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Abstract:

Repeated (+)-amphetamine sulfate (AMPH) administration (5 mg/kg sc twice daily for 6 days and once on day 7) markedly and
reversibly decreased (until 96 h after the final dose) neuropeptide Y-like immunoreactivity (NPY-LI) in the rat striatum
(caudate-putamen) and nucleus accumbens, and had no effect on NPY-LI in the hippocampus. No significant alterations were
detected in the hybridization signal of NPY mRNA4 and 24 h after the end of AMPH treatment. Asingle dose of AMPH (5 mg/kg sc)
administered to rats 4 and 24 h prior to sacrifice had no effect on NPY-LI in the brain structures studied. Moreover, AMPH injected
8 days after the last dose of repeated AMPH administration did not change NPY-LI up to 72 h. The minimal dose of haloperidol, the
strong mixed dopaminergic D�/D� receptor antagonist, (0.75 mg/kg injected ip 30 min before each of the multiple AMPH
administrations) that was sufficient to completely block stereotypy and hyperlocomotion elicited by multiple AMPH
administrations enhanced the AMPH-induced decrease in the striatal and accumbens NPY-LI. Our results suggest that NPY neurons
in the striatum, nucleus accumbens and hippocampus are not directly involved in the acute behavioral response to AMPH
(stereotypy and hyperlocomotion) as well as in the initiation and expression of AMPH-induced behavioral sensitization.
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tide Y, NPY-LI – neuropeptide Y-like immunoreactivity, 5-HT
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Introduction

Amphetamine (AMPH) is a stimulant with psychoto-
mimetic activity. In animals, single AMPH admini-

stration dose-dependently induces hyperlocomotion
and stereotypy. A consequence of repeated AMPH ad-
ministration is an augmentation of its behavioral ef-
fect after AMPH re-administration, which reflects the
sensitization of the central nervous system [32]. It is
thought that this phenomenon plays a role in the de-
velopment of psychostimulant-induced psychosis in
humans [42] and it is considered to be an animal
model of the acqusition of addiction [33]. The paral-
lels between behavioral sensitization in rats and clini-
cally recognized behavioral sensitization [37] have
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awoken an interest in neuronal substrates that are
involved in generating and maintaining this phenome-
non.

It is believed that the enhanced dopamine activity
in the nigrostriatal and mesolimbic pathways [32]
whose terminals are localized, respectively, in the
striatum (caudate-putamen) and the nucleus accum-
bens, is the primary pharmacological effect of AMPH
which mediates behavioral activation. Apart from
these two brain regions, the hippocampus which be-
longs to the limbic system and seems to take part in
AMPH-induced behavioral effects [5, 39] was also
evaluated in the present study.

Neuropeptide Y (NPY) is one of the most widely
distributed peptides in the brain of various mammal-
ian species including humans [15]. Moderate and high
levels of NPY have been detected in the striatum and
nucleus accumbens, respectively [8]. In both these
structures, low densities of specific Y2 and Y1 recep-
tors have been found [9]. In the hippocampus, low
NPY levels [8] and a high density of NPY receptors,
mostly of the Y2 subtype, have been demonstrated
[9]. It has been shown that glutamatergic meta-
botropic and N-methyl-D-aspartate receptors may
regulate NPY expression in this structure [38].

The NPY system is modulated by the dopamine
system in the striatum and nucleus accumbens. It has
been shown that dopamine regulates biosynthesis
and/or utilization of NPY [20, 35, 36] and that multi-
ple administrations of the dopaminergic D2 receptor
antagonists [25, 27, 28, 45], D2 or D1 receptor agonist
[10, 25] decreased neuropeptide Y immunoreactivity
(NPY-LI) in these structures. It has also been found
that chronic treatment with the mixed D2/D1 receptor
antagonist haloperidol reduced NPY release in the
ventral striatum [12].

The interaction of the dopamine with the NPY sys-
tem has aroused interest in the role of this neuropep-
tide in the action of psychostimulants known to en-
hance dopaminergic transmission. It has been reported
that multiple injections of phencyclidine [23, 24, 45],
amphetamine [41], methamphetamine, (+)-methylene-
dioxymethamphetamine [45] profoundly decreased NPY
levels in the striatum and nucleus accumbens, and co-
caine produced the same effect in the nucleus accum-
bens and prefrontal cortex [43]. Some NPY-induced
biological effects may suggest that this neuropeptide
is involved in the action of psychostimulants or their
withdrawal effects. When administrated into the rat
central nervous system, NPY induces anxiolytic [14],

rewarding [4] and putative antidepressive effects [31],
and it stimulates food intake [3].

In the present study, we sought to determine
whether AMPH administration and its withdrawal are
associated with changes in the NPY system in the rat
brain and, if so, whether there is a relationship be-
tween such changes and behavioral response (hyper-
locomotion and stereotypy) to AMPH. So far, such
biochemical-behavioral study with regard to AMPH
and NPY system activity has not been published. The
objectives of the study were as follows: 1) to establish
the effects of single and multiple doses of AMPH on
NPY-LI levels in three brain regions, namely the stria-
tum, nucleus accumbens and hippocampus, at differ-
ent times, 2) to determine the effect of repeated doses
of AMPH on NPY mRNA levels in the striatum and
nucleus accumbens, and 3) to determine whether ha-
loperidol co-administered with AMPH for 7 days, at
a dose sufficient to block its behavioral effects, alters
AMPH influence on the striatal and nucleus accum-
bens NPY-LI.

Materials and Methods

Animals

Male Wistar rats with initial body weight between
230–270 g, from the Animal Farm of the Silesian Uni-
versity School of Medicine, were kept under standard
conditions (a 12-h light/dark cycle starting at 7 a.m.,
temperature 22 ± 2°C) with free access to commercial
rat chow and water. The rats were habituated to the
conditions for 5 days before experiments. This study
was approved by the Bioethical Committee of the
Silesian University School of Medicine.

Drugs

(+)-Amphetamine sulfate (AMPH) and the mixed do-
paminergic D2/D1 receptor antagonist haloperidol
were purchased from Sigma (USA). Before admini-
stration, haloperidol was dissolved in a minimal
quantity of glacial acetic acid (1% v/v, 1 mg/50 �l of
acetic acid). After dilution to an appropriate volume
with deionized water, the pH of haloperidol solution
was adjusted to 6.2 with 1 M sodium hydroxide.
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Experimental procedure

AMPH was administered sc at a dose of 5 mg/kg
twice daily at 8 a.m. and 6 p.m. for 6 days and once on
day 7. The other groups were injected with 0.9% saline
in the same regimen for 6 days and only once with
AMPH on day 7. The applied dose of AMPH was be-
low the neurotoxic dose [see 32]. The controls were
injected sc with the corresponding volume (2 ml/kg)
of saline.

The first experiment was conducted to evaluate al-
terations in NPY-LI induced by repeated administra-
tion or a single AMPH dose in three brain structures.
The rats were sacrificed 4, 24, 72 and 96 h after the
last dose of repeated AMPH treatment or 4 and 24 h
after a single AMPH injection. Some groups of rats
were injected with one dose of AMPH on day 8 after
cessation of multiple AMPH administrations and then
were sacrificed 4, 24 or 72 h latter. Each group con-
sisted of 6–7 rats. After decapitation with a guillotine,
the brain was rapidly removed and placed on Petri
dish filled with ice. The striatum and hippocampus
were dissected out after localization according to the
atlas by Paxinos and Watson [30] and the nucleus ac-
cumbens was separated as described by Horn et al.
[16]. The dissected brain structures were immediately
frozen on dry ice, weighed and stored at –70°C until
assayed for NPY-LI.

The purpose of the second experiment was to deter-
mine whether multiple AMPH administrations affect
NPY mRNA in the striatum and nucleus accumbens.
Rats (n = 4 in each group) were decapitated 4 or 24 h
after the last AMPH dose administered in the above-
mentioned regimen. The brains were rapidly removed
and frozen on dry ice. NPY mRNA was determined by
in situ hybridization histochemistry in brain sections.

The third experiment aimed to determine whether
the mixed dopaminergic D2/D1 receptor antagonist
haloperidol at a dose sufficient to block behavioral ef-
fects of multiple AMPH administrations (stereotypy
and hyperlocomotion) antagonizes the AMPH-
induced decrease in NPY-LI in the striatum and nu-
cleus accumbens. Haloperidol was injected ip at
a dose of 0.75 mg/kg for 7 days 30 min before each
AMPH (or saline) challenge. Each group consisted of
6–7 rats. The rats were sacrificed by decapitation with
guillotine 24 h after the last dose of the drugs. The
dissected striatum and nucleus accumbens were
stored at –70°C until assayed for NPY-LI.

The behavior of rats was assessed for 3 h after
every second AMPH (or saline) injection. Locomotor
activity was measured in an LI-10-08 automated ac-
tivity cage (the Center for Medical Technologies, Po-
land) (47 × 47 × 41 cm), the floor of which was com-
posed of four copper plates separated from each other
by 10-mm spaces. Every time the rat crosses such
a space, the electrical circuit is closed and the resul-
tant impulse is recorded by the counter. The rats were
placed individually in the actometers and were al-
lowed to adapt to the new environment for 1 h before
AMPH injection. Horizontal motility was recorded
for the first 10-min period and from 130 to 190 min
(every 20 min) after every second AMPH injection.
Stereotypy response (head-down sniffing, repetitive
head movements, licking or gnawing and chewing
shavings) was assessed within 30 s at 10-min intervals
for 2 h starting at 10 min after AMPH according to the
scale of Creese and Iversen [6]. The behavior of rats
was evaluated between 8 a.m. and 3 p.m. in animals
not used in the biochemical studies.

NPY radioimmunoassay

The dissected brain structures were homogenized in
20 vol. of 0.5 M acetic acid at 4°C, boiled in a water
bath for 10 min and then quickly chilled and centri-
fuged (19000 × g, 30 min, 4°C). The supernatants
were stored at –70°C. NPY radioimmunoassay was
performed as described previously [27, 28]. Briefly,
the aliquots of supernatant of the striatum, nucleus ac-
cumbens and hippocampus were diluted with an assay
buffer at ratios of 1:20, 1:25 and 1:10, respectively.
NPY antiserum (RAS 7172) and synthetic porcine
NPY were purchased from Peninsula Lab. (England)
and 125I-labeled NPY (IM 170) was from Amersham
(UK). Each polypropylene tube contained 100 �l of
a sample or the standard (60–1000 pg) and 100 �l of
diluted NPY antiserum. After 48-h preincubation at
4°C, 100 �l of 125I-NPY (15 000 cpm/100 �l) was
added to each tube, and the tubes were incubated for
24 h at 4°C. Dextran 70000 (0.08%)-coated charcoal
(0.8%) was used to separate free 125I-NPY. The detec-
tion limit was 14 pg/tube and the intra- and inter-
assay variances were 5 and 11%, respectively. Con-
trols and experimental samples from each experiment
were measured in duplicates in a single assay.
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The in situ hybridization histochemistry

This procedure was performed as described previ-
ously [27, 28]. After decapitation, brains were rapidly
removed and frozen in dry ice. Ten consecutive series
of 12-�m thick coronal sections were made at 250 �m
intervals in a Shandon cryostat (UK). The starting
point was at 2.20 mm from the bregma according to
the stereotaxic atlas by Paxinos and Watson [30]. The
brain sections were thaw-mounted onto chrome-
alum-pretreated slides, postfixed in 4% formaldehyde
for 10 min and processed for in situ hybridization as
described by Young et al. [47]. A mixture of synthetic
deoxynucleotides (New England Nuclear), complemen-
tary to bases 837-866 of rat NPY mRNA, was used. The
probes were labeled using 35S-deoxyadenosine 5’-(thio)-
triphosphate (35S-dATP) (1 200 Ci/mmol, New England
Nuclear) to obtain a specific activity of about 2 ×
106 Ci/mol. The prehybridization treatment consisting
of acetylation and dehydration was performed as de-
scribed by Young et al. [47]. After hybridization and
washing the sections were exposed to Hyperfilm MP
(Amersham, England) for 14 days (10°C). Quantifica-
tion of the signals on the film was performed using
MCID (The Microcomputer Imaging Device, Imaging
Research Inc., Brock University, Canada) software.
Quantitative changes were recorded as the relative op-
tical density (i.e. area × mean optical density) after
subtraction of the film background density. The opti-
cal density was measured bilaterally in the nucleus ac-
cumbens and striatum at no less than four levels (co-
ronal sections) for each from 3–4 rats.

Statistical analysis

The results were analyzed with Student’s t-test. Dif-
ferences between groups were considered significant
when p < 0.05. To facilitate comparison between
groups, biochemical results in the figures are shown
as percentages of corresponding controls. The NPY-LI
control values are included in the figure legends.

Results

The effects of multiple or single dose of AMPH

on the striatal, nucleus accumbens and hippo-

campal NPY-LI levels

Multiple doses of AMPH markedly decreased NPY-LI
levels in the striatum and nucleus accumbens, but
they had no effect on NPY-LI in the hippocampus.
Striatal NPY-LI decreased to 74%, 70% and 87% af-
ter 4 h, 24 h and 72 h, respectively (Fig. 1). The nu-
cleus accumbens NPY-LI decreased to 65%, 75% and
85% after 4 h, 24 h and 72 h, respectively (Fig. 2). In both
these brain structures, NPY-LI level recovered by 96 h.

After a single AMPH administration, NPY-LI levels
were unchanged at 4 and 24 h in all brain structures
studied (data not shown). Moreover, a single dose of
AMPH, injected 8 days after the last dose of repeated
AMPH treatment, when marked behavioral sensitiza-
tion was developed (Fig. 5), had no effect on NPY-LI
in these brain structures, except for a slight decrease
(p < 0.05) in the striatal NPY-LI at 24 h (data not
shown).
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The striatal and nucleus accumbens NPY

mRNA after repeated AMPH doses

In situ hybridization has shown the presence of
mRNA coding for NPY in the striatum and nucleus
accumbens (Fig. 3). In control rats, the mean value
(± SEM) of the relative optical density in the striatum
was 0.4220 (± 0.0090) and in the nucleus accumbens
it was 0.4321 (± 0.0121). No significant alterations
were detected in the hybridization signal of NPY
mRNA 4 and 24 h after the last dose of repeated
AMPH treatment.

The effect of haloperidol on the AMPH-induced

changes in the striatal and nucleus accumbens

NPY-LI levels

In the striatum and nucleus accumbens haloperidol at
a dose of 0.75 mg/kg enhanced the AMPH-induced
decrease in NPY-LI, from 76% to 63% and 54% of
control, respectively. When given alone, haloperidol
reduced the striatal and nucleus accumbens NPY-LI
levels to 68% and 66% of control, respectively (Fig. 4).

Behavioral assessment of response to AMPH

Locomotor activity and stereotypy of rats treated with
AMPH were evaluated according to the schedule de-
scribed in section Experimental procedure. The data
are presented in Figure 5. Behavioral assessment re-
vealed an augmented response to subsequent injec-

tions of AMPH, namely more intense stereotyped be-
havior (particularly in comparison with the effect of
the 1st injection), reduced time to the onset of stereo-
typy and enhanced locomotion measured before (until
the 9th injection) and after the stereotypy phase. Ad-
ditionally, a more rapid onset and intensification of
stereotypy induced by AMPH given 8 days after ces-
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sation of AMPH treatment proved that behavioral
sensitization developed.

Behavior of rats injected with haloperidol for 7 days
before each of the multiple AMPH administrations
did not differ from the behavior of controls. The rats
were almost inactive and only a single episodes of
rearing, grooming and head-down sniffing were noted
during 2-h observation period (data not shown).

Discussion

Some studies suggest that the NPY system is involved
in the mechanisms underlying the effects of exposure
to stimulants with psychotomimetic activities [23, 24,
42, 44, 45]. Our data showed that only repeated
AMPH administration altered NPY-LI in the striatum
and nucleus accumbens, which is in agreement with
the results of Tessel et al. [41]. They found a decreased
NPY-LI in the striatum shortly (1 h) after AMPH
given according to the similar dosage regimen and no
changes in NPY-LI levels after a single AMPH injec-
tion. Similarly, Abrous et al. [1], who studied c-Fos
expression, found minimal activation limited to a few
NPY neurons in the rat striatum 2 h after AMPH in-
jected once at the same dose as in our study. In con-
trast, other authors [13, 40] reported that acute AMPH

administration altered NPY release in vivo. The dis-
crepant results between our study and the above-
mentioned reports might result from different experi-
mental models, i.e. different doses, routes and sam-
pling times. In the present study, we have reported for
the first time the time course of the striatal and nu-
cleus accumbens NPY system response to the multi-
ple AMPH administrations. We found a decrease in
NPY-LI levels, which was maintained until 96 h after
the last AMPH injection. This result is consistent with
other studies showing that repeated treatment with
such psychostimulants as metamphetamine [45] and
phencyclidine [23, 24] has a long-lasting effect on
NPY that lasts for a few days after drug withdrawal.
As the effect of AMPH on NPY-LI appeared shortly
(4 h) after the final dose, we can assume that the drug
rather than its withdrawal was responsible for this al-
teration in NPY levels. Since the decreased NPY-LI
levels returned to normal before the day 8 of with-
drawal, it seems that the NPY system is not involved
in neuroadaptation that sustains the enduring sensiti-
zation of the central nervous system to AMPH. There-
fore, the alteration in the NPY system is likely to be
related rather to some transient adaptive changes ob-
served after multiple AMPH administrations [e.g. 21, 46].

In the present study, it has been reported for the
first time that single AMPH dose administered not
only to naive rats but also on day 8 after the end of
AMPH treatment had no effect on the NPY-LI levels
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in the striatum and nucleus accumbens. This latter re-
sult suggests that changes in the NPY system are not
a direct consequence, observed by some authors [29,
46], of increased extracellular dopamine levels in-
duced by re-administration of AMPH after its longer
withdrawal (1 week or greater). Furthermore, the fact
that the enhanced behavioral response to AMPH re-
administration is not accompanied by any changes in
NPY-LI suggests that NPY does not contribute to the
expression of behavioral sensitization.

Since we were not able to detect significant altera-
tions in the hybridization signal of NPY mRNA in the
striatum and nucleus accumbens at 4 and 24 h after
the final AMPH dose, we assume that the decreased
NPY-LI level reflects enhanced NPY release and/or
its degradation. In fact, Jaworska-Feil et al. [18] ob-
served an increase in the potassium-stimulated release
of thyrotropin-releasing hormone in nucleus accum-
bens for 72 h after the final dose of repeated AMPH
treatment. On the other hand, it should be noted that
subchronic administration of the nonselective dopa-
mine receptor agonist apomorphine increased the stri-
atal activity of endopeptidase 24.11 [44] which has
been shown to be a major NPY-hydrolyzing enzyme
in the striatal synaptic membranes [22]. A high activ-
ity of this enzyme was detected in the striatum, nu-
cleus accumbens, and substantia nigra [7]. Additional
research is necessary to identify the mechanism in-
volved in the AMPH-induced NPY-LI decrease.

Multiple AMPH administrations produced a simi-
lar effect on NPY-LI in the striatum and nucleus ac-
cumbens but not in the hippocampus. This suggests
that AMPH-induced alterations in the NPY system
that is under the influence of the dopamine system
(see Introduction) may be restricted to brain regions
richly innervated by dopamine pathways. However,
administration of haloperidol, the strong mixed dopa-
minergic D2/D1 receptor antagonist, before each re-
peated AMPH injection at a dose which completely
blocked its behavioral effects augmented the AMPH
influence on the NPY-LI level in both mentioned
structures. Lack of correlation between behavioral ob-
servations and the biochemical findings with regard to
NPY-LI suggests that alterations in the NPY system in
the striatum and nucleus accumbens are not directly
involved in the development of behavioral sensitiza-
tion and do not play a role in behavioral AMPH effect
(stereotypy and hyperlocomotion) elicited by an en-
hancement of dopaminergic transmission via mainly

D2 receptors. The significance of changes in NPY
system, induced by repeated AMPH treatment, cannot
be assessed at present. Our results confirm that trans-
mission via dopaminergic D2 receptors is important to
maintaining the basal NPY levels in the striatum and
nucleus accumbens [25, 45].

As well repeated AMPH as haloperidol treatment,
when the drugs were given separately, reduced the
NPY-LI levels determined in the whole striatum and
nucleus accumbens which may appear to be a para-
doxical effect. However, this result is in line with
findings of Westwood and Hanson [45] who reported
that multiple doses of methamphetamine and the se-
lective D2 receptor antagonist eticlopride decreased
the striatal and nucleus accumbens NPY-LI to the
same extent. A reason for the same effect of chronic
treatment with both haloperidol and AMPH, observed
in our present study, is currently unknown because of
very limited data. The decrease in NPY-LI levels can
be caused by 1) an increase in the neuronal release of
NPY and increase in its metabolism by peptidases, 2)
a decrease in synthesis or a combination of both. As
mentioned above, the effect of multiple AMPH (or
methamphetamine) administrations on NPY release or
its degradation has not been investigated, and the
present study is the only one that reports AMPH ef-
fect on NPY mRNA. Little is also known about the ef-
fect of chronic treatment with haloperidol on the stri-
atal and nucleus accumbens NPY system. However,
a decrease in tissue NPY-LI concentrations [12,
26–28, 34] and in the density of NPY immunoreactive
fibers and terminals [26] has been shown in a few
studies, but little is known about its effect on NPY
metabolism. Our previous studies [27, 28] indicate
that intermittent haloperidol administrations have no
significant influence on NPY mRNA determined in
the whole mentioned structures. On the other hand,
Gruber and Mathé [12] reported that continuous
chronic treatment with haloperidol given with food
decreased extracellular NPY-LI concentrations in the
ventral striatum. A probable cause of a discrepancy
between these and our results concerning NPY mRNA
is existence of multiple NPY systems within the stria-
tum and nucleus accumbens which are distinctly in-
fluenced by the dopaminergic system as suggested by
Midgley et al. [25].

The results presented in this study also show that
the effect of haloperidol and AMPH co-administration
on the NPY system was similarly enhanced in both
these structures when compared with the effect of
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AMPH given alone. One can assume that this effect
might be mediated through a transsynaptic mecha-
nism involving other non-dopaminergic neurotrans-
mitter systems. The repeated administration of
AMPH and haloperidol induces complex adaptive
changes that modify, among others, interaction be-
tween the dopaminergic, glutamatergic, and �-amino-
butyric acid systems [17]. On the other hand, it has
been found that the striatal NPY neurons express
N-methyl-D-aspartate [19] or kainate glutamatergic
receptors [11] and cholinergic m1 receptors [2] through
which the specific neurotransmitters may directly affect
activity of the NPY neurons. Unfortunately, the limited
knowledge about regulation of the NPY system in the
striatum and nucleus accumbens [see 23, 24] implies that
any attempt to explain this effect would be speculative.

To sum up, the present study has demonstrated that
multiple but not acute AMPH treatment similarly, in
terms of their time courses, reduced NPY-LI in the
striatum and nucleus accumbens but not in the hippo-
campus. The decreases in NPY-LI seem to be unre-
lated to reduced NPY biosynthesis at least up to 24 h
after the last AMPH dose. Our findings are the first to
suggest that the striatal and nucleus accumbens NPY
system is not directly involved in the acute behavioral
effect (stereotypy and hyperlocomotion) of AMPH or
in the initiation and expression of behavioral sensiti-
zation to AMPH. Taking into consideration signifi-
cance of the central nervous system sensitization (see
Introduction), this hypothesis questions the postulated
role of the NPY system in the pathophysiological
mechanism underlying dopamine-related paranoid
psychosis and the acquisition of addiction.
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