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Summary 
Nitric oxide (NO)containing neurons are widely distributed within the central nervous system, 
including regions involved in the control of reproduction and sexual behavior. Nitrergic neu
rons may colocalize with gonadal hormone receptors and gonadal hormones may infl uence 
neuronal NO synthase expression in adulhood as well as during development. In rodents, the 
female, in physiological conditions, is exposed to shortterm changes of gonadal hormones lev
els (estrous cycle). Our studies, performed in mouse hypothalamic and limbic systems, reveal 
that the expression of neuronal NO synthase may vary according to the rapid variations of hor
monal levels that take place during the estrous cycle. This is in accordance with the hypoth
esis that gonadal hormone activation of NOcGMP pathway is important for mating behavior. 
NOproducing system appears particularly sensitive to alterations of endocrine balance during 
development, as demonstrated by our experiments utilizing perinatal exposure to bisphenol A, 
an endocrine disrupting chemical. In fact, signifi cant effects were detected in adulthood in the 
medial preoptic nucleus and in the ventromedial subdivision of the bed nucleus of the stria ter
minalis. Therefore, alteration of the neuronal NO synthase expression may be one of the causes 
of the important behavioral alterations observed in bisphenolexposed animals.
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Nitric oxide

Nitric oxide (NO), an inorganic free radical gas synthesized from Larginine by 
the enzyme nitric oxide synthase (NOS), is considered a gaseous neuronal messenger 
(Bredt et al., 1990). Its action takes place primarily by inducing an increase of soluble 
cyclic guanosine monophosphate (cGMP) in target cells (Miki et al., 1977). NO has 
been implicated in the regulation of several physiological and behavioral functions 
(for reviews see Prast and Philippu, 2001; Hull and Dominguez, 2006; Panzica et al., 
2006). There are at least three isoforms of NOS: (a) neuronal NOS (nNOS or NOS 
type I), (b) endothelial NOS (eNOS or NOS type III), both Ca2+ dependent, and (c) 
macrophage NOS (mNOS or NOS type II), Ca2+ independent (Alderton et al., 2001). 
All these isoforms are present within the brain in different cellular compartments, but 
the neuronal isoform (nNOS) is largely predominant (Bredt et al., 1990). 
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NOproducing neurons have been localized in several parts of the mamma
lian and nonmammalian central nervous system (for review see Gotti et al., 2005). 
In rodents, nNOSimmunoreactive (nNOSIR) neurons and fibers were described in 
several hypothalamic and limbic nuclei belonging to neural circuits implicated in the 
control of reproductive behavior, e.g., medial preoptic nucleus (MPOM), paraven
tricular nucleus (PVN), supraoptic nucleus, arcuate nucleus (ARC), ventromedial 
nucleus (VMH), bed nucleus of the stria terminalis (BST), and amygdaloid complex 
(Hadeishi and Wood, 1996; Collado et al., 2003; Gotti et al., 2005; Carrillo et al., 2007; 
Sica et al., 2009). Several reports indicate that the involvement of NO in the control 
of reproductive behavior is modulated by gonadal hormones and probably mediated 
by interactions with other neurotransmitter systems as dopamine and glutamate (for 
reviews see: Etgen, 2003; Hull and Dominguez, 2006; Panzica et al., 2006).

Neuronal nitric oxide synthase and gonadal hormones

In several brain regions (like the BST, the amygdala, the preoptic region, the 
mediobasal hypothalamus, or the magnocellular nuclei) the distribution of nNOS 
overlaps that of gonadal hormone receptors: estrogen receptor (ER)alpha and ERbeta 
(Merchenthaler et al., 2004), androgen receptors (AR), (Simerly et al., 1990), and pro
gesterone receptors (PR), (Lauber et al., 1991). 

The percentage of colocalization is highly variable, ranging from 90% cells dou
ble positive for nNOS and ERalpha in MPOM to 10% in PVN. AR colocalizes with 
nNOS in a more limited number of cells in the same nuclei (ranging from 20% in 
MPOM, to 6% in BST) (Scordalakes et al., 2002). 

Some studies demonstrated that longterm exposure to estrogens or androgen 
may affect the expression of nNOS (Ceccatelli et al., 1996; Du and Hull, 1999; Putnam 
et al., 2005). However, in adult female rodents the levels of circulating ovarian hor
mones change in a very short period (the total duration of estrous cycle is 45 days). 
Therefore, we wondered if shortterm changes might influence the number of nNOS
IR elements and if this fact could also influence the demonstration of sexual dimor
phism for this system. 

Thus, in different studies performed in mice (Gotti et al., 2009; Sica et al., 2009) we 
considered several hypothalamic and limbic nuclei that are involved in the control 
of sexual behavior and express gonadal hormone receptors. In some of these nuclei 
(e.g.: MPOM, ARC, hippocampus) we observed statistically significant changes in 
the population of nNOSIR elements throughout the estrous cycle, whereas in other 
nuclei (e.g. BST and VMH) we have not detected any statistically significant varia
tion. Changes in the number of nNOSIR cells in MPOM, ARC, and hippocampus 
do not follow the same pattern with each other. In MPOM, the highest number of 
positive neurons was detected during estrus, whereas in proestrus and diestrus we 
observed the lowest values (Fig. 1). On the contrary, in ARC and hippocampus, the 
highest number of nNOSIR cells was detected in proestrus and metestrus.

Sex differences were statistically significant only in the BST, with females show
ing more nNOSIR cells than males. In MPOM and ARC, where nNOSIR varied with 
the estrous cycle, significant sex differences were observed only in relation to specific 
phases of the estrous cycle. Therefore, this indicates the presence of a sexual dier
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gism (i.e. functional sex difference, Rhodes and Rubin, 1999) rather than of a real sex 
dimorphism. Similar changes, when comparing estrus and diestrus, were observed 
also in rat bed nucleus of the accessory olfactory tract (Collado et al., 2003) and medi
al amygdala (Carrillo et al., 2007).

Effects of bisphenol A administration

Several observations have shown that early exposure to some industrial pollut
ants (endocrine disrupting chemicals, EDCs) can induce adverse effects on endocrine 
structures development, and therefore may affect humans as well as farm and wild
life animals (Colborn et al., 1993). Many EDCs are able to bind estrogen receptors 
and have been therefore classified as environmental estrogens or xenoestrogens (XEs) 
(Singleton and Khan, 2003).

One worldwide diffused EDC is bisphenol A (BPA), a monomer used in the man
ufacturing of polycarbonate, epoxy and polyesterstyrene resins largely used in food 
containers (Brotons et al., 1995). BPA can bind to both isoforms of the estrogen recep
tor (ERalpha and ERbeta) (Kuiper et al., 1997), in addition it shows antiandrogenic 
activity (Kruger et al., 2008). 

Given the wellknown ability of gonadal hormones to affect sexual differentiation 
of the brain during a critical period, i.e., perinatal life in rodents (McCarthy, 2008), it 
is not surprising that some behaviors, like mating behavior, can be affected by perina
tal exposure to EDCs, in particular to BPA. In our laboratory, we applied a procedure 
that allowed easy oral administration of controlled amount of the EDCs to the preg
nant/lactating female from gestation day 11 to postpartum day 8 (perinatal exposure) 
(Palanza et al., 2002). Their offsprings were tested, when adults, for different behav
iors, and we investigated some behaviorally relevant neural circuits in adulthood 
(Panzica et al., 2007; Panzica et al., 2009).

In particular, BPA selectively alters the NO producing system at the level of the 
MPOM and of the BST (Martini et al., 2010), two key nuclei for the control of repro
ductive behaviors. These data confirm that the NO system is a target for estrogens 
during development and, therefore, a potential and important target for the destruc
tive action of EDCs in mammals. In addition, the alterations of nNOS system may be 
the basis of the less efficient sociosexual behavior that has been reported for BPA
exposed male rats (Farabollini et al., 2002).

Conclusions

Data reported in this review indicate that the nNOS system is regulated both 
during development and in adulthood by gonadal hormones. Previous studies have 
only pointed to the medium or longterm effects of gonadal hormones in experi
mental conditions (i.e. gonadectomized animals), our results indicate that changes in 
the expression of nNOS may take place also in physiological conditions (i.e. intact 
animals) following changes in hormonal levels during the estrous cycle. Noticeably, 
shortterm effects may differ from longterm ones (VMH nucleus is not affected by 
estrus cycle, but is affected by long term exposure to estradiol, Ceccatelli et al., 1996; 
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Sica et al., 2009). In addition, the knowledge of these changes in physiological condi
tions is important to differentiate the presence of a real sex dimorphism in nNOS cir
cuits in opposition to transient activational effects. Finally, the extreme sensitivity of 
this system to gonadal hormones and the large amount of functions that are modulat
ed by NO determine the high vulnerability of these circuits to the exposure to EDCs 
during the perinatal period and the destructive effects of this exposure demonstrated 
in laboratory animals (Panzica et al., 2007; Panzica et al., 2009).
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Figures

Fig.1 Left panels: micrographs illustrating the nNOS-immunoreactive population within the medial preop-
tic nucleus (MPOM) of female in different stages of the cycle (estrus and diestrus). Scale bar: 150 mm. Right 
panels, histograms reporting the differences in nNOS-immunoreactive cell number (mean ± standard error) 
during female estrous cycle in the MPOM and the arcuate nucleus (ARC). Black histograms represent male 
mice as comparison.
Asterisks indicate significant differences (Fisher PLSD test). * p<0.05, ** p<0.01 in comparison to male, °° 
p<0.01 in comparison to estrus female, ^^ p<0.01, ^^^ p<0.001 in comparison to proestrous female.


