS due to the content increase in the
carbonyl groups in ovarian tissue, a severe indicator of oxidative da-
mage [35]. In addition, Ach modulates the steroidogenesis since the
levels of P decrease and the levels of E, increase, highlighting the im-
portance of the cholinergic innervation in the follicular phase of the
estral cycle in rats [13,14].

It is well known that a temporary increase in the production of ROS
and a decrease in the antioxidant defenses after the preovulatory surge
of gonadotropins favor the ovulatory process [36,37]. In addition,
higher concentrations of E, and NO, essentially synthesized by iNOS,
are also considered necessary during the follicular phase of the estral
cycle in rats [38,39]. In relation to E,, it stimulates the follicular grow
since it modulates gonadotropins secretion and favors the differentia-
tion of granulosa cells including the induction of receptor systems for
FSH, LH and prolactin [40]. NO favors the morphological changes in
the microvascularity of the preovulatory follicles which lead to the
follicular break, such as vasodilation, increase in the blood flow and
hyperpermeability [41,42].

It is also known that high concentrations of NO decrease the cell
proliferation and survival through both oxidative and nitrosative
stresses [20]. In fact, the present work demonstrates that the choli-
nergic hyperstimulation of the CG, besides inducing oxidative stress in
ovary tissue, may also promote cell death since it increases the BAX/
BCL-2 ratio (an indicator of apoptosis) and the gene expression of Fas
and FasL. Such effects might contribute to initiate the follicle atresia,
characterized by the rapid loss of the granulosa cells, and, to a lesser
extent, of the theca cells through apoptosis mechanisms [43], induced
by relatively elevated levels of NO [44].

Interestingly, despite the decrease in TAC, the activity of GSH-Px
increased in ovary, probably as a compensatory effect in relation to the
damage caused in proteins [13]. This effect might eventually explain
the lack of susceptibility of the ovary tissue to the lipidic peroxidation
since it has been reported that GSH-Px decomposes the lipidic hydro-
peroxides, thus protecting the cell membranes from peroxidation da-
mages [45].

Considering these results, it is tempting to speculate that, under
physiological conditions, the cholinergic innervation of the ovary acts
favoring the ovulatory process, probably regulating the production of
NO at ovarian level. Given that the majority of choline acetyl-
transferase-immunoreactive fibers in rat prevertebral ganglia are NOS
positive [6], the question arises whether the NO produced in CG
modulates the cholinergic neurotransmission altering the ovarian
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Figure C. Effect of ganglionic stimulation with
10~ °M Ach and with 400 uM AG, in the CG-SON-
O system of rats in the first PE, on the expression
of oxidative stress-related biomarkers in ovarian
tissue: 1) protein carbonyl content, expressed as
nmol/mg protein; 2) TBARS content, expressed as
pumol MDA/mg protein. Results are expressed as
mean * S.EM. (n=6). One way analysis of
variance followed by Tukey's test was used to
compare groups. sp < 0.001; TBARS: thiobarbi-
turic acid reactive substances.
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function. To answer this question, in the present work, the CG was
treated with 400 uM AG.

As a result of the addition of the selective inhibitor of iNOS in the
ovary compartment, the gene expression of iNOS and the levels of NO
decreased in ovary. These observations expose the NO as an important
modulator of the sympathetic tone, as reported by Quinson et al. [9,46],
Jordan et al. [47] and Prast and Philippu [48] in other experimental
schemes. Remarkably, the co-treatment of the CG with Ach and AG
magnified the inhibitory effects on the synthesis and liberation of NO in
ovary, in relation to the Ach group. These results allow us to suggest
that, in the ex vivo CG-SON-O system: i) Ach on CG sensitizes the neural
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factors participating in the ovarian physiology, and ii) the NO/NOS
ganglionic system modulates the cholinergic neurotransmission. In fact,
the simultaneous addition of both agents in the CG compartment had a
significant impact at ovary level not only because of its effects on NO
but also because it increased the TAC and the CAT activity in relation to
the Ach group, which possibly prevented the oxidative damage in
proteins, an opposite effect to the oxidative stress obtained by choli-
nergic hyperstimulation. However, the GSH-Px activity decreased in
ovary tissue in the same experimental group in comparison with the
Ach group.

Under physiological conditions, it has been demonstrated that the
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Figure D. Effect of ganglionic stimulation with 10~® M Ach and with 400 uM AG, in the CG-SON-O system of rats in the first PE, on ovarian: 1) Progesterone release, expressed as ng/mg
ovary. Results are expressed as mean S.E.M. (n = 6). Repeated measures analysis of variance followed by Tukey's test was used; 2) 33-HSD mRNA expression and 3) 20a-HSD mRNA
expression. Densitometry analysis of the bands in the gel photographs was performed using the ImageJ software and expressed as arbitrary units. 3-actin was used as the housekeeping
gene. Results are expressed as mean S.E.M. (n = 3 pools of 2 ovaries/group). One way analysis of variance followed by Tukey's test was used. *p < 0.05;+p < 0.01;mp < 0.001; 3f3-
HSD: 3f-hydroxysteroid dehydrogenase; 20a-HSD: 20a-hydroxysteroid dehydrogenase.
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Figure E. Effect of ganglionic stimulation with 10 ¢ M Ach and with 400 uM AG, in the CG-SON-O system of rats in the first PE, on ovarian: 1) Estradiol release, expressed as pg/mg
ovary. Results are expressed as mean + S.E.M. (n = 6). Repeated measures analysis of variance followed by Tukey's test was used; 2) P450arom mRNA expression. Densitometry analysis
of the bands in the gel photographs was performed using the ImageJ software and expressed as arbitrary units. B-actin was used as the housekeeping gene. Results are expressed as
mean * S.E.M. (n = 3 pools of 2 ovaries/group). One way analysis of variance followed by Tukey's test was used. *p < 0.05; p < 0.01; mp < 0.001; P450arom: P450 aromatase.

CAT activity and the GSH-Px activity decrease on PE in rats. This occurs
because both enzymes can eliminate the hydrogen peroxide (H»05), a
ROS that in physiological concentrations acts as second messenger in
the hormonal system that regulates the follicular development and
ovulation [35,49]. However, H,O- is toxic in elevated concentrations,
being CAT its main regulator with the capacity to preserve its low
physiological concentration whereas GSH-Px has a limited role in this
process [50,51]. Considering this, it might be assumed that the increase
in the CAT activity occurs because of an excess in the formation of H,O5
due to the CG cholinergic hyperstimulation, which in turn might ex-
plain the decrease in the GSH-Px activity since an inverse correlation in
the activity of both antioxidant enzymes has been demonstrated
[51,52].

Taking into account that the ganglionic NO/NOS system might
modulate indirectly the ovarian oxidative status and that the constant
production of oxidant agents might increase the risk of an ovarian pa-
thology [53], possible changes on the synthesis and liberation of sexual
steroid hormones were analyzed. The only addition of 400 pM AG in the
CG compartment modified ovarian steroidogenesis by increasing the P
degradation and the E, release. In a previous study, using the same
experimental model, opposite results were obtained when adding
400 uM AG directly in the ovary compartment [13]. These combined
data provide new evidence of the role of NO in CG as modulator of the
sympathetic tone. In addition, the co-treatment of the CG with Ach and
AG increased the liberation of ovarian P after a long period of in-
cubation (180 min), an effect reverse to the one obtained in absence of
the cholinergic agonist. Although P does not exhibit the typical struc-
ture of an antioxidant, it has been demonstrated that high levels of this
hormone are efficient in preventing oxidative damage [54,55]. This
effect of P is likely due to its ability to decrease the generation of free
radicals and enhancing endogenous free-radical-scavenging systems
[54]. Consequently, the highest ovarian P levels might be contributing
to the increase of the TAC and to the decrease of the carbonyl groups'
content and of the expression of the death receptor Fas, possibly being
one of the protective mechanisms used by the ovary facing a sympa-
thetic hyperstimulation, modulated by NO low levels. This assumption
is reinforced by Peluso et al. [56] who demonstrated that P acts as an
intraovarian “governor” when inhibiting the rate at which the granu-
losa cells and the luteal cells undergo apoptosis.

When comparing these results with those previously reported,
where 400 uM AG was added in ovary [13], it can be concluded that
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although the inhibition of NO synthesis in CG seems to protect the
ovary from lesions caused by cholinergic hyperstimulation, these effects
have less relevance in comparison with the direct action of AG on the
NO/NOS ovarian system. These observations are in agreement with
previous results which demonstrate that the highest production of NO
in the ovary compartment comes from the ovary mainly because of the
iNOS action [10].

In relation to the ovarian E,, the co-treatment of the CG with Ach
and AG increased its liberation at a short incubation time (30 min).
Curiously, this effect was statistically significant when the ovarian
liberation of NO decreased in a higher proportion in comparison with
the Ach group. However, in a previous study, it was demonstrated that
the ovarian NO/NOS system can regulate positively the synthesis and
liberation of E, under sympathetic influence [14].

These dissenting results between the levels of the gaseous neuro-
transmitter and the liberation of steroid hormones in ovary might be
suggesting the existence of a double modulation of the synaptic acti-
vation mediated by the ganglionic NO/NOS system, a mechanism de-
scribed by Quinson et al. [46] in rabbit CG.

In summary, the present work demonstrates that the deprivation of
NO in CG can modulate the neuronal activity with incidence on the
oxidative status, the secretory activity of sexual steroids and the
apoptotic mechanisms taking place in the ovary during the pre-
ovulatory follicles development. Our findings reveal new aspects of the
relation between the sympathetic nervous system and the ovary, which
might play a significant role in the development of various pathologies
of the female reproductive system, including the polycystic ovary syn-
drome (PCOS), in which strong evidence of an increase of the ovarian
sympathetic innervation is observed [57]. In fact, it has been reported
that one of the important factors contributing to the PCOS is the oxi-
dative stress in the ovarian follicles, and another study in human
granulosa cells involved norepinephrine in the generation of ROS
[57,58]; interestingly, the main neurotransmitter released into the
ovary by cholinergic fibers.

It is evident that a better knowledge about the role of the neural
factors involved in the ovarian physiology may facilitate the under-
standing of reproductive diseases.
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AG aminoguanidine
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CG coeliac ganglion
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iNOS inducible nitric oxide synthase
NO nitric oxide

P progesterone

P450arom P450 aromatase

RNS reactive nitrogen species

ROS reactive oxygen species

SON superior ovarian nerve

TAC total antioxidant capacity

TBARS thiobarbituric acid reactive substances
3B-HSD 3B-hydroxysteroid dehydrogenase

20a-HSD 20a-hydroxysteroid dehydrogenase
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