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Abstract
Recently, we demonstrated that intact nitric oxide (NO) signaling is essential for the development
of cocaine behavioral sensitization in adulthood [2]. Given the requirement of dopamine (DA)
transmission in cocaine-induced behavioral sensitization and the interactions between NO and DA
systems, the present study investigated the role of the neuronal nitric oxide synthase (nNOS) gene
and the effect of cocaine on the expression of tyrosine hydroxylase (TH)-immunoreactive (-ir)
neurons. Adult (postnatal day 80) wild type (WT) and nNOS knockout (KO) mice received saline
or a sensitizing regimen of cocaine (20mg/kg) for 5 days. After 24h, TH immunoreactivity was
assessed in the ventral tegmental area (VTA) and the dorsal striatum (dST) using stereology and
western blotting, respectively. We report that a) nNOS KO mice express lower levels of TH-ir
neurons in the VTA compared to WT counterparts, b) cocaine administration to WT mice
significantly increased striatal TH expression, and c) the same cocaine administration to nNOS KO
mice significantly decreased striatal TH expression. Thus, the nitrergic system may contribute to
cocaine-induced behavioral sensitization by regulating dopaminergic neurotransmission.
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Introduction
In the central nervous system, nitric oxide (NO) is thought to be a highly reactive neuronal
signaling molecule [8]. NO is produced from arginine via neuronal nitric oxide synthase
(nNOS) in response to calcium influx caused by stimulation of N-methyl-D-aspartate (NMDA)
subtype of glutamate receptors [10,33]. Compelling evidence from neuroanatomical studies
suggests the existence of interaction between dopaminergic and nitrergic systems. In nearly
all mesolimbic, corticostriatal, and nigrostriatal regions such as the ventral tegmental area
(VTA), nucleus accumbens (NAC), dorsal striatum (dST), substantia nigra, and frontal cortex,
populations of tyrosine hydroxylase (TH)-immunoreactive (ir) and NOS-ir neurons interact
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with each other as manifested by the presence of NOS-ir endings on TH-ir neurons and vice
versa [4,9,12,20,25]. The close appositions provide the locus at which NO can affect the release
and uptake of dopamine (DA). NO exerts facilitatory influence on both tonic extracellular DA
levels and phasic DA neuron spike activity [11,38,39]. Striatal NO transmission is facilitated
via nigrostriatal DA and frontal cortical glutamate afferents [19,30,31]. Among other
mechanisms, NO has been shown to inhibit the function of DA transporters [17,19,23,28,37]
thereby facilitating dopaminergic transmission. The effect of NO on monoamine transporters
is believed to represent a new form of interneuronal communication, that is, a nonsynaptic
interaction that does not involve classical receptors [18].

The interactions between DA, glutamate, and NO in mesolimbic and corticostriatal circuits
[7,17] suggest that NO may contribute to the effects of cocaine. Acute systemic administration
of cocaine significantly increased NO efflux in the medial prefrontal cortex (PFC) in a time-
dependent manner [32]. Furthermore, cocaine administration has been shown to regulate
nNOS. Chronic cocaine administration followed by 1h of withdrawal increases NOS activity
in the cerebral cortex, cerebellum, midbrain, hypothalamus, hippocampus, amygdala, and
spinal cord [5]. A significant cocaine-induced up-regulation of nNOS expression was observed
at 24h but not 72h or 14 days of withdrawal in the frontal and parietal cortices [22].

Recently we reported that repeated, but not acute, cocaine administration resulted in a
significant increase in the expression of nNOS-ir neurons in the dST 24h [2] but not 10 days
(unpublished data) after cocaine administration was discontinued. Also, while WT males
developed long-lasting sensitization to cocaine, nNOS knockout (KO) counterparts failed to
do so. Together, these findings suggest that the nNOS gene has a role in the development of
behavioral sensitization to cocaine [2]. There is also strong evidence that DA transmission,
particularly in the VTA, is necessary for the development of cocaine sensitization [36]. The
present study investigated the role of the nNOS gene in the expression of TH-ir neurons, and
the effect of cocaine on TH-ir neurons. We report that a) nNOS KO mice express lower levels
of TH-ir neurons in the VTA compared to WT counterparts, b) cocaine administration to WT
mice significantly increased striatal TH expression, and c) the same cocaine administration to
nNOS KO mice significantly decreased striatal TH expression.

Materials and Methods
Animals

Mice purchased from Jackson Laboratories (Bar Harbor, Maine) were bred in our facilities at
the University of Miami, Miller School of Medicine, Miami, FL as we described previously
[1]. Both genotypes, WT and nNOS KO, were generated on a mixed B6;129S genetic
background [14]. Animals were housed in a temperature- (22±0.5°C) and humidity- (50%)
controlled room and maintained on a 12-h light/dark schedule with free access to food and
water. Animal care was in accordance with the Guide for the Care and Use of Laboratory
Animals (National Research Council, National Academy Press, 1996) and approved by the
University of Miami Animal Care and Use Committee.

Schedule of cocaine administration
Cocaine-HCl (Sigma, St. Louis, MO) was dissolved in 0.9% NaCl. All injections were given
intraperitoneally (IP) in a volume of 0.1ml/10g weight.

Immunohistochemistry of TH
Adult (PD80) WT and nNOS KO male mice (n=4–5/group) were administered saline and
cocaine (20mg/kg) for 5 days. The purpose of this schedule was to replicate the cocaine
sensitizing-regimen we used previously in behavioral experiments [2]. Twenty four hours after
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the last saline or cocaine injection, mice were anesthetized with a mixture of ketamine (100
mg/kg) and xylazine (10 mg/kg). After loss of the foot-pinch response, mice were perfused
transcardially via the left ventricle with sodium phosphate-buffered saline (PBS) followed by
p-formaldehyde (4%) in PBS. The brains were removed and post-fixed overnight in the same
fixative at 4°C. Serial coronal sections (50 μm) were cut with a Vibratome 1000 (TPI Inc., St.
Louis, MO), collected in PBS and blocked for 1h at room temperature with normal goat serum
(10%) in PBS containing Triton X-100 (0.3%). Sections were then incubated (72h; 4°C) with
a rabbit polyclonal antibody to TH (1:3000, Chemicon, Temecula, CA) diluted in a vehicle of
2% normal goat serum with 0.3% Triton X-100 in PBS. After 3×10min washes the sections
were then incubated for 1h at room temperature in biotinylated goat anti-rabbit IgG diluted
1:100 in vehicle. The signal was then amplified using the Vectastain Elite ABC
immunoperixodase kit (Vector Laboratories, Burlingame, CA) and visualized with 0.05%
DAB and 0.02% H2O2 in 50mM Tris Buffer. Sections were then rinsed 2×5min in PBS,
mounted onto slides, and coverslipped. Negative control sections were treated in the same way
as described, except that the primary antibody was omitted from the staining procedure.

Stereology
To quantify the total number of TH-ir neurons in the VTA, the optical fractionator method, a
stereological technique, was used as we described previously [2]. For cell counts, sections were
stained with DAB as the chromogen. Eight coronal sections (50 μm) were selected, taken at
equally spaced intervals (100μm) through the full rostrocaudal extent of the midbrain and
analyzed using a Zeiss Axiophot microscope equipped with software that includes an optical
fractionator probe (StereoInvestigator, Microbrightfield). To perform cell number estimation
in the structure volume, the optical fractionator method and optical disector probe were used.
Dimensions of the optical disector were designed based upon the cell distribution in the section,
and optical fractionator grid size was determined based upon the results of preliminary counts
of the naive brain sample to allow 100–200 counts per region of the VTA. Thus, the standard
counting method used was a counting frame (dissector; 65×65μm) and (fractionator;
150×150μm) to meet the high standards of systematic random sampling. The appropriateness
of the sampling scheme chosen was evaluated by calculating the precision of the estimates in
each animal, expressed as the coefficient of error [40]. In all cases, the coefficient of error was
less than 0.10, suggesting that a minimal amount of variance in the counts can be attributed to
the technique.

Western Blotting Experiments of TH
Adult (PD80) WT and nNOS KO male mice (n=4–5/group) were administered saline or cocaine
(20mg/kg) for 5 days. Twenty four hours after the last saline or cocaine injection, striatum were
microdissected and homogenized twice in 100 volumes of ice cold RIPA Buffer (50mM Tris-
HCl pH7.5, 5mM EDTA, 150 mM NaCl, 0.5% NP-40 supplemented with 1mM PMSF, 1ug/
ml pepstatin, 1ug/ml aprotinin, and 2ug/ml leupeptin) and incubated for 15 minutes. The
homogenate was centrifuged and the supernatants collected. Protein concentrations were
determined using the Lowry protein assay with bovine serum albumin as a standard. Proteins
were separated using 7.5% SDS-PAGE and transferred to PDVF membranes. Membranes were
incubated in blocking buffer (5% nonfat dry milk in Tris buffered saline (TBS) [20mM Tris-
HCl (pH 7.4), and 150mM NaCl]) containing 0.1% Tween-20 (TBS-T) for 1h at RT.
Membranes were incubated with a rabbit polyclonal antibody to TH (1:4500) (Santa Cruz
Biotechnology, CA). Membranes were then washed 30 minutes with 3 intermediate changes
of TBS-T. The blots were then incubated (1hr at RT) with horseradish peroxidase-conjugated
goat anti-rabbit secondary antibody at a dilution of 1:2000 and washed with TBS-T
3×10minutes. Visualization of the signal was enhanced by chemiluminescence using a
Phototope-HRP Detection Kit (Pierce, Rockford, IL). To control for protein loading,
immunoblots were stripped with Restore Western blot stripping buffer (Pierce, Rockford, IL),
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and blotted for a mouse monoclonal to β-tubulin (1:15,000, Upstate, NY). Quantification of
band density was performed using UN-SCAN-IT gel quantifying software (Silk Scientific Inc,
Utah) and data were normalized to β-tubulin.

Statistical Analysis
Statistical analysis was performed with SPSS 16 software. The numbers of VTA TH-ir neurons
were analyzed using a two-way ANOVA (treatment × genotype) followed by post hoc analysis
using Bonferroni correction to determine differences between multiple groups. Striatal TH
protein levels in saline- and cocaine-treated mice were compared using unpaired, two-tailed
Student’s t test. P values less than 0.05 were considered significant for all tests. Data are
expressed as ±SEM.

Results
Stereological estimation of the total number of TH-ir neurons in the VTA

To quantify the changes in the number of TH-ir neurons in the VTA, DAB stained sections
were counted using stereology. Fig. 1 shows the effect of repeated saline administration
compared to the effect of repeated cocaine administration (20 mg/kg×5 days) in WT and nNOS
KO mice. A two-way ANOVA (treatment × genotype) revealed a significant genotype effect
F(1, 11)=27.60; p<0.001 and a non-significant treatment effect F(1,11)= 0.6793; p=0.4274.
Post hoc analysis using Bonferroni correction revealed a significant reduction in the number
of TH-ir neurons in the VTA of nNOS KO animals when compared to their WT counterparts
when treated with either saline or cocaine (p<0.01 and p<0.05). These findings suggest that
the absence of nNOS leads to decreased expression of TH in the VTA. Notably, however,
cocaine administration had no effect on VTA TH expression in either WT or nNOS KO mice.

Western blot analysis of TH-ir terminals in the dST
To quantify the changes in dopaminergic (TH-ir) nerve terminals in the dST we performed
western blot analysis. Fig. 2A shows the effect of genotype on TH protein levels in control
(saline-treated) mice. Student’s t-tests (unpaired, two-tail) revealed that there was no
significant difference in TH protein levels between WT and nNOS KO mice under saline treated
conditions. Fig. 2B and 2C shows the effect of genotype on cocaine mediated alterations in
striatal TH. Student’s t-test (unpaired, two tail) showed that repeated cocaine administration
induced a significant increase in striatal TH protein levels in WT mice when compared to
saline-treated controls (t=2.91, p<0.05) (Fig. 2B). Conversely, in nNOS KO mice (Fig. 2C),
repeated cocaine administration resulted in a reduction in striatal TH protein levels when
compared to saline treated controls (t=3.171, p<0.05) suggesting that, in the absence of nNOS,
TH is down-regulated after cocaine exposure.

Discussion
We have recently shown that administration of cocaine (20mg/kg) for 5 days to WT and nNOS
KO mice resulted in: 1) long-lasting sensitization of WT mice but not nNOS KO mice, and 2)
an increase in expression of nNOS-ir neurons in the dST of WT mice [2]. Given the interactions
between nitrergic and dopaminergic transmission (Introduction), the present study investigated
the role of the nNOS gene in the expression of TH-ir neurons, and the effect of cocaine on TH-
ir neurons. The major findings are: 1) nNOS KO mice express reduced levels of TH-ir neurons
in the VTA compared to WT counterparts, 2) a sensitizing regimen of cocaine significantly
increased striatal TH expression in WT mice, and 3) the same regimen of cocaine significantly
decreased striatal TH expression in nNOS KO mice.
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VTA TH-ir neurons: Effects of genotype and cocaine
Cocaine-induced behavioral sensitization is largely a DA-dependent phenomenon. Repeated
microinjection of cocaine in the VTA (DA cell body region) and not into the NAC or dST (DA
terminal fields) produces behavioral sensitization to subsequent systemic drug challenge, while
microinjection of a DA antagonist directly into the VTA region prevents the development of
behavioral sensitization to peripherally administered drugs [36]. These findings suggest that
DA transmission in the VTA is necessary for the induction of cocaine sensitization [36]. Thus,
the diminished expression of TH-ir neurons in the VTA of nNOS KO mice compared to WT
counterparts (Fig. 1) may contribute, in part, to the resistance of nNOS KO mice to cocaine-
induced behavioral sensitization [2,16]. We conclude that psychomotor sensitization relies on
an intact nitrergic system possibly due to modulation of dopaminergic neurons. Fewer TH-ir
neurons in the VTA of nNOS KO mice is most likely a direct consequence of the lack of the
nNOS gene throughout development suggesting an essential role of nNOS in regulating the
mesolimbic DA system. However, future studies are needed to determine if the deficiency in
nNOS results in the death or a loss of dopaminergic phenotype in the VTA neurons.
Nevertheless, the reduced expression of VTA TH-ir neurons we observed in nNOS KO mice
is in agreement with the reduced TH protein levels observed in the adrenal glands and
hypothalamus of these mice [26,42].

Finally, the number of TH-ir neurons in VTA were unaffected by repeated cocaine treatment,
regardless of genotype (Fig. 1). These results are in agreement with previous reports
demonstrating that TH protein and mRNA levels in the VTA were also unaffected by repeated
cocaine administration [13,34], but may be at odds with other reports showing increases in TH
protein and activity [3,24]. However, thus far, the direction of cocaine-induced modulation of
VTA dopaminergic transmission remains controversial most likely due to differences in
species, technical assessment (Western Blot vs in situ hybridization), cocaine regimen, and the
time elapsed after cocaine treatment and assaying.

Striatal TH-ir terminals: Effects of genotype and cocaine
DA projections most often linked with psychostimulant-induced behavioral sensitization are
the mesoaccumbens projections from the VTA to the NAC [21]. However, DA projections
from the substantia nigra pars compacta (SNc) to the dST have also been implicated [27]. In
the dST, medium spiny neurons have connectivity to the substantia nigra pars reticulata and
internal segment of the globus pallidus, which, in turn, control thalamocortical neurons and
thus motor activity [6]. It is thought that the ventral striatum primarily controls the reinforcing
effect of psychostimulants while the dST controls the psychomotor effects and stimulus–
response habit formation [41]. A sensitized release of DA in the dST could contribute to the
expression of behavioral sensitization to cocaine. This neurochemical sensitization in the dST
is thought to be involved in habitual cocaine seeking behavior [15,35]. Thus, both the
mesolimbic and the nigrostriatal pathways have been implicated in behavioral sensitization.

While no differences were detected in the TH-ir fibers of the dST under basal conditions (Fig.
2A), significant genotypic differences were noted after repeated cocaine administration (Fig.
2B and 2C). Our cocaine-sensitizing regimen resulted in a significant increase in TH protein
levels in the dST of WT mice (Fig. 2B). This cocaine-induced overexpression of dST TH is
reminiscent of the cocaine-induced overexpression of dST nNOS-ir neurons we observed
previously [2], suggesting mutual regulation of dST nitrergic/dopaminergic transmission by
cocaine. Conversely, cocaine induced a decrease in dST TH-ir fibers in nNOS KO mice (Fig.
2C). The findings that cocaine treatment leads to 1) a concomitant increase in both nNOS and
TH in the dST of WT mice that develop sensitization, and 2) a reduction in TH in nNOS KO
animals that are resistant to sensitization, suggests that nNOS plays a role in the cocaine-
mediated increase in TH. Thus, it appears that the overexpression of dST nNOS and TH is

Balda et al. Page 5

Neurosci Lett. Author manuscript; available in PMC 2010 July 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



associated with cocaine-induced behavioral sensitization. In summary, results of the present
study suggest that the nNOS gene, the level of TH expression in VTA, and the regulation of
TH in the dST are associated with a sensitizing-regimen of cocaine.
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Figure 1. Stereological analysis of TH expression in the VTA of WT and nNOS KO mice after saline
and cocaine administration
WT and nNOS KO mice received saline or cocaine (20mg/kg) for 5 consecutive days. After
24 hr animals were perfused and brain tissue was prepared for staining of TH-ir neurons, as
described in Materials and Methods. A significant genotype-dependent effect was observed
(**p<0.01 and *p<0.05) as the number of TH-ir neurons in the VTA of nNOS KO mice was
lower than that in their WT counterparts, regardless of cocaine treatment which had no
significant effect on the number of VTA TH-ir neurons.
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Figure 2. Effects of genotype and cocaine on striatal TH-ir terminals
Representative immunoblots demonstrating the effect of genotype on the levels of TH under
control (saline-treated) conditions (A) and after repeated cocaine administration (B; WTs and
C; KOs). dST lysates were immunoblotted with an antibody against TH. β-Tubulin was used
as control for protein loading. WT and nNOS KO mice do not differ in the levels of dST TH
when treated with saline (A). Repeated cocaine treatment significantly increases levels of dST
TH in WT mice when compared to saline treated controls (* p<0.05) (B). Conversely, cocaine
administration significantly decreases levels of striatal TH in nNOS KO mice when compared
to saline treated controls (**p<0.01) (C).
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