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Nicotine, the main psychoactive ingredient in tobacco, stimulates dopamine
(DA) function, increasing DA neuronal activity and DA release. DA is involved
in both motor control and in the rewarding and reinforcing effects of nico-
tine; however, the complete understanding of its molecular mechanisms is
yet to be attained. Substantial evidence indicates that the reinforcing prop-
erties of drugs of abuse, including nicotine, can be affected by the nitric oxide
(NO) system, which may act by modulating central dopaminergic function. In
this study, using single cell recordings in vivo coupled with microiontophore-
sis and microdialysis in freely moving animals, the role of NO signaling on
the hyperactivation elicited by nicotine of the nigrostriatal system was inves-
tigated in rats. Nicotine induced a dose-dependent increase of the firing ac-
tivity of the substantia nigra pars compacta (SNc) DA neurons and DA and
3,4-dihydroxyphenylacetic acid (DOPAC) release in the striatum. Pharmaco-
logical manipulation of the NO system did not produce any change under basal
condition in terms of neuronal discharge and DA release. In contrast, pretreat-
ments with two NO synthase (NOS) inhibitors, N-ω-nitro-L-arginine methyl
ester (L-NAME) and 7-nitroindazole (7-NI) were both capable of blocking the
nicotine-induced increase of SNc DA neuron activity and DA striatal levels. The
effects of nicotine in L-NAME and 7-NI-pretreated rats were partially restored
when rats were pretreated with the NO donor molsidomine. These results fur-
ther support the evidence of an important role played by NO on modulation
of dopaminergic function and drug addiction, thus revealing new pharma-
cological possibilities in the treatment of nicotine dependence and other DA
dysfunctions.

Introduction

Nicotine, the major psychoactive agent present in to-
bacco, acts as a potent addictive drug both in humans
and laboratory animals [1–4]. A large body of evidence
indicates that the locomotor activation and the reinforc-
ing effects of nicotine may be related to its stimulatory
effects on the mesolimbic and nigrostriatal dopaminer-
gic functions [5–7]. Moreover, it is now well established
that nicotine can increase in vivo dopamine (DA) out-

flow in the nucleus accumbens and the corpus stria-
tum [8–12]. The stimulatory effect of nicotine on DA
release most probably results from its ability to excite
neuronal firing and increase bursting activity of DA neu-
rons in the substantia nigra pars compacta (SNc) and the
ventral tegmental area (VTA) [13–18] and from its stim-
ulatory action on DA terminals in the corpus striatum
and the nucleus accumbens [19,20]. Evidence indicates
that the reinforcing properties of nicotine can be af-
fected by several transmitter systems; among them the
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unorthodox nitric oxide (NO) neuromodulator seems to
play a crucial role. In addition, a large body of evidence
supports a direct DA/NO interaction under normal and
pathological conditions such as Parkinson’s disease (PD),
schizophrenia, depression, and in drug addiction [21–25].
Hitherto, the role of NO in DA control is controversial
[26]. On the contrary, evidence regarding the interre-
lationship between NO and drug of addiction such as
nicotine is substantial and compelling. NO potentially
contributes to nicotine central effects, such as reward,
addiction, sensitization, and cognitive enhancement
[25,27], although the exact neuronal mechanism of this
modulation is still unclear, especially in the nigrostriatal
system.

To this end, in the present study the effect of
pharmacological manipulation of the nitrergic system
on nicotine-induced nigrostriatal DA hyperactivity was
evaluated by using single-cell extracellular recordings
coupled with microiontophoresis of chloral hydrate-
anesthetized rats and microdialysis in freely moving rats.
To test the hypothesis that NO is crucial in nicotine
effects, the influence of pretreatment with N-ω-nitro-
L-arginine methyl ester (L-NAME) and 7-nitroindazole
(7-NI) on nicotine-induced excitation of nigrostriatal DA
function was evaluated. The reversion of the effect of
the NO system inhibition with molsidomine (MOL, a
NO donor) cotreatment on nicotine-induced hyperactiv-
ity was also investigated.

Some of this work has been published previously in
abstract form (at the IBAGS IX).

Materials and Methods

Male Sprague–Dawley rats, from Charles River Labora-
tories (Calco, Varese, Italy) were housed at appropri-
ate environmental conditions (21 ± 2◦C room temper-
ature, 12-h light/dark cycle, 40–60% humidity). Water
and food was provided ad libitum. Procedures involving
animals and their care were conducted in accordance
with the institutional guidelines in compliance with na-
tional (D.L. no. 116, G.U., suppl. 40, 18 Febbraio 1992)
and international laws and policies (EEC Council Direc-
tive 86/609, OJ L 358,1, Dec. 12, 1987; NIH Guide for
the Care and Use of Laboratory Animals, NIH Publication N.
85–23, 1985 and Guidelines for the Use of Animals in
Biomedical Research, Thromb. Haemost. 58, 1078–1084,
1987).

Electrophysiological Recording

Experiments were performed in chloral hydrate-
anesthetized rats (400 mg/kg, i.p.). Nigral DA cells were

recorded extracellularly as described previously [28].
Briefly, extracellular recordings were performed using
either single- or multibarrel micropipettes. The central
barrel of microiontophoretic electrode, filled with 2%
Pontamine Sky Blue dye in 2 M NaCl, was used for
recording (in vitro resistance 4–7 M�) while one of
the side barrels, filled with 2 M NaCl, was used for
continuous automatic current balancing. The remain-
ing barrels contained L-NAME (50 mM, pH 6.5) and
L-arginine (L-ARG; 50 mM, pH 5.5–6.0). DA neurons
were identified by their location, waveform, firing rate,
and pattern [29,30].

Microdialysis

Microdialysis was performed according to Di Matteo et al.
[12]. Experiments were conducted the day after the
surgery, in awake, freely moving animals. A microdialysis
probe (CMA/10, 3 mm 500 μm outer diameter, Carnegie
Medicin, Stockholm, Sweden) was lowered through the
guide cannula to reach a depth of 6 and 8 mm below the
dura surface [29]. The rat was placed in a CMA/120 sys-
tem for freely moving animals (Carnegie Medicin, Stock-
holm, Sweden), and every 20 min samples of perfusate
were collected and immediately assayed by high per-
formance liquid chromatography (HPLC) with electro-
chemical detection. Dialysate samples were analyzed by
reversed-phase HPLC coupled with electrochemical de-
tection (see [12] for extra details).

Drug Administration Protocols

In the electrophysiological experiments, nicotine, apo-
morphine, L-NAME, L-ARG, and MOL were freshly di-
luted in physiological saline (0.9% NaCl). 7-NI was
dissolved in 200 μL of 10% DMSO, made up to almost re-
quired volume with 0.9% saline. Nicotine (25-400 μg/kg)
was administered i.v. (via a lateral tail vein) every 2 min
in exponentially increasing doses.

7-NI (50 mg/kg i.p.) and L-NAME (50 mg/kg i.p.) were
given 10–15 mins before nicotine or saline injections. In
some rats, 7-NI and L-NAME were coadministrated with
MOL before nicotine. In a number of instances, apo-
morphine (10–30 μg/kg i.v.) was given at the end of
the experiment to confirm the dopaminergic identity of
the neuron recorded. For the microiontophoresis appli-
cations, L-NAME and L-ARG were continuously ejected
for 5 min with current at +40 nA.

In the microdialysis experiments, all pharmacological
treatments were performed following the stabilization of
DA levels in the perfusate. 7-NI or L-NAME were in-
jected 20 min prior to nicotine administration. MOL was
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coadministrated with 7-NI or L-NAME. The effect of the
vehicle of 7-NI did not differ from saline in both electro-
physiological and neurochemical experiments; therefore
these data were pooled together and are subsequently re-
ferred to as the control vehicle.

Data Analysis

Electrophysiological data acquisition and analysis were
accomplished using an integrated software package for
electrophysiology (RISI; Symbolic Logic, Dallas, TX,
USA). A total of 300–500 consecutive spikes were
recorded for each neuron before and at the peak of drug
effect. Burst firing, when present, was detected using an
algorithm similar to that previously described [30]. The
difference (�) between the percentage of spikes fired
within bursts during the baseline period from the per-
centage of spikes fired within bursts after drug adminis-
tration was used as a measure of drug-induced changes
in bursting. Inasmuch as burst firing values did not show
a normal distribution, they were analyzed by the non-
parametric Mann-Whitney U test. Drug-induced changes
in neuronal firing rate were analyzed by one- or two-
way analysis of variance (ANOVA) with repeated mea-
sures followed by post hoc Tukey-Kramer tests, where ap-
propriate. Differences between basal DA neuronal activity
in rats treated with nicotine were analyzed by Student’s
t-test.

In dialysis experiments, DA and DOPAC contents in
each sample were expressed as the percentage of the av-
erage baseline level calculated from three fractions col-
lected before drug administration. Data corresponded to
mean ± SEM values of the percentage obtained in each
experimental group. Data were analyzed by one-way or
two-way ANOVA with repeated measures followed by
post hoc Tukey-Kramer test, where appropriate. Differ-
ences between basal DA and DOPAC outflow in the dif-
ferent groups were analyzed by Student’s t-test.

All statistical analyses were performed with StatView
version 5.0.1 (SAS Institute Inc., Cary, NC, USA).

Histology

Microscopic examination of the sections was carried out
to verify that the electrode tip and microdialysis probe
position.

Drugs

(–)-Nicotine hydrogen tartrate salt, 7-NI, MOL, L-NAME,
L-ARG were purchased from Sigma (Milano, Italy).

Results

Effects of 7-NI, MOL, l-NAME, l-ARG on the Firing
Basal Properties and on Acute Nicotine-Induced
Excitation of DA Neurons in the SNc

In a first series of experiments the effects of two NOS in-
hibitors, L-NAME (50 mg/kg, i.p.) and 7-NI (50 mg/kg,
i.p.), were evaluated for at least 30 min or more, at 5-
min intervals (Figure 1A, B)

Systemic administration of L-NAME (Figure 1A, D) did
not cause any significant change in the basal firing rate
and bursting activity (Table 1) of the SNc DA neurons
recorded compared to vehicle effect (n = 10; P > 0.89).
The administration of 7-NI (Figure 1D) elicited a slight
decrease of the firing rate that reached the peak at 30 min
(–13.5 ± 15.7%, n = 6, P > 0.63). In two cells the pat-
tern mode was strongly affected. A neuron showed a de-
crease of spikes fired in bursts at 20 min from the drug
treatment (� = –21.3) and did not recover until the
end of the recording. In another neuron, the � decrease
(≈ –30) was observed 15 min after 7-NI injection and was
followed by a gradual return to the predrug value (at
30 min � = −0.4). Overall, the effect of 7-NI in terms of
firing rate (Figure 1D) and pattern (Table 1) was statisti-
cally not significant when compared to the vehicle group
(n = 10).

Accordingly, treatment with the NO precursor L-ARG
(50 mg/kg, i.p. n = 6, Figure 1D) and the NO releaser
MOL (Figure 1C) (50 mg/kg, i.p.; n = 6) did not pro-
duce any significant modification of both the neuronal
discharge rate (Figure 1C, D) and pattern (Table 1) when
compared to the vehicle group. Similarly, the modifica-
tion of NO levels within the SNc, by 5 min application of
L-NAME (40 nA, n = 4) or L-ARG, (40 nA; n = 5) was
inactive on the basal electrophysiological activity of DA
SNc neurons (Table 1).

Nicotine (25–400 μg/kg, i.v.) significantly caused a
dose-dependent increase of the firing rate (n = 7; P <

0.05; Figure 2A) and the bursting activity (P < 0.05;
Table 1) compared to the vehicle group (n = 10). Al-
though all cells were excited by nicotine in terms of firing
rate and discharge pattern, the degree of response was not
entirely uniform. As shown by the dose–response curve
reported in Figure 2D, nicotine reached its maximal effect
on the firing rate (+93 ± 19%, above baseline) at the cu-
mulative dose of 775 μg/kg. At the same dose, the spikes
fired in bursts increased to a � equal to 20.41 ± 7.5 (P <

0.05 compared with vehicle group).
In order to evaluate the role of NO on nicotine-induced

excitatory effect of SNc DA neurons, two groups of rats
were pretreated with 7-NI or L-NAME (50 mg/kg i.p.
n = 5 each drug), respectively (Figure 2B, C). Both NOS
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Figure 1 Effect of systemic and local manipulation of NO signaling on the

firing rate of dopaminergic SNc neurons. Representative rate histograms

showing the effects elicited by i.p. administration (at arrows) of l-NAME

(50 mg/kg) (A), 7-NI (50 mg/kg) (B), MOL (50 mg/kg) (C). APO, apomorphine

administration (10 μg/kg i.v., at arrow). (D) Cumulative dose–response

curve showing the mean percentage change (± SEM) in firing rate after

vehicle, 7-NI (50 mg/kg), l-NAME (50 mg/kg), MOL (50 mg/kg) and l-ARG

(50 mg/kg).

Table 1 Effects of nitric oxide drugs and nicotine on the firing pattern of

SNc dopaminergic neurons

Treatment �burst

Vehicle 0.83 ± 1.61

l-NAME (i.p.) −0.14 ± 2.9

l-NAME (iontophoresis) −0.04 ± 1.6

7-NI (i.p.) −5.70 ± 3.1

l-ARG (i.p.) −2.33 ± 6.5

l-ARG (iontophoresis) −0.48 ± 1.6

MOL (i.p.) 1.62 ± 1.5

Nicotine (i.v.) 20.41 ± 7.51a

Nicotine + l-NAME (i.v.+ i.p.) 9.9 ± 7.01b

Nicotine + 7-NI (i.v.+ i.p.) 4.9 ± 2.6b

Nicotine + l-NAME + MOL (i.v.+ i.p.) 15.2 ± 6.68a

Nicotine +7-NI + MOL (i.v.+ i.p.) 9.46 ± 11.01b

aP < 0.05 compared with vehicle group, bP < 0.05 compared to nicotine

(Mann-Whitney U test).

inhibitors significantly prevented nicotine-induced in-
crease of DA firing rate and burst firing when compared
to the vehicle group (P < 0.05; n = 10). 7-NI and L-NAME
were injected 10–15 min before administration of cumu-
lative doses of nicotine (25–400 μg/kg, i.v.). In 7 of 10
neurons the effects of the NOS inhibitors and nicotine
administration were recorded on the same cells. Three

neurons were lost after the NOS inhibitor injection (i.e.,
two for 7-NI and one for L-NAME) and neighbor DA cells
were recorded and evaluated for the nicotine effect. In
these cases, the interval between the NOS blocker admin-
istration and the start of nicotine dose–response was still
between 10 and 15 min.

The maximum nicotine-induced excitation at the cu-
mulative dose of 775 μg/kg after 7-NI and L-NAME in-
jection was reduced to 17 ± 13% and 36 ± 20%, respec-
tively (Figure 2D). In terms of burst firing, nicotine was
capable of eliciting only a � variation of 9.9 ± 7.0 and
4.9 ± 2.6 when the animals were pretreated with 7-NI
and L-NAME, respectively (Table 1).

The effects of nicotine in L-NAME and 7-NI-pretreated
rats could be partially restored when rats were coadminis-
trated with MOL (50 mg/kg i.p; Figure 2D). Thus, in com-
bined L-NAME + MOL pretreated rats nicotine evoked
a significant increase of firing rate group 87.0 ± 15.8%
(P < 0.003; n = 7; Figure 2A) that was not different to the
nicotine group (P > 0.5; n = 7; Figure 2D). 7-NI coadmin-
istrated with MOL did not significantly counteract the ex-
citatory nicotine effect only at the higher dose (P > 0.1).
In addition, MOL was able to restore the nicotine effect in
the L-NAME rats in terms of burst firing. The burst firing
expressed as � at the cumulative dose of 775 μg/kg of
nicotine in the rats pretreated with L-NAME + MOL was
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Figure 2 Blockade by 7-NI and l-NAME of the excitatory actions of nicotine

on the firing rate of SNc neurons. (A) Representative rate histogram show-

ing that i.v. effect of nicotine (25, 50, 100, 200, and 400 μg/kg, at arrows).

(B,C) Representative rate histograms showing that pretreatment with 7-NI

and l-NAME (50 mg/kg, i.p.) prevents the excitatory effect of nicotine. (D)

Cumulative dose–response curve showing the mean percentage change

(± SEM) in firing rate after nicotine, vehicle, 7-NI + nicotine, l-NAME +

nicotine, 7-NI + nicotine + MOL, and l-NAME + nicotine +MOL. Statistical

analysis revealed a significant effect of nicotine (one-way ANOVA; P <

0.01; n = 7) compared with vehicle group (n = 10). Pretreatment with

7-NI or l-NAME (50 mg/kg, i.p.), prevented nicotine-induced increase in DA

firing rate (two-way ANOVA; nicotine vs. vehicle ∗P < 0.05; ∗∗P < 0.01 and

NOS inhibitors vs. nicotine #P < 0.05; ##P < 0.01 by Tukey-Kramer post

hoc test).

15.2 ± 6.68 and was not different to the effect elicited by
nicotine (P > 0.18; n = 7; Table 1). In the pretreated 7-NI
+ MOL rats nicotine was capable of increasing the num-
ber of spikes fired in burst but the � was still significantly
different compared to nicotine group (P < 0.05; n = 6;
Table 1).

Effects of 7-NI, MOL, l-NAME, l-ARG on
Nicotine-induced DA and DOPAC Release
in the Corpus Striatum

Results consistent with the extracellular recordings were
obtained with a neurochemical approach. Indeed, 7-NI
or L-NAME (50 mg/kg, i.p.; n = 5 each) treatment did
not modify the DA release in the striatum (Figure 3A);
although DOPAC efflux was significantly reduced by the
7-NI treatment (–38.1 ± 6.8%; P < 0.01) (Figure 4A).
Furthermore, neither MOL (50 mg/kg, i.p.; n = 5) nor

L-ARG (50 mg/kg, i.p.; n = 5) modified DA release or
DOPAC efflux in the striatum (Figures 3A and 4A).

Acute intraperitoneal administration of 1 mg/kg nico-
tine (n = 5) caused a significant increase in DA and
DOPAC outflow in the corpus striatum (Figures 3A and
4A). The effect of nicotine was time-dependent. DA
sharply reached its maximum concentration (+69.7 ±
9.9%, above baseline; P < 0.01) at 40 min after in-
jection, slowly declining to baseline values at 180 min
(Figure 1). Striatal DOPAC increase however lasted
longer but its concentration was only augmented by
38.5 ± 4.8% (P < 0.01) at 100 min after injection
(Figure 4A).

Inhibition of NOS counteracted the nicotine-induced
enhancement of DA and DOPAC release (Figures 3 and
4). L-NAME and 7-NI pretreatments completely pre-
vented nicotine-induced DA and DOPAC release (P <

0.05). Nicotine was still capable of increasing DA in
the L-NAME and 7-NI-pretreated rats that received also
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Figure 3 (A) Time course of the effect of acute nicotine (1 mg/kg, i.p.)

administration on extracellular levels of DA in the corpus striatum (n =
5). All the drugs and vehicle were injected at the time indicated by ver-

tical arrow. Each data point represents mean ± SEM absolute levels of

DA, without considering probe recovery. Statistical analysis shows a sig-

nificant effect of nicotine (one-way ANOVA; P < 0.01) as compared with

the control group. 7-NI (50 mg/kg), l-NAME (50 mg/kg), MOL (50 mg/kg),

and l-ARG (50 mg/kg) did not modify at any time the DA levels. (B) Time

course of the blockade by 7-NI and l-NAME of the excitatory actions of

nicotine (1 mg/kg, i.p.) administration on extracellular levels of DA in the

corpus striatum. The dose of 50 mg/kg i.p. 7-NI and l-NAME completely

prevented nicotine-induced increase in DA release (two-way ANOVA;

#P < 0.05, ##P < 0.01 by Tukey-Kramer post hoc test).

Figure 4 (A) Time course of the effect of acute nicotine (1 mg/kg, i.p.)

administration on extracellular levels of DOPAC in the corpus striatum

(n = 5). All the drugs and vehicle were injected at the time indicated by

vertical arrow. Each data point represents mean ± SEM absolute levels

of DA, without considering probe recovery. Statistical analysis shows a

significant effect of nicotine and 7-NI (one-way ANOVA; P < 0.01) as com-

pared with the control group. l-NAME (50 mg/kg), MOL (50 mg/kg), and

l-ARG (50 mg/kg) did not modify at any time the DOPAC levels. (B) Time

course of the blockade by 7-NI and l-NAME of the excitatory actions of

nicotine (1 mg/kg, i.p.) administration on extracellular levels of DOPAC in

the corpus striatum. The dose of 50 mg/kg i.p. 7-NI and l-NAME completely

prevented nicotine-induced increase in DOPAC release (two-way ANOVA;

#P < 0.05, ##P < 0.01 by Tukey-Kramer post hoc test).
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50 mg/kg of MOL (P < 0.01). DOPAC levels were instead
restored only in the L-NAME + MOL pretreated group
but not in the 7-NI + MOL group.

Discussion

Our present findings further support the pivotal role
played by NO in controlling DA function and give new
insights into the modulation of the nigrostriatal DA sys-
tem under basal and activated conditions. Evidence from
studies conducted in our laboratory, in agreement with
the wealth of literature available [26,31], have indeed
shown that the NO system plays a prominent role in the
control of central nigrostriatal DA function and in the
demise of nigral DA cells [21,22].

The current work extended these findings by examin-
ing whether pharmacological inhibition of the NOS in-
duces a modification in the effects of nicotine on the
nigrostriatal DA system. Firstly, we failed to reveal any
evidence for a tonic NO control of nigrostriatal DA neu-
rotransmission in terms of DA neuronal discharge and
striatal DA and DOPAC release, in agreement with some
other investigations [17,32–34]. Indeed, neither the dis-
ruption of NO levels by treatment with L-NAME, an uns-
elective NOS inhibitor, nor the NO level elevation by NO
precursor L-ARG, and NO donor MOL treatment, were
able to produce any changes in the firing rate and burst
firing of SNc DA neurons recorded. This lack of effect was
obtained both by general and local application of L-ARG
and L-NAME by microiontophoresis within the SNc, re-
vealing that NO might not play a relevant role under
physiological conditions in dopaminergic nigral function
outside and within the SNc. Our findings are consistent
with the evidence that L-NAME and L-ARG treatments
did not modify either the firing discharge and pattern of
the VTA dopaminergic neurons in vivo [17] or of both
VTA and SNc neurons in vitro [17,32]. Furthermore, our
neurochemical data concur with the electrophysiological
recordings, likewise showing that variation of endoge-
nous nitrergic tone does not influence basal striatal DA
release.

7-NI electrophysiological and neurochemical effects are
more complex and deserve more attention. In our study,
we evaluated its effect inasmuch as 7-NI is a common
pharmacological tool used to preferentially inhibit nNOS
in vivo [35] with no evident pressor effects [36] in the
control of dopaminergic basal function, as well as in the
blocking of nicotine-induced excitation.

Although not significant in the overall statistical anal-
ysis, 7-NI treatment slightly decreased discharge rate and
in two DA neurons of six the firing pattern was clearly
affected, showing a longlasting decrease in the number of
spikes fired in bursts. In addition, 7-NI slightly reduced

DA striatal release while DOPAC concentration was sig-
nificantly decreased.

These observations are in line with our recent work
[22] in which we studied the influence of acute and sub-
chronic NO manipulation, evaluated in population stud-
ies of DA cells from multiple-electrode tracks within the
substantia nigra and in HPLC detection of striatal tissue
levels of DA and DOPAC. Acute 7-NI significantly de-
creased the percentage of action potentials fired in bursts
while the number of spontaneously active nigral DA neu-
rons and the mean firing rate of these cells were unaf-
fected. Therefore, it is possible that the tendency to re-
duction in terms of firing pattern observed in the current
study could have been significant if the sample size were
larger (in [22] up to 82 cells were recorded).

In the present microdialysis work, 7-NI pretreatment
produced a decrease in striatal DOPAC efflux by 40%
when all striata tissue were considered the reduction pro-
duced by the same dose reached 80% [22], a variation
attributable to methodological differences.

7-NI-induced decrease of DOPAC and burst firing are
likely to be independent of nNOS inhibition or NO pro-
duction and rather a consequence of the well known
strong monoamine oxidase type B inhibitory activity pos-
sessed by 7-NI [37–39]. Therefore, the results obtained
with 7-NI should be taken cautiously especially when the
dopaminergic system is studied.

Thus, the effects induced by L-NAME, in our experi-
mental conditions, can be essentially ascribed to the inhi-
bition of nNOS. This is supported by the lack of effect of
the other NO-modulating compounds tested in this cur-
rent study, administered systemically and locally in terms
of firing rate and DA release, in line with the ineffective-
ness of these compounds in vivo and in vitro [17,32–34].

The major aim of the present study was to demon-
strate the possible modulation of nicotine-induced ex-
citation of nigrostriatal DA function by NOS inhibition.
We show that acute intravenous nicotine administra-
tion enhances the basal firing rate and bursting ac-
tivity in presumed DA-containing neurons in the SNc
of chloral hydrate-anesthetized rats and concurrently
increases DA and DOPAC overflow of awake, freely
moving rats. These findings are consistent with pre-
vious data reported in a number of studies showing
that nicotine increases nigrostriatal and mesolimbic DA
pathway activity [12–18]. Nicotine can increase the fir-
ing rate and the bursting activity of SNc DA neurons
by several mechanisms, including a direct depolariz-
ing effect mediated by the activation of somatoden-
dritic nicotinic receptors [14,15,40]. Moreover, nicotine
can indirectly increase DA activity by eliciting the re-
lease of glutamate (GLU) from nerve terminals synaps-
ing on DA neurons and by depressing the inhibitory

CNS Neuroscience & Therapeutics 16 (2010) 127–136 c© 2010 Blackwell Publishing Ltd 133



Critical role of NO on Nicotine-Induced Hyperactivation V. Di Matteo et al.

gamma-aminobutyric acid (GABA)-ergic input to these
neurons [41,42]. In addition to its stimulatory effects on
neuronal DA firing rate, nicotine was shown to elicit DA
release from DA terminals in the corpus striatum and the
nucleus accumbens [11,19,20].

As reported under Results, the dose of 50 mg/kg of 7-
NI and L-NAME was capable of preventing the increase in
DA neuronal firing rate and burst firing induced by nico-
tine administration in the SNc and attenuates nicotine-
induced enhancement of the extracellular levels of DA
and DOPAC in the corpus striatum of awake freely mov-
ing rats.

Strikingly, despite the inability of NO to modify basal
DA function, the inhibition of NOS completely counter-
acted the stimulation of DA outflow induced by nicotine.
Moreover, the critical role played by NO in nigral nico-
tine/DA interaction is further supported by the evidence
of a complete restoration of nicotine effects in rats pre-
treated with 7-NI and L-NAME plus the NO donor MOL.

The mechanism by which inhibition of NO influences
the nicotine-induced activation of DA cells in the SNc ob-
served in vivo is far from simple. It is unlikely that a di-
rect synaptic effect on DA neurons is involved, since it
has been shown that L-NAME does not alter the VTA DA
firing rate induced by nicotine in vitro and does not af-
fect nicotine-induced inward currents in the same area
[9]. This assumption concords with the anatomical evi-
dence that only a few DA neurons in the SNc and VTA
express NOS machinery [43,44]. NO might be involved
in both nicotine-induced increase in firing and burst rate
of DA neurons modulating GLU and GABA release in an
opposite way. Striatal NO may play an important role in
this modulation. Indeed, it has been shown that NO stri-
atal levels could be boosted by a direct effect of nicotine
on nitrergic, or on large acetylcholine (ACh), striatal in-
terneurons [45], or by the phasic DA activation through
activation of D2 receptor [46]. Therefore, NO directly, or
via a modulation of GLU, ACh, and GABA striatal levels,
might excite a subpopulation of medium spiny neurons
projecting to substantia nigra, exciting SNc DA cells by
inhibiting substantia nigra pars reticulata neurons, as sug-
gested by West and Grace [31]. It is possible that removal
of endogenous NO tone by 7-NI or L-NAME treatment
might decrease the indirect excitatory pathway through
the SNc by balancing the direct inhibitory one, reducing
GLU release and leading the SNc neurons to a hypofunc-
tional state. Nicotine in this condition might be unable to
exert its excitatory effect.

Therefore, the degree of activity of nigrostriatal DA
neurons may constitute a key factor for the expression
of the NO/DA interaction, in that enhanced DA synthe-
sis and/or release would be required to permit the oc-
currence of a NO modulatory control. In line with this

hypothesis is the evidence that striatal NO increases only
when SNc neurons fire at high frequency and in bursts
[46,47]. NO efflux occurs only when DA transmission is
phasically increased thus the information transmitted via
the nigrostriatal pathway during DA cell burst firing may
be processed and/or amplified by striatal NOS interneu-
rons [46,47]. Further, it has been shown that the per-
missive role played by NO in phasic DA activation is not
exclusive for nicotine and is applicable to other excitatory
stimuli, both in physiological [31] and in pharmacological
terms [25]. Thus, NO seems to have a more general role
in controlling the DA function, brain reward and motiva-
tion circuitries.

Our results are in agreement with substantial evidence
on NO/nicotine interactions. It has been shown that 7-
NI blocks nicotine-induced conditioned place preference
[48], NOS inhibitors attenuate symptoms of nicotine ab-
stinence syndrome and withdrawal [49–51]. NG-nitro-L-
arginine (L-NNA) and L-NAME prevents behavioral [52],
locomotor [53] and DA overflow induced by nicotine-
sensitization [54]. In line with this, NOS inhibitors have
been shown to be able to attenuate the development and
expression of the abstinence syndrome for such psychos-
timulant [25].

Furthermore, our results suggest that the NOS rep-
resents an important therapeutic target for the devel-
opment of agents for those neuropsychiatric conditions
with an impairment of DA functions, such as depression,
schizophrenia, PD, and drug addiction [21–25]. In partic-
ular, we propose that NOS inhibitors might facilitate to-
bacco smoking cessation by blocking the hedonic spiking
dependent nicotine-induced increase in DA release.

This hypothesis is corroborated by the evidence that
bupropion, one of the effective treatments available for
the cessation of smoking through the inhibition of DA re-
uptake [55], seems also to act by inhibiting the L-ARG-
NO-cyclic guanosine monophosphate (cGMP) signaling
pathway, rather than having a direct effect on the DA
system by acting as a DA transporter reuptake inhibitor
[56]. The challenge for pharmaceutical research now is
to achieve selective inhibition of NOS isoforms, a situ-
ation complicated by the possibility that NOS inhibitors
can indiscriminately affect beneficial and pathological NO
signaling pathways.
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