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Abstract:

None of the receptor ligands studied: the dopamine D�antagonist eticlopride, D�/D� antagonist haloperidol, ��-adrenergic antagonist

prazosin, N-methyl-D-aspartate antagonist MK-801, 5-HT�/D� antagonist mianserin, D�/D� agonist quinpirole and ��-adrenergic

agonist clonidine co-administrated with repeated amphetamine (AMPH) injections blocked the AMPH-induced decrease in the

striatal and nucleus accumbens neuropeptide Y (NPY) levels. Only the D�/D� receptor antagonist SCH 23390 insignificantly

attenuated this effect what suggests that these dopamine receptor subtypes may partially mediate AMPH effect on NPY. Moreover,

the results of multiple administrations of the receptor ligands to control rats indicate that the NPY systems in both structures under

study are modulated in the same manner by dopaminergic activity and differentially by adrenergic, N-methyl-D-aspartate and

serotonergic activity.
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Introduction

Neuropeptide Y (NPY), is one of the most abundant

peptides found in the central nervous system of vari-

ous mammalian species including humans [4]. The

well-evidenced relationships between the dopaminer-

gic and NPY systems [9, 16, 19] suggest that NPY

may be involved in the psychotomimetic-evoked re-

sponse. In fact, it has been shown in experimental

studies that multiple administrations of amphetamine

(AMPH), methamphetamine, (+) methylenedioxy-

methamphetamine (but not of its relatively inactive

(–) isomer) [12, 18, 20] or phencyclidine [8] markedly

decrease NPY levels in the rat striatum and nucleus

accumbens. Significance of the changes in NPY sys-

tem lasting a few days after psychotomimetic with-

drawal [8, 12, 20] is presently unknown. However,

taking into consideration anxiolytic, putative antide-

pressant and rewarding properties of NPY [2], it is

tempting to speculate that the NPY system may con-

tribute to the development of the withdrawal syn-

drome. This study was designed to extend our knowl-

edge of the AMPH influence on the NPY system. Un-

til now the receptor mechanism that mediates the

effect of multiple AMPH administrations on NPY lev-

els in the rat striatum (caudate-putamen) and nucleus
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accumbens has not been investigated. Moreover, the

results of the present experiments provided new data

on regulation of the NPY system in both above-

mentioned structures. In spite of about twenty years

that passed from the discovery of the brain NPY sys-

tem [17], recognition of particularly the non-

dopaminergic regulation of NPY in the striatum and

nucleus accumbens is very limited. Recognition of

mechanisms regulating activity of a neurotransmit-

ter/neuromodulator system is important because it

will promote prediction of its possible implication in

drug action.

Materials and Methods

Animals

Male Wistar rats with initial body weight between

230–270 g, from the Animal Farm of the Silesian

University School of Medicine were kept under stan-

dard 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 habitu-

ated to the conditions for 5 days before experiments.

This study was approved by the Bioethical Committee

of the Silesian University School of Medicine.

Experimental procedure

Four groups of rats were used in the experiments:

1. The rats were injected sc with D-amphetamine sul-

fate (AMPH) 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. Thirty

min before each AMPH challenge the receptor ligand

was injected ip (2 ml/kg) (receptor ligand + AMPH).

2. AMPH was administered as above and 0.9% saline

was injected ip 30 min before AMPH (saline + AMPH).

3. Thirty min after ip injection of the receptor ligand,

0.9% saline was administrated sc instead of AMPH

(receptor ligand + saline).

4.The 0.9% saline solution was administrated ip and

sc 30 min apart according to the above-described pro-

tocol (saline + saline).

The following receptor ligands were used at the de-

picted doses: the dopamine D1/D5 receptor antagonist

R(+)-SCH 23390 hydrochloride (0.25 mg/kg), D2 an-

tagonist S (–)-eticlopride hydrochloride (0.25 mg/kg),

mixed D2/D1 antagonist haloperidol (0.03 mg/kg),

D2/D3 agonist (–)-quinpirole hydrochloride (0.05 mg/kg),

�1-adrenergic receptor antagonist prazosin hydro-

chloride (0.2 mg/kg), �2-adrenergic receptor agonist

clonidine hydrochloride (0.05 mg/kg), N-methyl-D-

aspartate (NMDA) receptor antagonist (+)-MK-801

hydrogen maleate (0.1 mg/kg), and 5-hydroxytryptamine

(5-HT2)/D2 receptor antagonist mianserin hydrochlo-

ride (2 mg/kg). D-Amphetamine sulfate, haloperidol

and prazosin were purchased from Sigma-Chemical

Co. St. Louis, MO (USA) and the other drugs were

from Research Biochemicals Inc., Natick, MA (USA).

The drug doses, except for AMPH and MK-801, are

expressed as a free base. Before administration, the

drugs were dissolved in deionized water; prazosin

was suspended in 1% Tween 80; haloperidol was dis-

solved in a minimal quantity of glacial acetic acid (1%

vol./vol., 1 mg/50 µl of acetic acid). After dilution to

an appropriate volume with deionized water, pH of

haloperidol solution was adjusted to 6.2 with 1 M so-

dium hydroxide.

The study consisted of two experiments:

Experiment 1 was conducted to determine the role

of dopamine in the effect of multiple doses of AMPH

on the striatal and nucleus accumbens NPY-LI con-

tent. The influence of the following modulations of

dopaminergic transmission on AMPH effect on NPY-

LI was studied: a predominant blockade of postsynap-

tic D1/D5 or D2 receptor induced by SCH 23390 or

eticlopride, respectively, blockade of D2 autorecep-

tors by a low dose of haloperidol [3] and stimulation

of D2 autoreceptors by a low dose of quinpirole [6].

Experiment 2 was designed to study whether

other, non-dopaminergic receptors namely, �-adrene-

rgic, NMDA or 5-HT2/dopamine receptors mediate

the response of the striatal and nucleus accumbens

NPY neurons to multiple AMPH administrations.

Each group consisted of 6–8 rats. In statistical analysis,

all rats injected with 0.9% saline alone were treated as

a single group for experiment 1 (n = 14) and experiment

2 (n = 12), and the same was done for rats treated with

AMPH (saline + AMPH) for experiment 1 (n = 14).

Rats were sacrificed by decapitation with guillotine

24 h after the last dose of the drugs. Their brains were

rapidly removed and placed in Petri dishes filled with

ice. The striatum was dissected out after localization

according to the atlas by Paxinos and Watson [13] and

the nucleus accumbens was separated as described by

Horn et al. [5]. The dissected brain structures were

immediately frozen on dry ice, weighed and stored at
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–70°C until assayed for neuropeptide Y-like immuno-

reactivity (NPY-LI).

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 (19,000 × g, 30 min, 4°C). The supernatants

were stored at –70°C. NPY radioimmunoassay was

performed as described previously [10, 11]. Briefly,

the aliquots of supernatant of the striatum and nucleus

accumbens were diluted with an assay buffer at ratios

of 1:20 and 1:25, respectively. Anti-NPY antiserum

(RAS 7172) and synthetic porcine NPY from Penin-

sula Lab. (England), and 125I-labeled NPY (IM 170)

from Amersham (England) were used. Supernatant ra-

dioactivity was measured using an LKB gamma coun-

ter. The assay detection limit was 14 pg/tube and the

intra- and inter-assay variances were 5 and 11%, respec-

tively. Controls and experimental samples from each ex-

periment were measured in duplicates in a single assay.

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, results in all figures are shown as percentages

of corresponding controls. The NPY-LI control values

are included in the figure legends.

Results

Experiment 1: The influence of modulation of

dopaminergic transmission on the AMPH-induced

decrease in the striatal and nucleus accum-

bens NPY-LI levels

In the striatum, SCH 23390 insignificantly attenuated

the AMPH effect from 76% to 85% of control,

whereas eticlopride, haloperidol and quinpirole to simi-

lar extent augmented the AMPH-induced decrease in

NPY-LI, from 76% to 63%, 60% and 64%, respectively.

When given alone, eticlopride and haloperidol reduced

striatal NPY-LI to 68% and 73% of control. SCH 23390

and quinpirole had no effect on NPY-LI (Fig. 1).

In the nucleus accumbens, like in the striatum, only

SCH 23390 insignificantly attenuated the AMPH ef-

fect from 76% to 86% of control. The co-administration

of eticlopride augmented the AMPH-induced de-

crease from 76% to 51%. Neither haloperidol nor

quinpirole altered the AMPH-induced change. Eticlo-

pride alone decreased the accumbens NPY-LI to 67%,

haloperidol lowered it to 76% of control, while SCH

23390 and quinpirole had no effect (Fig. 2).

Experiment 2: The influence of modulation of

neurotransmission via �-adrenergic, NMDA

and 5-HT
2
/dopamine D

2
receptors on the AMPH

effect on the striatal and nucleus accumbens

NPY-LI levels

In the striatum, only co-administration of clonidine

enhanced the AMPH-induced decrease in striatal

NPY-LI from 75% to 60% of control. When given

alone, prazosin, clonidine and MK-801 lowered
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NPY-LI to 82%, 84% and 74% of control, respec-

tively. Mianserin did not change NPY-LI (Fig. 3).

In the nucleus accumbens, the AMPH-induced de-

crease in NPY-LI (80% of control) was augmented by

co-administration of AMPH with prazosin, clonidine

and mianserin to 69%, 67%, 60%, respectively. The

effect of mianserin and AMPH appeared to be addi-

tive. MK-801 did not change the AMPH effect. When

given alone, mianserin decreased NPY-LI to 79% of

control. Prazosin, clonidine and MK-801 given re-

peatedly had no effect on NPY-LI (Fig. 4).

Discussion

Since pharmacological effects of AMPH are thought

to be mediated by enhancement of dopamine function

in the striatum and nucleus accumbens [15], and as

the NPY system is under the influence of the dopa-

mine system [9, 16, 19], we decided to determine the

role of this neurotransmitter in the NPY response to

AMPH. Unexpectedly, none of the dopaminergic

transmission modulations, used together with AMPH
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antagonized its effect on NPY-LI in the striatum and

nucleus accumbens. Only D1/D5 receptor blockade

with SCH 23390 insignificantly attenuated the AMPH

effect in these structures, which suggests that D1 or

D5 receptors may be involved in the effect of AMPH

on NPY levels. The latter receptor seems to be a more

probable candidate because a large number of the rat

striatal neurons express D5 receptor [14] and only

a small number of them express D1 receptor mRNA

[7]. Our result is in agreement with the findings of

Westwood and Hanson [20] and Midgley et al. [8]

who found that SCH 23390 co-administrated with

psychotomimetics blocked or attenuated their effect

on NPY-LI. In contrast, the selective D2 receptor an-

tagonist eticlopride augmented the effect of AMPH

on NPY-LI in both structures under study. Moreover,

the enhancement of the AMPH-induced decrease in

NPY-LI by the low dose of haloperidol (0.03 mg/kg)

and by the low dose of quinpirole (0.05 mg/kg), which

deepens and decreases, respectively, the impulse-

dependent dopamine release, was observed only in the

striatum. This may suggest that the nigrostriatal system,

which is more strongly activated by multiple administra-

tions of AMPH (5 mg/kg) (that is manifested by intense

stereotypy), was more sensitive than mesolimbic system

to modulation at presynaptic D2 receptor.

The mechanism of interaction between AMPH and

the dopamine D2 receptor antagonist and agonist stud-

ied in these experiments is unknown. Our data indi-

cate that the effect of AMPH on NPY neurons is not

mediated directly by D2 receptors, which is in line

with the fact that D2 receptor mRNA was not detected

in the striatal somatostatin/NPY interneurons [7]. It is

most likely that enhancement of the AMPH effect by

a D2 receptor antagonist is mediated through indirect

mechanism involving other non-dopaminergic sys-

tems. Striatal and nucleus accumbens NPY neurons

seem to be controlled by the �-aminobutyric acid-

ergic [8], glutamatergic [8, 16], serotonergic [10, 11]

and cholinergic [1] systems. One could suppose that

the augmentation of the AMPH effect on striatal

NPY-LI by pretreatment with the low dose of ha-

loperidol, which blocked D2 autoreceptors resulted

from the potentiation of the transporter-mediated

dopamine-releasing effect of AMPH.

The present data confirm that transmission via D2

but not D1 postsynaptic receptor is important to main-

taining the basal NPY levels in the striatum and nu-

cleus accumbens [8–11, 20]. Our results are the first

to extend this suggestion to presynaptic D2 autorecep-

tors, whose blockade but not stimulation similarly de-

creased NPY-LI in both mentioned structures of

control rats.

Furthermore, the studied substances modifying

neurotransmission via �-adrenoceptors, 5-HT2/dopa-

mine D2 and NMDA receptors did not antagonize the

AMPH-induced decrease in NPY-LI levels. These

data indicate that neither adrenergic neurotransmis-

sion via �-adrenoceptors nor glutamatergic activity

via NMDA receptors, altered by multiple administra-

tions of AMPH, can be considered to be solely re-

sponsible for the AMPH effect on the NPY system, as

in our experimental design we blocked each of them

separately. In contrast, this effect was enhanced by the

�2-adrenergic agonist clonidine in the striatum, and

by clonidine, the �1-adrenergic receptor antagonist

prazosin, 5-HT2/dopamine D2 receptor antagonist mi-

anserin in the nucleus accumbens.

The results of our experiments with prazosin, clo-

nidine or MK-801 given alone indicate that the adren-

ergic system (via �1- and �2 receptors) as well as the

glutamatergic system (via NMDA receptors) exert

a tonic effect on the striatal but not nucleus accum-

bens NPY-containing neurons. The different effects of

mianserin (5-HT2/D2 antagonist) on NPY-LI in both

structures, namely a decrease in nucleus accumbens

and no change in the striatal NPY-LI, are in line with

previous studies showing that blockade of D2 recep-

tors decreases NPY-LI in both these regions [9] and

that blockade of 5-HT2A receptors reduces the nucleus ac-

cumbens NPY-LI [11] and increases striatal NPY-LI [10].

In summary, since none of the studied dopamine

and non-dopamine receptor antagonists or agonists

blocked the AMPH-induced decrease in NPY-LI, we

assume that repeated AMPH administration modu-

lates NPY interneurons via a complex transsynaptic

mechanism mediated by more than one receptor or by

a receptor subtype that was not currently examined. It

is likely that activation of D5 (or D1) dopamine recep-

tors has some significance in mediating the AMPH ef-

fect on this neuropeptide system. Moreover, the pres-

ent study enriches our knowledge of the NPY system

regulation and indicates some differences in modula-

tion of the NPY system in the rat striatum and nucleus

accumbens.
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