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Abstract Both peripheral innervation and nitric oxide (NO) participate in ovarian steroido-
genesis. Considering the existence of the nitric oxide/ nitric oxide synthase system
in the peripheral neural system and in the ovary, the aim of this work was to analyze
if the liberation of NO in the ovarian compartment of prepubertal rats is of ovarian

and/or ganglionic origin. The analysis is carried out from a physiological point of

view using the experimental coeliac ganglion - Superior Ovarian Nerve — ovary
model with and without ganglionic cholinergic stimulus Acetylcholine (Ach)
10-M. Non selective and selective inhibitors of the synthase nitric oxide enzyme

were added to the ovarian and ganglionic compartment, and the liberation of

nitrites (soluble metabolite of the nitric oxide) in the ovarian incubation liquid was
measured. We found that the non-selective inhibitor L-nitro-arginina methyl ester

(L-NAME) in the ovarian compartment decreased the liberation of nitrites,

and

that Aminoguanidine (AG) in two concentrations in a non-dose dependent form

provoked the same effect. The addition of Ach in ganglion magnified the effect of
the inhibitors of the NOS enzyme. The most relevant results after the addition of

inhibitors in ganglion were obtained with AG 400 and 800 pM. The inhibition was
made evident with and without the joint action of Ach in ganglion. These data
suggest that the greatest production of NO in the ovarian compartment comes from
the ovary, mainly the iNOS isoform, though the coeliac ganglion also contributes

through the superior ovarian nerve but with less quantity.
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Introduction

The formation of nitric oxide (NO) from L-arginine
is catalyzed by a diverse family of nitric oxide synthase
(NOS) isoenzymes [1]. The isoforms were divided into
two functional classes on the basis of their dependence
on calcium for their enzymatic activity. The inducible or
non-constitutive isoform (iNOS) is calcium independent
whereas the neuronal and the endothelial isoforms are
calcium dependent, both of which are constitutive (nNOS
and eNOS respectively) [2]. The NOS isoforms differ
with respect to function and the quantities of NO that
they produce. NO liberated by nNOS and eNOS at low
concentrations undertakes a bewildering array of regu-
latory tasks, whereas NO generated by iNOS in higher
amounts is involved mainly in immunological processes
[3, 4]. Van Voorhis et al. [5] and Jablonka-Shariff and
Olson [6] suggest that of the three NOS isoenzymes,
ovaries express eNOS and iNOS but not nNOS. Ad-
ditionally, Srivastava et al. [7] reported that both iNOS
and nNOS are expressed in the ovary of immature rats,
and the expression of ovarian iNOS mRNA and protein
showed developmental changes both before and after
the first ovulation, thus providing evidence in support
of the hypothesis that the NO/NOS system plays a role
in ovarian maturation and function [8].

Although expressed in different cell types, all the
isoforms of NOS are also present in the nervous system.
Keilhoff et al. [9] demonstrated that the success of fiber
regeneration in the peripheral nervous system depends
on a concerted regular expression of the three NOS iso-
form with a dominant role of nNOS.

Earlier studies demonstrated that the extrinsic in-
nervation of the ovary consists of sympathetic, parasym-
pathetic and sensory fibers derived from neurons of the
peripheral nervous system. Such fibers enter the gland
mainly through the Superior Ovarian Nerve considered
as the main neural pathway related to the ovarian ste-
roidogenesis [10,11,12]

Delgado et al. [13], working with the integrated ex
vivo coeliac ganglion-superior ovarian nerve-ovary
system in prepubertal rat, showed that the cholinergic
ganglionic stimulation increases the liberation of NO in
the ovarian compartment while the release of the steroids
is inhibited, which might indicate that the cholinergic
action is probably mediated by NO.

Considering the existence of the NO/NOS system in
the peripheral neural system and in the ovary, the aim
of this work was to analyze if the liberation of NO in the
ovarian compartment of prepubertal rats is of ovarian
and/or ganglionic origin. The analysis is carried out from
a physiological point of view using the experimental co-
eliac ganglion-superior ovarian nerve-ovary model with
and without ganglionic cholinergic stimulus. Inhibitors
(non-selective and selective) of the isoenzymes of the NOS
were added in the ovarian and ganglionic compartment.

Materials and methods

Animals

Virgin Holtzman strain female prepubertal rats of
30 days of age (60+10g body weight) were used in all
the experiments. The rats were kept under controlled
conditions with lights on from 0700 to 1900h and at a
temperature of 24+2 °C. Animals had free access to food
(Cargill SACI, Saladillo, Buenos Aires, Argentina), and
tap water was available ad libitum. Groups of six animals
were used for the experimental procedure.

The experiments were performed in accordance with
the UFAW Handbook on file Care and Management of
Laboratory Animals, volume 1-Terrestrial vertebrates—
seventh edition, edited by Trevor Poole (1999) and the
Guide for Animal Use and Handling of the National
University of San Luis, Argentina.

Reagents
The following drugs: L-Acetylcholine Hydrochloride,

dextrose, ascorbic acid, bovine serum albumin fraction
V (BSA), Sulfanilamide, N-1-naphthyl-ethylenediamine,
L-nitro-arginina methyl ester (L-NAME), Aminogua-
nidine (AG) were provided by the Sigma Chemical Co
(St. Louis, Mo, USA). Other reagents were of analytical
grade.

Experimental procedure

The surgical procedure used for removing the system
and its characterization were performed as described pre-
viously [13]. Briefly, a piece of tissue containing the left
ovary, the fibres constituting the superior ovarian nerve
and the coeliac ganglion were removed. The strip of tis-
sue was carefully dissected avoiding contact between the
surgical instruments and the nerve fibres or the ganglion
in order to prevent spontaneous depolarisation of file
nerves. The total surgical procedure was completed in
1-2 min. The coeliac ganglion-superior ovarian nerve-
ovary system was washed with the incubation medium
and immediately placed in the cuvette consisting of two
compartments.

Each compartment contained 1 ml of Krebs-Ringer
bicarbonate buffer, pH 7.4 solution in the presence of
dextrose (0.Img/ml) and BSA (0.1mg/ml). The ganglion
was placed in a compartment and the ovary, in the other
one, both joined by the superior ovarian nerve that had
to remain humid with the working solution. The system
was stabilized by preincubation in metabolic bath at
37°C for 15 min in an atmosphere composed by 95%
0, and 5% CO,. The end of the preincubation period
was considered as incubation time 0. At this time, the
buffer was changed in both compartments; ascorbic acid
(0.1 mg/ml in Krebs-Ringer) was added as an antioxidant
agent to the ganglion compartment (Control group).

Likewise, the different agents used for each experimen-
tal group were added at the same time. The cholinergic
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agent added in the ganglion compartment was L-Acetyl-
choline Hydrochloride (Ach 10-¢ M) dissolved in 1 ml
Krebs-Ringer plus ascorbic solution (Ach group).

Non-selective L-NAME in concentration 100 uM and
selective inhibitors of the iNOS isoform AG in concen-
tration 400 and 800 uM were used. The inhibitors were
added in the ovarian compartment dissolved in 1 ml of
Krebs-Ringer solution, or in the ganglion compartment
dissolved in Krebs-Ringer plus ascorbic acid, according
to the following distribution:

With addition of the inhibitors into ovarian compart-
ment:
Groups:
L-NAME
Ach+L-NAME
AG 400
Ach+AG 400
AG 800
Ach+AG 800

With addition of the inhibitors in the ganglion com-
partment:
Groups:
L-NAME
Ach+L-NAME
AG 400
Ach+AG 400
AG 800
Ach+AG 800

The samples of liquid from the ovarian compart-
ment (250 pl) were collected at 15, 30, 60 and 120 min
from the beginning of the incubation. The nitrites were
measured by Griess method. The respective corrections
were made in all cases considering the volume in each
period tested.

Nitrite assay
Levels of nitrites were measured spectrophotometri-

cally [14]. Samples were immediately mixed with Griess
reagent (sulfanilamide with N-l-naphthyl-ethylenedi-
amine/HCI). After a 10-minute incubation period at
room temperature, they were read for absorbance of 540
nm. The assay sensitivity was less than 2.5 nmol/ml. The
intraassay coefficients of variation for all the assays were
less than 10.0 %. The results were expressed as nanomol of
nitrite per milligram of ovarian tissue (nmol/mg ovary).

Statistical Analysis

Results are presented as mean+SEM in each group.
Student’s ¢-test was used to assay significant differences
between means of two groups. Analysis of the variances
(ANOVA) followed by Tau’s multiple range test was used
for several comparisons. A value of p<0.05 was accepted
as statistically significant [15].

Ganglionic and ovaric nitric oxide synthase system

Results

The levels of nitrites in the ovarian compartment in
the control and Ach groups obtained in the present work
are similar to those obtained in Delgado et al. [13].

Presence of nitric oxide in the ovarian compartment:

1- Effect of the addition of inhibitor agents of the NOS

in the ovarian compartment on the release of nitrites

The non-selective inhibitor L-NAME in the ovarian
compartment significantly decreased the nitrites libera-
tion when compared with the control group [s] at all the
studied times (p<0.001).

The joint effect of Ach in CG and L-NAME in ovary
caused a significant decrease in the liberation of nitrites
compared with the Ach groups [*] at all the studied times
(p<0.001). The Ach+L-NAME group did not show a
significant difference in relation to the L-NAME group
(Figure 1A).

The selective inhibitor AG 400 in the ovarian com-
partment decreased the liberation of nitrites compared
with the control group [=] (p<0.01).

The joint effect of Ach in CG and AG 400 in ovary
decreased the liberation of nitrites in the ovarian com-
partment in relation to the Ach group [*] at all the stud-
ied times (p<0.001). The Ach+AG 400 group decreased
the liberation of nitrites in relation to the AG 400 group
[#] (15 and 30 min p<0.01, 60 and 120 minutes p<0.05)
(Figure 1B).

The selective inhibitor AG 800 in the ovarian com-
partment decreased the liberation of nitrites at 15 and
30 minutes (p<0.05) compared with the control group

(=]

The joint effect of Ach in CG and AG 800 in ovary
inhibited the liberation of nitrites in the ovarian compart-
ment compared with the Ach group [*] at all the studied
times (p<0.001). The Ach+AG 800 group decreased the
liberation of nitrites in relation to the AG 800 group [#]
(15 and 30 min p<0.01; 60 min p<0.05) (Figure 1C).

2—- Effect of the addition of inhibitor agents of the NOS

in the ganglion compartment on release of nitrites

The non-selective inhibitor L-NAME added to the
ganglion compartment did not show any significant
changes compared with the control group.

The joint effect of Ach+L-NAME in CG provoked a
significant decrease of the liberation of nitrites compared
with the Ach group [*] only at 30 min of incubation
(p<0.01). The Ach+L-NAME group in CG increased the
liberation of nitrites in relation to the L-NAME group [#]
at all the studied times (p<0.001) (Figure 2A).

The selective inhibitor AG 400 in the ganglion com-
partment decreased the liberation of nitrites compared
with the control [=] at all the studied times (p<0.05).

The joint effect of Ach+AG 400 in CG did not show
significant differences in relation to the Ach group. The
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Figure 1. Effect of non selective and selective inhibitors of the
inducible isoform of Nitric Oxide Synthase in ovarian compart-
ment on the release of ovarian nitrites in the coeliac ganglion-
superior ovarian nerve-ovary system removed from prepubertal
rats. The system was incubated in Krebs Ringer solution, at 37 °C
in an atmosphere of 95% 0,-5% CO, for 120 min without (Con-
trol group) and with Acetylcholine 10-6 M added to the ganglion
compartment (Ach group). Values are the mean + SEM of six ani-
mals per experimental group. Student’s t-test was used to assay
significant differences between means of two groups. Analysis of
the variances (ANOVA) followed by Tau’s multiple range test was
used for several comparisons.
1A - L-NAME vs Control: (W) p<0.001; Ach+L-NAME vs Ach (¥)
p<0.001.
1B - AG 400 vs Control: (M) p<0.01; Ach+AG 400 vs Ach: (*) at all
the studied times p<0.001; Ach+AG 400 vs AG 400: (#) 15 and 30
min p<0.01, 60 and 120 min p<0.05.
1C - AG 800 vs Control: (W) 15 and 30 min p<0.05; Ach+AG 800
vs Ach: (*) p<0.001; Ach+AG 800 vs AG 800: (#) 15 and 30 min
p<0.01; 60 min p<0.05.

liberation of nitrites in the Ach+AG 400 group was higher
in relation to the AG 400 group [#] at all the studied times
(p<0.001) (Figure 2B).

The selective inhibitor AG 800 in the ganglion com-
partment decreased the liberation of nitrites after 30 min
(p<0.05) compared with the control group [s].

The joint effect of Ach+AG 800 in CG decreased the
liberation of nitrites in relation to Ach group [*] at all
the studied times (p<0.001). The liberation of nitrites in
the Ach+AG 800 group was higher in relation to the AG
800 group [#] at all the studied times (15, 30 and 60 min
p<0.01 and 120 min p<0.05) (Figure 2C).

Discussion

The results of the present study show that the addi-
tion of L-NAME (non selective inhibitor of the NOS)
and AG (selective inhibitor of the iNOS) in the ovarian
compartment decreased the liberation of NO, though
not completely, in relation to the control and the Ach
in CG groups. When those inhibitors were added to the
ganglion compartment, the NO decreased in ovary in a
proportion lower than previously mentioned. This sug-
gests that the origin of NO is mainly ovarian and that
there might exist a ganglionic contribution through the
superior ovarian nerve.

The ex vivo CG-superior ovarian nerve-O system per-
mits to explore the functionality of the isoenzymes of the
NOS in the ovary as well as in the CG. For this analysis,
non selective and selective inhibitors of the iNOS were
added in both compartments in control conditions and
with ganglionic cholinergic stimulus, and the liberation
of NO in the ovarian compartment was determined.

The presence in the ovary of the non-selective L-NAME
inhibitor and of the selective inhibitor of the iNOS AG
in both concentrations (400 and 800 uM) decreased the
liberation of NO in both conditions (control and Ach in
CQG). The response to the AG action was not dose-de-
pendent. Considering the results obtained in the control
situation, we corroborated from the physiological point
of view that the NO/NOS system is present in ovary as
has been suggested by Matsumi et al. [16] who postulated
that the NO synthesis enzymes in their different isoforms
have been characterized and located in the ovary of the
prepubertal rat.

In relation to the joint action of Ach in CG and the
inhibitors of the NOS in ovary and considering that
the only addition of Ach in CG increases the liberation
of NO in ovary [13], we postulate that the ganglionic
cholinergic action might sensitize the NO/NOS ovarian
system through the superior ovarian nerve.

The NO/NOS system is present in the granulosa cells
of immature follicles [16] as well as in neurons of the
intrinsic ovarian neural system [17]. Yet, it is not possible
with the present study to determine the origin of the NO
released in the ovarian compartment.

Considering the analysis of the effect of both inhibi-
tors in the ovarian compartment, we conclude that this
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effect is mainly caused by the inducible isoform of the
NOS, which might indicate that the higher proportion
of NO comes from this isoform. This was in accordance
with specified by [7]. The remnant of NO after the
inhibition in all the experiences might be the result of
an incomplete inhibition since Garvey et al. [18] proved
that N-(3-(Aminomethylbenzyl) acetomidine (1400 W)
is a more potent and selective inhibitor of the iNOS.
Another possibility might be the contribution of NO
from the CG via the superior ovarian nerve. In relation
to this, Quinson et al. [19] have stated that the presence
of NO in the prevertebral ganglia is now well established
and they have demonstrated that the endogenous NO (as
well as other neurotransmitters such as Ach, noradrena-
line, serotonine and enkephaline) also plays a role in the
modulation of the ganglionic nicotinic transmission by
exerting excitatory and inhibitory effects (these NO-me-
diated modulations of the synaptic activation strengthen
the integrative properties of the prevertebral ganglia).

The NOS or NADPH diaphorase positive nerve fibers
have been described in the prevertebral ganglia, which
may have a central or a peripheral origin [20]. Moreover,
the possible presence of the NOS in the postganglionic
neurons of the CG in rats should be considered as dem-
onstrated by Sheng et al. [21] in the bovine superior
cervical ganglion or by Hohler et al. [22] in guinea pig
sympathetic ganglia.

Considering these antecedents and having standard-
ized the ex vivo integrated system that permits to study
the neuroendocrine interactions without humoral influ-
ence, we decided to investigate the effect of the inhibitors
of the NOS in ganglion in basal situation and also with
the addition of Ach in ganglion, and to determine the
liberation of NO in ovary.

According to the results obtained with the inhibitors
in CG in basal situation, we deduce that the AG selective
inhibitor shows a significant non-dose dependent inhibi-
tion of NO. It is important to emphasize that these results
might indicate the existence of iNOS activity in CG.

The most interesting aspect of the joint action of Ach
and the inhibitors in CG occurred when working with
AG at an 800 uM dose. In this case the contribution of
ganglionic NO mainly by the action of iNOS could be
observed. We might also suggest that Ach sensitizes the
ganglionic NO/NOS system.

Our results add a functional significance to the pres-
ence of NOS in the coeliac ganglion and in the ovary of
prepubertal rat.
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Figure 2. Effect of non selective and selective inhibitors of the
inducible isoform of Nitric Oxide Synthase in ganglion compart-
ment on the release of ovarian nitrites in the coeliac ganglion-
superior ovarian nerve-ovary system removed from prepubertal
rats. The system was incubated in Krebs Ringer solution, at 37 °C
in an atmosphere of 95% 0,-5% CO, for 120 min without (Con-
trol group) and with Acetylcholine 10-6 M added to the ganglion
compartment (Ach group). Control and Ach groups (Delgado et
al., 2004). Values are the mean + SEM of six animals per experi-
mental group. Student’s t-test was used to assay significant dif-
ferences between means of two groups. Analysis of the vari-
ances (ANOVA) followed by Tau’s multiple range test was used
for several comparisons.
2A - Ach + L-NAME vs Ach: (*) 30 min p<0.01; Ach+L-NAME vs
L-NAME (#) p<0.001.
2B-AG400vsControl:(M)p<0.05;Ach+AG400vsAG400:(#)p<0.001.
2C - AG 800 vs Control: (W) 30, 60 and 120 min p<0.05; Ach+AG
800 vs Ach: (*) p<0.001; Ach+AG 800 vs AG 800: (#) 15, 30 and
60 min p<0.01, 120 min p<0.05.

Neuroendocrinology Letters Vol.28 No.1, 2007 « Article available online: http://node.nel.edu

43



44

Marilina Casais, Silvia Marcela Delgado, Sandra Vallcaneras, Zulema Sosa & Ana Maria Rastrilla

REFERENCES

1 Ignarro LJ. Biosynthesis and metabolism of endothelium-derived
nitric oxide, Ann Rev Pharmacol and Toxi. 1990; 30: 535-560.

2 Forstermann U, Kleinert H. Nitric oxide synthases: Expres-
sion and expressional control of the three isooforms, Naunyn-
Schmiedeberg’s Arch Pharmacol. 1991; 352: 351-363.

3 Bogdan C. Nitric oxide and the immune response, Nat Immunol.
2001; 2: 907-916.

4 Van Wangenen S, Rehder V. Regulation of neuronal growth cone
filopodia by nitric oxide depends on soluble guanylyl cyclase,
Journal of Neurobiology. 2001; 46: 206-219.

5 Van Voorhis BJ, Moore K, Strijbos PJLM, Nelson S, Baylis SA, Grzy-
bicki D, Weiner CP. Expression and localization of inducible and
endothelial nitric oxide synthase in the rat ovary, Journal Clinical
Invest. 1995, 96: 2719-2726.

6 Jablonka-Shariff A, Olson LM. Hormonal regulation of nitric oxide
synthases and their cell-specific expression during follicular de-
velopment in the rat ovary, Endocrinology. 1997; 138: 460-468.

7 SrivastavaV, Jones BJ, Dookwah H, Hiney JK, Dees WL. Ovarian ni-
tric oxide synthases (NOS) gene expression during peripubertal
development. Life Science. 1997; 61: 1507-1516.

8 Jablonka-Shariff A, Olson LM. The rol of nitric oxide in oocyte
meiotic maturation and ovulation: meiotic abnormalities of
endothelial nitric oxide synthase knock-out mouse oocytes.
Endocrinology. 1998; 139(6): 2944-2954.

9 Keilhoff G, Fansa H, Wolf G. Nitric oxide synthase, an essential
factor in peripheral nerve regeneration, Cellular Molecular Biol-
ogy. 2003; 49: 885-897.

10 Lawrence IE Jr, Burden HW. The origin of the extrinsic adrenergic
innervation to the ovary, Anat Rec. 1980, 196: 51-59.

11 Burden HW. The adrenergic innervation of mammalian ovaries.
N. Ben-Jonathan, in: JN Bahr, Rl Weisner (Eds.). Catecholamines as
Hormone Regulators, Raven Press, New York 1985, 261-278.

12 Aguado LI. Role of the central and peripheral nervous system in
the ovarian function. Microsc Res Tech. 2002; 59: 462-467.

13 Delgado SM, Sosa Z, Dominguez N, Casais M, Aguado L, Rastrilla
AM. Effect of the relation between neural cholinergic action and
nitric oxide on ovarian steroidogenesis in prepubertal rats, Jour-
nal of Steroid Biochemistry and Molecular Biology. 2004; 91:
139-145.

14 EgamiF, TaniguchiS.Methods of Enzymatic Analysis, In:Vergmeyer
H (eds), Nitrate. Academic Press, New York 1974; 2: 2260-2265.

15 Snedecor G, Cochram WG. Statisticals Methods, Ames, lowa, The
lowa State University Press, 1976.

16 Matsumi H, Yano T, Osuga Y, Kugu K, Tang X, Xu J P, Yano N,
KurashimaY, Ogura T, Tsutsumi O, Koji T, Esumi H, TaketaniY. Regu-
lation of nitric oxide synthase to promote cytostasis in ovarian fol-
licular development, Biology of Reproduction. 2000; 63: 141-147.

17 D'Albora H, Lombide P, Ojeda S. Intrinsic neurons in the rat ovary:
an immunohistochemical study. Cell Tissue Res. 2000; 300: 47-56.

18 Garvey EP, Oplinger JA, Furfine ES, Kiff RJ, Laszlo F, Whittle JR,
Knowles RG. 1400 is a slow, tight binding and highly selective
inhibitor of inducible nitric oxide synthase in vitro and in vivo. J
Biol Chem. 1997; 272(8): 4959-4963.

19 Quinson N, Catalin D, Miolan JP, Niel JP. Nerve induced release of
nitric oxide exerts dual effects on nicotinic transmission within
the coeliac ganglion in the rabbit. Neuroscience. 1998; 84(1):
229-240.

20 Furness JB, Anderson CR. Origins of nerve terminals containing
nitric oxide synthase in the guinea-pig coeliac ganglion. J Auton
Nerv Syst. 1994; 46(1-2): 47-54.

21 Sheng H, Gagne GD, Matsumoto T, Miller MF, Férstermann U, Mu-
rad F. Nitric oxide synthase in bovine superior cervical ganglion.
J Neurochem. 1993; 61(3): 1120-1126.

22 HohlerB, OlryR,MayerB, KummerW.Nitricoxidesynthaseinguinea
pig sympathetic ganglia: correlation with tyrosine hydroxylase
and neuropeptides. Histochem Cell Biol. 1995; 104 (1): 21-28.

Copyright © 2007 Neuroendocrinology Letters ISSN 0172-780X « www.nel.edu



