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Nicotine exerts its addictive inﬂuence through the meso-cortico-limbic reward system, where
the striatum is essential. Nicotine addiction involves different neurotransmitters, nitric oxide
(NO) being especially important, since it triggers the release of the others by positive feedback.
In the nervous system, NO is mainly produced by nitric oxide synthase 1 (NOS1). However, other
subtypes of synthases can also synthesize NO, and little is known about the speciﬁc role of each
isoform in the process of addiction. In parallel, NOS activity and nicotine addiction are also
affected by stress and sexual dimorphism.
To determine the speciﬁc role of this enzyme, we analyzed both NOS expression and NO
synthesis in the striatum of wild-type and NOS1-knocked out (KO) mice of both sexes
in situations of nicotine sensitization and stress. Our results demonstrated differences between
the caudate-putamen (CP) and nucleus accumbens (NA). With respect to NOS1 expression, the
CP is a dimorphic region (27.5% lower cell density in males), but with a stable production of NO,
exclusively due to this isoform. Thus, the nitrergic system of CP may not be involved in stress or
nicotine addiction. Conversely, the NA is much more variable and strongly involved in both

Abbreviations: CP, caudate-putamen; DA, dopamine; Glu, glutamate; KO, knock-out; NA, nucleus accumbens; NO, nitric oxide; NOS, nitric
oxide synthase (1, 2, or 3); PB, phosphate buffer; PBS, phosphate buffered saline; SSCP, Sum of Squares and Cross-Products (matrix); VTA,
ventral tegmental area
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situations: its NO synthesis displays dimorphic variations at both basal (68.5% reduction in
females) and stress levels (65.9% reduction in males), which disappear when nicotine is infused.
Thus, the KO animals showed an increase in NO production (21.7%) in the NA, probably by NOS3,
in an attempt to compensate the lack of NOS1.
& 2015 Elsevier B.V. and ECNP. All rights reserved.

1.

Introduction

Drug addiction can be considered an illness that affects the
central nervous system, inducing an incessant need to seek
out the drug and consume it compulsively, despite its
adverse consequences. Addiction is affected by different
physical, genetic and social factors and it can produce
dramatic and even long-lasting changes in the brain, both
in humans and other animals (Nestler, 2001; Mao and
McGehee, 2010). Although drugs of abuse have very different physical and psychoactive effects, the mechanism of
addiction is similar in all of them (Nestler, 2001), the reward
system being the principal neural network affected (Di
Matteo et al., 2007).
Tobacco is no exception and, according to the World Health
Organization (www.who.int/mediacentre/factsheets), smoking
is a social and health problem that results in 6 million deaths
every year worldwide. Nicotine is accepted as the principal
molecule of addiction of tobacco (Stolerman and Jarvis, 1995),
and it exerts its addictive inﬂuence through the reward system,
composed of the ventral tegmental area (VTA), the striatum
and the prefrontal cortex. Brieﬂy, extended exposure to
nicotine causes the disinhibition of certain dopaminergic
neurons of the VTA, which begin to release dopamine (DA) in
the nucleus accumbens (NA) and the caudate-putamen (CP) of
the striatum (Mansvelder et al., 2002; Wonnacott et al., 2005).
In parallel, nicotine causes the activation of glutamatergic
neurons of the prefrontal cortex, which also release glutamate
(Glu) in the NA and CP. The interaction of both neurotransmit
ters triggers the behavioral changes associated with nicotine
addiction (Mao and McGehee, 2010).
The process of addiction is much more complex and nitric
oxide (NO) plays a key role, exerting a crucial positive feedback. In short, Glu also increases the release of NO in the
striatum by activating nitric oxide synthase (NOS), in
particular its neural isoform NOS1. Increased production of
NO also raises the extracellular concentration of Glu and DA
(Pögün et al., 1994a, 1994b; London et al., 1996; Hong
et al., 2006). Accordingly, the use of NOS inhibitors before
nicotine administration reduces sensitization to nicotine
(Shim et al., 2002; Jain et al., 2008).
NOS1 is the primary producer of NO in the central nervous
system (Esplugues, 2002) although NO can also be synthesized
by another two subtypes of NOS: NOS2 (immunologic), which is
mainly expressed in immune and glial cells, especially after an
injury (Heneka and Feinstein, 2001; Béchade et al., 2014), and
NOS3 (endothelial), which is mainly expressed in the endothelium, although also in other cells, including certain neural
types (Guix et al., 2005). However, little is known about the
speciﬁc role of each isoform in the process of addiction or
sensitization. Moreover, the activity of NOS, and consequently

the release of NO, may also be modulated by other factors,
such as stress or sexual dimorphism (Pögün, 2001; Weruaga
et al., 2002; Keser et al., 2011). Stress is an important factor
affecting the use of drugs, since it increases sensitivity and the
motivation for consumption (Finlay and Zigmond, 1997;
Goeders, 2002). Regarding sexual dimorphism, both male and
female hormones affect the activity of NOS1 (Panzica et al.,
2006) and, more precisely, the effect of nicotine in the release
of NO also shows dimorphic and even regional differences
(Pögün, 2001; Weruaga et al., 2002; Keser et al., 2011). All
these factors are crucial for the development of speciﬁc
pharmacological strategies aimed at preventing the abuse of
nicotine or other drugs.
In light of this information, the aim of the present work is
to determine the speciﬁc role of NOS1 in the striatum
in situations of nicotine sensitization and stress. We performed both saline and nicotine injections in wild-type mice
of both sexes to determine possible changes in the expression of NOS isoforms in the striatum, as well as the
production of NO. In addition, another set of mice
knocked-out for NOS1 (KO mice) was subjected to the same
experimental procedures to determine the role of NOS1.

2.
2.1.

Experimental procedures
Animals

KO mice for the NOS1 of the B6: 129S4-Nos1tm1Plh strain (The Jackson
Laboratory, Bar Harbor, Maine, USA) were used. To obtain these KO mice,
the ﬁrst exon of the nos1 gen was replaced by the neomycin-resistance
gen, thus removing the ﬁrst 159 amino acids of the functional protein
NOS1, preventing its production (Huang et al., 1993). These mice were
also crossed with wild-type animals of the 129 strain (The Jackson
Laboratory) in order to obtain heterozygous mice, which were also
crossed to ﬁnally obtain both wild-type (+/+) and KO (nos1 /nos1 )
mice, employed as breeders (wild-type or KO couples) of the mice used in
this work. Accordingly, only these breeders were genotyped, following the
original institutional guidelines (http://jaxmice.jax.org), genetic analysis
of the offspring not being necessary. We used P70-P90 animals of both
sexes and both genotypes, also subjected to different treatments:
saline-solution injections, nicotine injections and non-injected mice (see
below). Each experimental group comprised 15 animals (11 for biochem
ical and 4 for histological analyses).
The mice were housed at the Animal Facilities of the University
of Salamanca at constant temperature and humidity, with a 12/12hour photoperiod, and were fed ad libitum with water and special
rodent chow (T2014 Teklad Global 14% Protein Rodent Diet, Oxon,
UK). All animals were housed, manipulated and sacriﬁced in
accordance with current European (2010/63/UE and Recommendation 2007/526/CE) and Spanish Legislation (Law 32/2007 and RD 53/
2013), and the Bioethical Committee of the University of Salamanca
approved the methods.

Striatal NOS1, stress and nicotine
2.2.

Drug treatment

Three experimental paradigms were employed in mice of both sexes
for each genotype: (1) animals injected with ( )-nicotine hydrogen
tartrate salt (Sigma-Aldrich, St. Louis, Missouri, USA) dissolved in
isotonic saline solution (0.9% w/v) pH 7.0, at a dose of 4 mg/kg/day
over 14 days, always at the same hour; (2) animals injected with
vehicle (isotonic saline solution), as controls of the drug-treated
animals, also representing a stress model because of the punctures
caused by the injections themselves; and (3) animals without injections
(naïve). The doses employed and the duration of treatments were
based on previous experiments addressing the effects of nicotine in
rodents (Pögün et al., 2000; Weruaga et al., 2002).

2.3.

Estimation of nitric oxide contents

The mice employed for biochemical analysis were sacriﬁced by
cervical dislocation and subsequent decapitation. Their brains were
dissected out, cut into two blocks (rostral and caudal at Bregma
4.00 mm) and frozen with liquid nitrogen. Following this, they
were cut into 200 μm-thick coronal sections employing a cryostat
and the tissue portions containing CP and NA were micro-dissected
as previously described (Palkovits and Brownstein 1987). Finally,
tissue samples were kept at 20 1C until processing. Samples whose
weight was lower than 1 mg were discarded.
NO is an unstable gas that reacts with H2O to form its stable
metabolites, mainly nitrates (NO3 ) and nitrites (NO2 ), which can be
estimated. Nitrates can be reduced to nitrites, and their total content
can then be quantiﬁed employing the colorimetric Griess reaction.
Here, NO metabolites were extracted as previously described (Taskiran
et al., 1997). Brieﬂy, tissue was minced and homogenized in 400 μl of
0.1 M phosphate buffer (PB), pH 7.5, and then centrifuged at 2000 G
for 15 min at 4 1C. 100 μl of the supernatant was incubated with 900 μl
of Elix water and 250 μl of 0.3 M NaOH for 5 min. Then, 250 μl of 5%
ZnSO4 (w/v) was added and the mixture was incubated for 15 min.
Finally, the mixture was centrifuged at 3000 G for 15 min at 4 1C; the
supernatant was extracted and stored at -20 1C until use.
In order to determine the total amount of NO metabolites,
nitrates were reduced to nitrites as previously described (Bories and
Bories, 1995): 50 μl of each sample was incubated in 20 μM FAD
(Sigma-Aldrich), 0.1 mg of β-NADPH (Sigma-Aldrich) and 98 U/ml of
nitrate reductase (Boehringer Mannheim, Germany) in 0.1 M PB, pH
7.5, for 90 min in the darkness under constant orbital shaking and at
room temperature. In addition, known concentrations of Na2NO3 in
Elix water were subjected to the same reaction to obtain a
calibration curve estimate of the amount of nitrates of the samples.
The amount of the NO metabolites was ﬁnally estimated by the
Griess reaction, which employs nitrites to obtain a colored compound that can be measured by spectrophotometry. Once reduced,
samples were subjected to this reaction, thereby revealing the
totality of NO stable metabolites. To develop the Griess reaction,
100 μl of the samples was incubated in a 1:1 (v/v) mixture of
Griess I solution [0.2% (w/v) N-(1-Naphthyl)-ethylenediamine dihydrochloride and 30% (v/v) ethylene glycol in 0.2 M PB] and Griess II
solution [2% (w/v) sulfanilamide and 10% ortho-phosphoric acid in
Elix water] for 20 min at room temperature. In addition, solutions
of Na2NO2 in Elix water at known concentrations were subjected in
parallel to the Griess reaction to obtain a calibration curve. Finally,
the absorbance of each sample was measured at λ=550 nm. Each
single reaction (both from solutions of calibration curves and from
tissue samples) was performed twice and the mean of both
measurements was calculated. The results were referred to the
weight of each tissue sample. Nine animals for each group were
employed to minimize variability.
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2.4.

Sacriﬁce of mice and tissue preparation

The mice employed for histological analyses (n=4 for each group)
were deeply anesthetized with a mixture of ketamine hydrochloride
(Ketolar: Parke-Dais, Barcelona, Spain) and thiazine hydrochloride
(Rompun: Bayer, Leverkussen, Germany), 3:4 (v/v), using a dose of
1 μl/g b.w. Then, they were sacriﬁced by intra-cardiac perfusion of
0.9% (w/v) saline solution, followed immediately by modiﬁed
Somogyi's ﬁxative: 4% para-formaldehyde (w/v), 0.2% picric acid
(v/v) in 0.1 M PB, for 15 min. The brains were dissected out, cut
into two blocks (rostral and caudal at Bregma 4.00 mm) and postﬁxed in the same ﬁxative solution for 2 h with continuous orbital
shaking. Then, the tissue blocks were cryo-protected with a
solution of 30% (w/v) sucrose in 0.1 M PB. When the blocks were
sunk, they were frozen and sectioned in 6 series of 30 μm-thick
slices with a freezing-sliding microtome (Jung SM 2000, Leica
Instruments, Nussloch, Germany) attached to a freezing unit
(Frigomobil, Leica Instruments) and rinsed with 0.1 M PB
(3  10 min).

2.5.

Immunohistochemistry

An indirect immunoﬂuorescence technique was performed to
localize the 3 isoforms of NOS (NOS1, NOS2 and NOS3) in both the
CP and NA. In addition, a neuronal marker (MAP2) was employed to
determine the nature of the NOS+ cells. In order to determine both
the possible co-expression of the NOS isoforms and the neuronal
nature of the positive cells, triple immunoﬂuorescence reactions
were conducted, employing the following combination of antibodies: NOS1–NOS2–MAP2 and NOS1–NOS3–MAP2.
The tissue slices were washed in 0.1 M PB (3  10 min) and incubated
with an SDS–EDTA solution for 30 min to facilitate the penetration of the
antibodies. Then, the slices were incubated with 0.13 M NaBH4 in 0.1 M
PB for 25 min to remove the auto-ﬂuorescence due to the aldehydes of
the ﬁxative (Weruaga-Prieto et al., 1996). Since NOS1 immunolabeling is
not suitable when its antibody is employed concurrently with others, the
triple immunoﬂuorescence was performed sequentially: ﬁrst, immunodetection for NOS1, followed by immunodetection of the other antigens
analyzed. To accomplish this, the sections were incubated with a
mixture containing 5% (v/v) normal donkey serum (Sigma-Aldrich),
0.2% Triton X-100 and a sheep anti-NOS1 antibody (1:10,000 v/v, kindly
provided by Dr. Emson and Dr. Charles, Cambridge, UK) in phosphatebuffered saline (PBS) at 41 C for 12–18 h under continuous orbital
shaking. Then, the slices were washed with PBS (3  10 min) and
incubated with a Cy5-conjugated donkey anti-sheep secondary antibody
(1:400 v/v; Jackson Immunoresearch, Suffolk, UK) in PBS for 2 h at room
temperature. Finally, the sections were incubated following the same
protocol explained above for the other antibodies: rabbit anti-MAP2
antibody (1:150 v/v; Chemicon, Temecula, California, USA) and antiNOS2 or anti-NOS3 mouse antibody (1:150 v/v; BD Transduction
Laboratories, San José, California, USA), and then Cy2-conjugated
donkey anti-mouse antibody (1:500 v/v; Jackson) and Cy3-conjugated
donkey anti-rabbit antibody (1:750 v/v; Jackson).
The sections were mounted on slides and once dried (after
30 min) they were rinsed with 70% (v/v) ethanol and stained with 1%
Sudan Black (Panreac, Barcelona, Spain) in 70% (v/v) ethanol for
4 min in order to remove the non-speciﬁc auto-ﬂuorescence of
tissue lipids. Then, the slides were rinsed again in 70% (v/v)
ethanol, washed in PB (3  10 min) and covered with coverslips
and an anti-fade medium (Gel mount, Sigma-Aldrich).
Speciﬁcity controls were carried out in parallel with the immunoﬂuorescence technique, using the same procedures without the
ﬁrst or second antibodies. No labeling was detected in these
controls.
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Figure 1 (A) Schema showing the regions employed for both cell counting and biochemical analyses, depicted in green (NA) and
pink (CP); note the two rostrocaudal levels of both regions analyzed (1 and 2), as well as the speciﬁc sites of cell counting (black
crosses). (B) Confocal reconstruction showing the morphology of NOS1-positive neurons, both polygonal (arrows) and fusiform (arrow
point). (C–E) Focal planes showing co-expression of NOS1 (red) and MAP2 (green) in the same neurons (arrow points). (F–H) Confocal
images showing NOS2 staining; note that it is only detected in regions adjacent to an injury (asterisk; F), whereas it is not
distinguishable in intact tissue from either wild-type or KO animals (G, H). cc corpus callosum; ac, anterior commissure. Scale bars:
10 μm for B, 20 μm for C–E, and 75 μm for F–H.

2.6.

Cell quantiﬁcation

Quantiﬁcation of NOS1-positive neurons was performed at 2 rostro-caudal
levels of the NA and 2 levels of the CP in order to gain an average estimate
for each region (Figure 1A). Equivalent levels for each animal were chosen,
as previously described (Weruaga et al., 1999). In order to determine the
cell density of labeled cells, focal planes of 0.14 mm2 of each region were
analyzed employing a confocal laser microscope (Leica Microsystems,
Mannheim, Germany). Since the NA is small, only one focal plane in each
level was chosen. To make the analysis even more uniform, this region was
always situated adjacent and ventro-lateral to the anterior commissure
(Figure 1A). By contrast, the CP is much larger than the NA and therefore
3 focal planes at the rostral level and 2 at the caudal level were analyzed
(Figure 1A). These ﬁve levels were also chosen, in order to explicitly avoid
the presence of other structures, such as the capsula interna or the globus
pallidus. For each experimental condition, a ﬁnal amount of around 80

cells were counted. The cell densities for the NA and CP separately were
ﬁnally estimated by obtaining the mean of the respective focal planes of
analysis.

2.7.

Statistical analyses

The cell density of NOS1 neurons was compared using Multivariate
Analysis of Variance (MANOVA) between wild-type groups in both
the NA and CP, regarding the sex (male or female) and treatment
(naïve, saline or nicotine) variables. The same procedure and
regarding the same variables was also employed for comparing
the level of NO metabolites in both the wild-type and KO groups.
Finally, when required, Student's t test was employed.
For all the statistical analyses, SPSS statistical package (v 21;
IBM, NY, USA) was used.
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3.
3.1.

Results
Expression of NOS isoforms in the striatum

The immunostaining for NOS1 in the NA and CP in all the wildtype animals (naïve, saline-injected and nicotine injected) was
only observed in cells with the typical morphology of striatal
neurons, with a fusiform or polygonal soma and 2–3 poorly
branched dendrites (Harada et al., 2002); Figure 1B). In addition,
these cells also co-expressed the MAP2 marker of mature
neurons, thus ruling out the possibility that they might correspond
to glial elements (Figure 1C–E). Conversely, no staining for NOS1
was detected in the KO animals (data not shown).
In the different experimental conditions (Figure 1F–H),
NOS2 expression was not detected either in the wild-type or
KO animals. To ensure the absence of false negative results,
a positive control was included. NOS2 expression is associated with conditions of inﬂammation and tissue damage
(Heneka and Feinstein, 2001; Béchade et al., 2014), and
accordingly encephalic sections of mouse brains previously
damaged with a capillary needle were included for immunohistochemistry (from other experiments performed at our
laboratory with the same strain of animals). These sections
showed a strong staining for NOS2 at the edge of the wound,
this labeling becoming weaker as it departed from the zone
of injury until it ﬁnally faded out (Figure 1F).
Regarding NOS3 expression, this was detected in the
endothelium of blood vessels in all the experimental groups
(Figure 2), with no differences among them. In addition, no
co-expression of NOS3 and MAP2 was detected (data not
shown), thus conﬁrming the notion that NOS3 is not
expressed in mature neurons in the regions analyzed.
Since the KO mice lacked NOS1, the quantiﬁcation of NOS1positive neurons was only performed in wild-type animals. The
MANOVA results (Table 1) revealed highly signiﬁcant differences
for sex (F=12.696, p-valueo0.001) but not for treatment
(naïve, saline or nicotine) or the interaction between both
variables. The source of these differences is seen in Sum of
Squares and Cross-Products (SSCP) matrix (Table 2). This SSCP
matrix revealed that in the NA area there were no statistically
signiﬁcant differences for any variable or interaction. Conversely, in the CP region, the result (p-valueo0.001) unveiled
an inﬂuence of sex on the density of NOS1-positive cells
(Table 2; Figure 3A), but no effect of treatment and a lack
of interaction between the variables (Table 2, Figure 3B).
The mean NOS1-positive cell density detected in this CP area
in females (19.79) was higher than in males (14.34), and was
also highly signiﬁcant; this result pointed to strong sexual
dimorphism in the CP regarding the density of NOS1-positive
cells. Moreover, these sex-related differences were not altered
either by stress (saline-injected animals) or nicotine.

3.2.

Stable metabolites of NO

Measurement of nitrate contents revealed absorbance
levels close to those of the negative control (data not
shown). Accordingly, they were not taken into account for
the results and, ﬁnally, only the total amount of stable
metabolites was considered.
The MANOVA analysis performed in the wild-type animals
(Table 3) uncovered a strong interaction between both
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factors (sex and treatment; F =4.009; p-valueo0.01;
Table 3; Figure 3C).
The SSCP matrix (Table 4) showed this interaction to be
conﬁrmed in the NA region (p-valueo0.01). No differences
were found in the CP for any of the variables or their
interaction. These results revealed a dimorphic nitrite
content in the NA in the basal situation (as shown in
Figure 3C; mean of naïve, higher in males than in females),
which also varied dimorphically with stress (Figure 3C, mean
decreasing in males and increasing in females). Moreover,
these dimorphic differences and variations almost completely disappeared with nicotine infusion (Figure 3C).
The MANOVA of stable NO metabolites in KO animals did
not reveal signiﬁcant results for any of the variables or any
interaction between them (p-value40.05; lines not crossing
at Figure 3D; Table 5). Accordingly, the absence of NOS1
seems to eliminate the possibility of any dimorphic and/or
treatment-related difference in either the NA or the CP of
these animals (Figure 3E and F).
Finally, since no differences due directly to sex or
treatment were found in either the wild-type or KO animals,
we compared the levels of NO metabolites between the two
groups in the NA and CP regions. Student's t test revealed
signiﬁcant differences both in the NA (p-valueo0.05;
Table 6) and in the CP (p-valueo0.01; Table 7). The wildtype animals had a lower concentration of NO metabolites
than the KO mice in the NA, but a higher concentration in
the CP. These results thus pointed to genotype-related
changes, also different in both regions (Figure 4).

4.

Discussion

4.1. Exclusive expression of NOS1 in striatal
neurons
Our ﬁrst analyses aimed to study the in situ expression of
the three NOS isoforms in order to obtain the cellular
substrate necessary for further explanations of the other
experiments addressed. Our KO animals lack the gene for
NOS1 and hence the protein, the expression of this isoform
only being detectable in neurons of wild-type animals, as
previously described (Kawaguchi et al., 1995). More precisely, the variant of the NOS1 protein that is predominantly
expressed in the striatum is NOS1α. There are another two
variants that are expressed at very low levels in the brain,
NOS1β and NOS1γ, in both wild-type mice and the same KO
animals employed in this work (i.e. KO for NOS1α). Previous
ﬁndings have demonstrated a slight increase in NOS1β
expression in KO mice, although hardly detectable and only
present in a very few striatal neurons (Putzke et al., 2000;
Langnaese et al., 2007). Moreover, in the present study we
employed a polyclonal antibody that detects all three
isoforms, but no labeling was found in the KO animals.
Accordingly, a putative increase in NOS1β expression in the
KO animals, if it existed, would not be observable with the
methodology used and hence would probably be
inconsequential.
NOS2 expression was not detected in either the wild-type
or the KO animals, but clearly appeared in the samples
from injured brains. This is in agreement with previous
ﬁndings demonstrating that NOS2 expression in healthy
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Figure 2 Confocal images showing NOS3 staining; note that this isoenzyme is only detected in blood vessels of both wild-type (A–F) and KO
animals (G–L), with no apparent differences between the sexes (males, A–C, G–I; females D–F, J–L) or treatments (naïve, A, D, G, J; saline, B, E,
H, K; nicotine, C, F, I, L). Scale bar 75 μm.

brains is transient and restricted to neurons disseminated in
certain regions of the brain, but not in the striatum
(Béchade et al., 2014). Conversely, it is expressed in
microglia under conditions related to neurological diseases
or after cerebral damage (Heneka and Feinstein, 2001;
Béchade et al., 2014). Despite this, a basal expression of

NOS2 has been detected by western-blot analysis in the
striatum of mice (Martínez-Lazcano et al., 2007). Thus, it is
not possible to discard a minimal expression of this isoform,
which was not detected with the immunohistochemical
methods employed by us. In any case, in quantitative terms
the expression of NOS2 in the striatum should be similar in
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wild-type and KO mice and therefore a possible compensatory mechanism of this isoform in the latter does not appear
to be plausible (Martínez-Lazcano et al., 2007).
Regarding NOS3 expression, this isoform was only
detected in the blood vessels of both the wild-type and
KO animals, but not in neural cells, in agreement with
previous ﬁndings (Seidel et al., 1997; Lin et al., 2007).
Although some researchers have found NOS3 expression in
neurons and astrocytes, this expression was a result of
damage to the brain parenchyma (Seidel et al., 1997; Lin
et al., 2007). There are only a few works in which the neural
expression of NOS3 has been detected in the basal situation
in rats and humans (Dinerman et al., 1994; Doyle and Slater,
1997), but this is probably due to the different methodologies used for visualization (Seidel et al., 1997; Lin et al.,
2007) as well as species-related particularities. Moreover,
neither the localization of NOS3 in the animals knocked out
for NOS1 nor cerebral blood ﬂow differ from those corresponding to wild-type animals (Atochin et al., 2003;
Martínez-Lazcano et al., 2007). These ﬁndings also rule
out possible compensatory mechanisms of the general
distribution of NOS3 in KO animals, in parallel with those
corresponding to NOS2 expression.

4.2. NOS1 expression in neurons and NO synthesis
in the caudate putamen of wild-type mice
In our analysis of the labeling of NOS1-positive neurons, we
observed a dimorphic cell density in the CP; density was higher
in females than in males. In addition, this neuronal density can
also be considered robust and stable, since the injection of
either saline or nicotine did not change it, even though the CP is
a region related to addiction and stress (Nestler, 2001).
Table 1 Values of MANOVA test for NOS1-positive
neurons in wild-type animals. The multivariate analysis
demonstrates statistical differences related to sex and
the absence of an interaction between factors.
Effect

Lambda
Wilks

Sex
0.355
Treatment
0.604
Sex*treatment 0.827

F

pSigniﬁcation
Value

12.696 0.001 **
2.008 0.121 NS
0.695 0.602 NS

Moreover, the production of NO in this region was even more
constant, since the quantiﬁcation of stable NO metabolites did
not change with any of the three treatments and, in addition, no
dimorphism was detected. Previous studies have reported the
striatum as a dimorphic region (Taskiran et al., 1997; Pögün,
2001; Weruaga et al., 2002; Keser et al., 2011), supporting the
sex-related differences of NOS1-positive neurons in the CP.
Surprisingly, in our hands NO synthesis was not seen to be
dimorphic, thus demonstrating a putative compensatory
mechanism based on either a lower NO synthesis of NOS1
neurons in females or a supplementary production of NOS1 in
males. Accordingly, several studies support the idea of natural
strategies for compensating other primary sex-related differences (De Vries, 2004; Cahill, 2006; Ball et al., 2014). Thus, the
brain attempts to reach optimal functioning in both sexes, even
in very different genetic and hormonal milieus (Gillies and
McArthur, 2010; Ball et al., 2014), the CP being an example of
these compensatory mechanisms.
Regarding this stability of both NOS1 expression and NO
activity in the CP under the different treatments, it may be
concluded that the nitrergic system in mice is not affected by
stress or nicotine. Accordingly, in the CP NO does not modify
other neurotransmitter systems that are well-documented to be
related to both addiction and stress, such as the dopaminergic
or glutamatergic ones (Nestler, 2001).
By contrast, previous experiments have suggested both
dimorphic and also treatment-related changes in NOS1-positive
neurons and NO production in the CP of female rats (Weruaga
et al., 2002). These disparities between our own work and those
previous ﬁndings may be due to differences in the action of
nicotine among species or even strains (Andreasen and Redrobe,
2009). Another possible explanation could lie in the statistical
treatment of our data, which employed multivariate analysis:
this latter, more complex, analysis offers much more complete
and hence more robust information than single comparisons (in
pairs) when multiple factors are present. Finally, it cannot be
ruled out that other types of administration could exert
different effects in this region (Muñoz-Castañeda et al., 2014).
Even though the comparisons in the CP region between males
and females (p-value 0.058) and among treatments (p-value
0.052) were considered non-signiﬁcant, with a more lenient
criterion of 0.05 (arbitrary) “probable” signiﬁcant differences in
these factors could be also discussed. In this sense, on the one
hand, males could have a higher NO synthesis than females; on
the other hand, saline injections might elicit a higher NO
production than the other two experimental conditions (nicotine
treatment and naïve animals). If these small differences were

Table 2 Tests of between-subject effect for NOS1-positive neurons in wild-type animals. The sex-related differences in the
density of NOS1 neurons of wild-type mice (detected with MANOVA) are focused in the CP.
Origin

Dependient variable

Sum of squares

gl

Quadratic mean

F

p-Value

Sex

NA
CP
NA
CP
NA
CP
NA
CP

8.478
152.860
142.172
10.836
1.304
15.748
369.778
85.965

1
1
2
2
2
2
15
15

8.478
152.860
71.086
5.418
0.652
7.874
24.652
5.731

0.344
26.672
2.884
0.945
0.026
1.374

0.566
0.000
0.087
0.411
0.974
0.283

Treatment
Sex*treatment
Error
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Figure 3 Box-plot representations summarizing statistical analyses. (A) Comparison between sexes of NOS1-positive neuron density
in wild-type animals. (B) Comparison among treatments of NOS1-positive neuron density in wild-type animals. (C) Concentration of
stable NO metabolites in the NA of wild-type animals; note the strong interaction between sex and treatment factors (crossing
lines); therefore, further comparisons with discrete factors should not be performed. (D) Concentration of stable NO metabolites in
the NA of KO animals; there is no interaction between sex and treatment factors since there are no crossing lines; in this case, each
factor can be analyzed separately. (E) Comparison between sexes of concentrations of stable NO metabolites in KO animals.
(F) Comparison among treatments of concentrations of stable NO metabolites in KO animals. **po0.01

Table 3 Values of the MANOVA test for NO derivatives
in wild-type animals. The multivariate analysis reveals a
signiﬁcant interaction between the sex and treatment
factors.
Effect

Lambda
Wilks

Sex
0.905
Treatment
0.830
Sex*treatment 0.676

F

pSigniﬁcation
Value

1.937 0.158 NS
1.812 0.136 NS
4.009 0.005 **

taken into account, it could be assumed that the characteristics
of the nitrergic system in the CP of mice would be more akin to
those of rats, in which previous ﬁndings have reported a higher
production of NO in males and a reduced effect of stress with
nicotine injections (Weruaga et al., 2002).

4.3. NOS1 expression in neurons and NO synthesis
in the NA of wild-type mice
The results concerning the density of NOS1-positive neurons
in the NA differed slightly from those obtained for the CP:
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Table 4 Tests of between-subject effect for NO derivatives in wild-type animals. The interaction between the sex and
treatment factors only appears in the NA, thus blurring possible differences related to each factor alone. The CP shows no
statistical differences related to any of the factors or interactions between them.
Origin

Dependient variable

Sum of squares

gl

Quadratic mean

F

p-Value

Sex

NA
CP
NA
CP
NA
CP
NA
CP

0.512
19.727
143.678
33.123
1888.054
2.939
4676.652
196.685

1
1
2
2
2
2
38
38

0.512
19.727
71.839
16.562
944.027
1.470
123.070
5.176

0.004
3.811
0.584
3.200
7.671
0.284

0.949
0.058
0.563
0.052
0.002
0.754

Treatment
Sex*treatment
Error

Table 5 Values of the MANOVA test for NO derivatives
in KO animals. The multivariate analysis ruled out any
statistical differences related to sex, treatment or
interactions among factors.
Effect

Lambda
Wilks

Sex
0.909
Treatment
0.928
Sex*treatment 0.944

F

pValue

1.760 0.187
0.668 0.616
0.511 0.728

Signiﬁcation

NS
NS
NS

they did not express any variations among the three
different treatments, but the NOS1-positive cells of the
NA did not show any sexual dimorphism. These ﬁndings are
in agreement with previous data reporting a constant
distribution of NOS1-positive neurons in the NA of rats,
with only sex-related changes in the CP (Weruaga et al.,
2002). Thus, regarding cell distribution the CP seems to be
the dimorphic part of the whole striatum.
In parallel, and in contrast with the CP, the production of NO
in the NA was affected by a strong interaction between both
factors: treatment and sex. It is not easy to explain these
combined interactions and therefore each factor will be
discussed separately. On the one hand, the levels of NO
metabolites changed after both saline and nicotine injections,
demonstrating changes in the activity of NOS1-positive neurons, with no changes in their population. Although it could be
suggested that such changes in the levels of NO would be due
to the activity of the other two NOS isoforms, the results
concerning the KO mice rule out this possibility (see below). In
addition, variations in NOS1 activity without changes in cell
density have been reported previously (Weruaga et al., 2002),
which also support our results.
Moreover, the strong interaction between the two factors
(sex and treatment) with respect to NO production in the NA of
wild-type mice has one evident manifestation: the variations in
NO levels depending on treatment are completely different in
males and females. The dimorphism in both the naïve and
saline-injected animals, with opposite values in both situations, suggests different compensatory mechanisms in males
and females, as previously described (De Vries, 2004). Moreover, previous reports have demonstrated that stressing stimuli
also elicit dimorphic changes in neurotransmitter release in the
NA of rodents, with almost no effect on the CP (Mora et al.,

2012; Gillies et al., 2014). Intriguingly, treatment with nicotine
removed all the dimorphic differences in this region, modifying
NOS1 activity differently in males and females and ﬁnally
leading to the observation of similar values of NO in both sexes.
In this sense, previous reports have also demonstrated an
anxiolytic effect of nicotine in both male and female mice, but
via dimorphic mechanisms (Muñoz-Castañeda et al., 2014).

4.4.

NO in the striatum of KO animals

Our results revealed that regarding both sex and treatment
the KO animals showed no differences in NO production in
either the CP or NA. Accordingly, the differences detected
in NO production by wild-type animals for either factor must
be due exclusively to NOS1, since this enzyme is absent in
KO mice. Moreover, this absence of effects in the KO
animals also rules out any variation in putative NO production from the β and γ variants of NOS1, such effects thus
remaining undistinguishable (Putzke et al., 2000; Langnaese
et al., 2007).
Finally, on comparing the levels of NO metabolites in both
phenotypes, we detected opposite differences in the two
regions analyzed. The levels of NO metabolites in the CP are
in strong agreement with the lack of NOS1 in the KO
animals, since these mice have lower values than wildtype animals, the NOS3 from blood vessels probably being
the only source of NO (Seidel et al., 1997; Lin et al., 2007).
Surprisingly, in the NA the levels of NO metabolites of the
KO animals were higher than those of the wild-type mice.
Thus, an increase in the activity of the NOS3 of blood vessels
seems to be a good candidate for this exacerbated NO
synthesis. Although other authors have not detected
increases in the NOS3 isoform in animals KO for NOS1
(Atochin et al., 2003; Martínez-Lazcano et al., 2007), they
analyzed different regions and different experimental conditions, but not zones and procedures related to addiction
and stress, as was the case here. Indeed, our results in the
wild-type animals showed that NO production the NA was
affected – dimorphically – by stress and nicotine injections.
Thus, NO is strongly involved in the response of the NA to
stress and nicotine, and since KO animals lack NOS1, an
increase in NO production due to NOS3 may be elicited in
this region in an attempt to compensate the lack of NOS1. In
addition, this increase in the NO production of KO mice was
not sexually dimorphic, which is in agreement with previous
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Table 6 Student's t test in NA. The Levene test ruled out equal variances between wild-type and KO animals regarding NO
production. Student's t test performed according to this assumption revealed statistical differences between genotypes in
the NA.
Levene test for equality of variances

Student's t test

F

p-Value

t

4.202

0.043

2.127

Assumption of different variances

gl

p-Value

82.647

0.036

Table 7 Student's t test in CP. The Levene test ruled out equal variances between wild-type and KO animals regarding NO
production. Student's t test performed according to this assumption revealed statistical differences between genotypes in
the CP.
Levene test for equality of variances

Student's t test

F

p-Value

t

gl

p-Value

12.821

0.001

3.515

77.080

0.001

Assumption of different variances
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Figure 4 Comparison between genotypes of concentrations of
stable NO metabolites. Note statistical differences between
genotypes in both striatal regions. *po0.05; **po0.01

ﬁndings (Seidel et al., 1997; Lin et al., 2007). In fact, this
non-dimorphic compensation – in a region naturally
dimorphic for NO synthesis – may be one of the reasons
for the observed sex-related behavior abnormalities in
NOS1-KO mice under conditions of stress and nicotine
treatment (Muñoz-Castañeda et al., 2014). Accordingly,
targeted modulations for NOS3 production eliminate sexrelated abnormal behavior in NOS1-deﬁcient mice (Demas
et al., 1999), supporting our hypothesis.
To conclude, our work constitutes another step in the
investigation of the different implications of nicotine addiction in both sexes. Further analyses should be performed to
clarify possible sex-related synergies or compensations of
other neurotransmitter systems, as well as similarities with
other drugs regarding these issues.
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