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A vast body of evidence points to the role of the limbic system in the
mechanism of drug dependence. Opioid peptides localized in the limbic
system may play a role in central effects of substances of abuse. The goal of
the present study was to investigate the influence of acutely and chronically
administered drugs of abuse, cocaine and amphetamine on biosynthesis of
prodynorphin and proenkephalin in the rat amygdala, the structure involved
in the mechanism of drug addiction. Acute injection of cocaine (20 mg/kg ip
every hour for 3 h) or amphetamine (2.5 mg/kg) did not changed or de-
creased the level of proenkephalin mRNA in the central nucleus of the
amygdala. In contrast, the level of prodynorphin mRNA was significantly
increased in this structure after cocaine. Repeated cocaine administration
(20 mg/kg ip every hour for 3 h, for 5 days) had no effect on the proenkepha-
lin and prodynorphin mRNA in the central nucleus of the amygdala. Chronic
amphetamine (2.5 mg/kg twice daily for 5 days) administration decreased
proenkephalin and increased prodynorphin mRNA level in the central nu-
cleus of the amygdala (at 24 and 48 h). Moreover, significant increase in pro-
dynorphin mRNA level was observed in the hippocampal dentate gyrus after
acute (cocaine) and chronic (cocaine, amphetamine) administration of the
psychostimulants. The observed adaptive changes in the activity of two
opioid systems in two structures of the limbic system, central nucleus of
amygdala and hippocampus, may contribute to the neurochemical mecha-
nism of drug addiction after psychostimulants. These studies also indicate
that the changes in opioid gene expression in the central nucleus of the
amygdala are not parallel to those observed in the nucleus accumbens after
cocaine and amphetamine, which suggests that peptidergic systems in the
structures of extended amygdala might be regulated by different neuro-
chemical mechanisms after psychostymulant administration.
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Abbreviations: ACe – central nucleus of amyg-
dala, AMe – medial nucleus of amygdala, CART –
cocaine- and amphetamine-regulated transcript,
DA – dopamine, NAc – nucleus accumbens

INTRODUCTION

Pharmacological data have shown that drugs of
abuse enhance dopamine (DA) release in the meso-
limbic system, which, in consequence, leads to a re-
ward response [7, 8, 13, 32]. The nucleus accum-
bens (NAc) is a site mediating the rewarding pro-
perties and craving phenomena after drugs of abuse,
such as opiates, cocaine, amphetamine, nicotine
and ethanol [14, 18, 22, 30] and is essential to the
reinforcing properties of addictive drugs [17, 19].
These drugs stimulate DA release in the mesolim-
bic brain areas as the NAc and striatum. In the last
years, the mesolimbic system had to be extended so
as to contain some more classic neural substrates of
emotional behavior. The amygdala has been shown
to be crucially involved in the development of con-
ditioned emotional responses [1, 2, 12, 23]. This
structure has strong connections with the extrapy-
ramidal motor system and lateral hypothalmus, and
it is rich in the neuropeptides implicated in the rein-
forcing action of drugs of abuse, such as opioid
peptides. The peptidergic system may participate in
the tonic inhibition of extended amygdala neurons
which project to hypothalamic and brainstem target
areas.

Numerous data have shown that enkephalin-
containing nerve cell bodies are present in abun-
dance in the central (ACe) and medial (AMe) nu-
clei of the amygdala of rats and other species, but
are scantier and less prominently labelled in other
amygdaloid nuclei [4, 11, 25]. In the amygdala, nu-
merous proenkephalin mRNA-containing nerve
cell bodies have been reported to occur bilaterally
in ACe and the lateral/basolateral nucleus complex.
The greatest amount of prodynorphin mRNA in the
rat amygdala is observed in the ACe; hence this
structure seems to be particularly interesting, since
both proenkephalin and prodynorphin are expressed
therein. Endogenous opioid systems are involved in
positive reinforcement related to dependence, as
well as dysphoric states characteristic of withdra-
wal symptoms. An effect of drugs of abuse on
opioid peptides synthesis in the amygdala may be
important to the state of chronic addiction. Besides
amygdala in the limbic system also hippocampal

dentate gyrus, the structure important for memory
processes is a candidate for a role in addiction phe-
nomena, therefore we measured prodynorphin gene
expression (since proenkephalin expression is very
low in this structure) also in the hippocampus den-
tate gyrus.

MATERIALS and METHODS

Male Wistar rats, weighing 250–320 g, were
housed in groups of eight to a cage under a constant
light-dark cycle (the light on between 08.00 and
20.00 h), with free access to food and water. The
animals used in this study were acquired and cared
for in accordance with the guidelines published in
the NIH “The Care and Use of Laboratory Ani-
mals” and all experiments were approved by the
Ethics Committee at the Institute of Pharmacology.

Cocaine was administered at a dose of 60 mg/
kg/day following the “binge” paradigm described
by Spangler et al. [26]; the injections of cocaine (20
mg/kg ip) were given three times a day at one-hour
intervals (9:30, 10:30 and 11:30 h). Chronic co-
caine was administered at the same paradigm and
doses on five consecutive days. D-amphetamine
sulfate was injected ip at a single dose of 2.5 mg/kg
or chronically, twice daily for five days. Control
animals received saline ip (4 ml/kg) at respective
time points. The rats were decapitated 3 h after sin-
gle or last dose of chronic cocaine and amphet-
amine and, additionally in withdrawal time, 24 and
48 h after last dose. Their brains were immediately
removed and frozen on dry ice for an in situ hy-
bridization. We studied the biosynthesis of proen-
kephalin and prodynorphin in ACe and prodynor-
phin in dentate gyrus after both acute and chronic
administration of cocaine and amphetamine.

In situ hybridization

Ten consecutive series of coronal sections (12
� m thick) were made across the brain at 250 � m
intervals on a Shandon cryostat (UK). The sections
were then thaw-mounted onto chrome-alum-pre-
treated slices, postfixed in a 4% formaldehyde for
10 min, and processed for an in situ hybridization
according to Young at al. [32]. A mixture of syn-
thetic deoxynucleotides (New England Nuclear),
complementary to bases 388–435 (proenkephalin)
and bases 862–909 (prodynorphin) of rat cDNA,
were used. The specificity of proenkephalin and
prodynorphin probes had been extensively docu-
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mented elsewhere, and was confirmed by a Northen
blot analysis and competition experiments [32].
Different patterns of hybridization found in brain
sections, fully agreed with the well-known distribu-
tion of proenkephalin and prodynorphin mRNA in
the NAc and striatum; moreover, they provided
support for the specificity of probes under the pre-
sent experimental conditions. Pretreatment of a tis-
sue section with RNAse A (20 mg/ml) for 40 min
at 37°C completely eliminated the hybridization
signal obtained with an oligonucleotide probe. Fur-
thermore, when hybridization was carried out in the
presence of the excess of an unlabeled probe, the
signal also disappeared. The probes were labeled
using [�&S] dATP (1200 Ci/mmol New England
Nuclear) to obtain a specific activity of ca. 2 × 10'

Ci/mol. Prehybridization treatment consisted in
acetylation and dehydratation. The sections were
then hybridized with proenkephalin and prodynor-
phin oligonucleotide probes (1 × 10' c.p.m. /25 ml)
for 20 h at 37°C in a humidified incubator. After
washing at 40°C, the sections were exposed to
a b-max Hyperfilm (Amersham) at a room tem-
perature for 14 days (proenkephalin), or for 21 days
(prodynorphin). After hybridization, washing and
autoradiography of brain slices, quantification of
signals was carried out using an MCID (The Mi-
crocomputer Imaging Device, Imaging Research
Inc., Brock University, Canada) software. A quanti-
tative densitometry was performed by calibration
to a set of standards before reading the density val-
ues in the regions of interest. We used [�&S] isotope
standards, coexposed with each film, as a refer-
ence. Hybridization of the [�&S] oligonucleotide
probes was recorded as a mean density in dpm/mg
of tissue after subtraction of the film background

density. Mean optical density values were obtained
by averaging out measurements from the autora-
diograms of brain sections (measured bilaterally
with no less than 7 levels), obtained from 3–5 ani-
mals.

A statistical analysis of the hybridization data
was carried out using ANOVA. The pertinent data
are given as the mean ± SEM for mean density
measurements calculated as percentage of control.

RESULTS

The effect of single injection of cocaine

and amphetamine on the proenkephalin

and prodynorphin mRNA level in the

central nucleus of the amygdala

Acute injection of cocaine (20 mg/kg ip every
hour for 3 h) did not change proenkephalin mRNA
level in ACe 3 h after single administration of this
drug. In contrast, its significant decrease was ob-
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served after injection of amphetamine (2.5 mg/kg
ip). The level of prodynorphin mRNA was signifi-
cantly increased 3 h after single injection of co-
caine and was not changed after single injection of
amphetamine (Fig. 1).

The effect of repeated cocaine and am-

phetamine administration on the proen-

kephalin and prodynorphin mRNA level

in the central nucleus of the amygdala

Repeated cocaine administration (20 mg/kg ip
every hour for 3 h, for 5 days) had no effect on the
proenkephalin and prodynorphin mRNA level in
ACe, however tendency to increase proenkephalin
level 3 h after the last dose was observed. Chronic
amphetamine (2.5 mg/kg twice daily for 5 days)
administration significantly decreased proenkepha-
lin mRNA level 3 and 24 h after the last dose and
increased prodynorphin mRNA level (at 24 and 48 h)
in ACe (Fig. 2).

The effect of cocaine and amphetamine

administration on the prodynorphin

mRNA level in the dentate gyrus of

hippocampal formation

Acute cocaine administration significantly in-
creased prodynorphin mRNA level in the dentate
gyrus. Repeated cocaine administration had no ef-
fect on the prodynorphin mRNA content at 3 h after
the last injection; but chronic amphetamine treat-
ment increased prodynorphin mRNA level at this
time. A significant increase in prodynorphin mRNA
was observed at 24 and 48 h after last dose of co-
caine or amphetamine measured in dentate gyrus
(Tab. 1).
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DISCUSSION

Despite the fact that various drugs of abuse act
through different neuronal mechanisms, all of them
evoke long-term changes in the activity of endoge-
nous opioid systems. The role of endogenous
opioids in the reward mechanism of psychostimu-
lants has been postulated [15, 29]. Acute and re-
peated treatment with psychostimulants [24, 26,
28] increases prodynorphin system activity in the
nigrostriatal and mesolimbic systems at different
levels. It increases biosynthesis of prodynorphin
mRNA, increases �-neoendorphin peptide level
and also enhances release of those peptides pre-
dominantly from NAc. ACe is also rich in opioid
peptides and has strong connection with NAc. The
ACe was chosen as target of investigation for se-
veral reasons. First, the high density of dopaminer-
gic innervation within the structure has been de-
scribed. Second, shell of NAc receives efferent
connections from limbic forebrain regions and
mesencephalic dopaminergic cell groups. Finally, it
has been proposed that the shell of NAc and ACe
represent the borders of extended amygdala and
that they may share, by virtue of anatomical and
neurochemical similarities, functional attributes. ACe
has been shown to be crucially involved in the de-
velopment of conditioned emotional responses, by
association of environmental stimuli with reward.

Our study shows that repeated administration of
psychostimulants influences prodynorphin and pro-
enkephalin biosynthesis in the amygdala and hip-
pocampus, which in turn changes availability of the
endogenous ligands in the limbic system and may
induce plastic changes related to dependence phe-

nomena. The changes in prodynorphin and proen-

kephalin mRNA expression levels were also de-

scribed in postmortem brain tissue from human
cocaine users [27, 16], which is the additional argu-

ment for the importance of the changes in endoge-

nous opioid peptides observed in our study. These
studies also indicate similar activation of prodynor-

phin gene expression in ACe after amphetamine as
was demonstrated in NAc, which supports the role
of extended amygdala in neurochemical mecha-

nisms of amphetamine addiction. However, amyg-

dala lesions failed to alter signs of withdrawal ex-

cept of escape jumping [3]. The proenkephalin sys-

tem is associated with induction of long-term
potentation, euphoria, and conditioned place prefe-

rence. However, in the present study, the changes in
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amygdalar proenkephalin system after cocaine were

observed almost excusively after acute injection.

After chronic injection of the drug, the level of pro-

enkephalin mRNA was slightly elevated early after

withdrawal, but 48 h thereafter, the level tended to

decrease. This is in agreement with the data re-

ported by Crespo et al. [6] obtained later after with-

drawal, which showed that 5 and 10 days after ces-

sation of the last session of cocaine self-administra-

tion, the level of proenkephalin mRNA was lower

in comparison with the control. More pronounced

change, a decrease in the level of proenkephalin

mRNA was observed after single amphetamine ad-

ministration and in early time after withdrawal

from chronic drug treatment. In contrast, prodynor-

phin mRNA level was elevated after repeated am-

phetamine administrations only. The changes ob-

served in the amygdala in the present study after

administration of psychostimulants differ to some

extent from those obtained in NAc and striatum,

but the direction of the changes is similar. The main

difference is that cocaine did not influence the pro-

enkephalin and prodynorphin expression in the

amygdala, however, in our previous study the level

of prodynorphin mRNA in NAc and striatum was

elevated [28]. The effect of amphetamine was simi-

lar in these structures, but less expressed in the

amygdala in comparison with NAc. In contrast to

the amygdala, cocaine induced significant changes

in the examined parameters in the hippocampus.

Acute and repeated cocaine treatment increased the

prodynorphin mRNA level in the hippocampal

dentate gyrus. On the other hand, only acute co-

caine administration enhanced the expression of

both those opioid genes in the amygdala. Interest-

ingly, the prodynorphin mRNA was significantly

increased after both cocaine and amphetamine in

dentate gyrus of the hippocampus. Cocaine sei-

zures observed in animals and electrophysiological

data suggest that this drug preferentially activates

the limbic system, particularly by facilitating pro-

pagation of the seizure activity within the amyg-

dala and hippocampus [21]. However, the changes

in prodynorphin expression were observed only in

the hippocampus which suggests that the changes

were not seizure-related.
The regulation of prodynorphin gene expres-

sion differs depending on the structure where it oc-

curs. In the striatum and hypothalamus, the expres-

sion of prodynorphin seems to be regulated by

CREB but in the hippocampus some role of Fos in
the mechanism of prodynorphin induction in the
dentate gyrus granule neurons was described [33].
Thus, the significant increase in prodynorphin gene
expression in dentate gyrus may be strongly related
to the excitatory action of both psychostimulants.

Different changes in the amygdala in compari-
son with NAc observed in our study after cocaine
injection could be related also to the expression of
CART (cocaine- and amphetamine-regulated tran-
script) peptide in these structures. The CART pep-
tide was first discovered in the striatum of rats after
acute administration of cocaine and amphetamine
using PCR differential display [9]. Anatomical dis-
tribution of the peptide was described in the struc-
tures that are relevant for drug addiction [5, 20]. No
striatal activation of CART was found in male rats
following binge cocaine injection, but the activa-
tion was observed in the ACe [10]. Thus, it could be
one of the reasons for the observed differences, but
the above effect merits further investigation.

These studies also indicate that the changes in
opioid gene expression in ACe are not parallel to
those observed in NAc after cocaine and ampheta-
mine, which suggests that peptidergic systems in
the structures of extended amygdala might be regu-
lated by different neurochemical mechanisms after
psychostymulants administration.
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