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Abstract:

We investigated the effects of repeated intermittent cocaine treatment, resulting in behavioral sensitization, on the density of

��-adrenoceptors in the rat brain measured by quantitative in vitro autoradiography of [�H]prazosin. Animals were decapitated

following a short (2 h) and long (48 h) withdrawal period after an injection of cocaine (10 mg/kg) on day 10 given to either

cocaine-naive (saline daily, days 1–5) or cocaine-sensitized (cocaine 10 mg/kg daily, days 1–5) rats. In cocaine-naive rats,

significant decreases in ��-adrenoceptors 2 h after a single dose of cocaine were observed in the amygdaloid nuclei and

hippocampus; the decreases in the centromedial nucleus of the amygdala persisted until 48th hour of withdrawal. On the contrary,

increases in ��-adrenoceptors after 2-h withdrawal were seen in the nucleus accumbens core and retrosplenial cortex. In

cocaine-sensitized rats, the density of ��-adrenoceptors 2 h after the challenge with cocaine increased in the centrolateral amygdala,

while in the granular retrosplenial cortex and in the most of thalamic nuclei, the densities of ��-adrenoceptors decreased. After 48-h

withdrawal, the density of ��-adrenoceptors increased in the nucleus accumbens core and shell (by 21% and 58%, respectively), and

in the amygdaloid centromedial and basolateral nuclei (by ca. 24%), while the decline was still observed in some thalamic nuclei.

Our study shows for the first time that cocaine sensitization produces significant (dependent on the withdrawal time) alterations in

the ��-adrenoceptor density, and the changes in some parts of the thalamus seem to be related to processes of cocaine relapses.
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Abbreviations : Acb – nucleus accumbens, BLA – basolateral

nucleus (of the amygdala), CEL – centrolateral nucleus (of the

amygdala), CEM – centromedial nucleus (of the amygdala),

CL – central lateral area (of the thalamus), CM – central medial

area (of the thalamus); Cx CG –cingulate cortex, LH – lateral

hypothalamic area, MHB – medial habenular area (of the thala-

mus), PC – paracentral area (of the thalamus), RSA – ret-

rosplenial agranular cortex, RSG – retrosplenial granular cortex

Introduction

A chronic administration of psychostimulants, such as

cocaine or amphetamine produces several, not always

well-documented changes, responsible for develop-

ment of drug dependence. It has been suggested that

the development of dependence is related to sensitiza-

tion, a phenomenon of an increase in responsiveness

to cocaine or amphetamine administered a few days

after a short train of daily injection of the drug [31].

We investigated here how the pretreatment with mul-

tiple cocaine doses in a manner resulting in clear-cut

behavioral sensitization, affects one of neurotransmit-

ter systems involved in cocaine effects.

It is generally assumed that the action of stimu-

lants, such as cocaine or amphetamine, is mainly due

to their action on elements of dopaminergic system

and consequently, increased interaction between do-

pamine and postsynaptic dopamine receptors (re-

viewed in [1, 36]). However, the role of noradrenaline
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in the stimulant-evoked effects seems to be more im-

portant than previously assumed. Thus, the group of

Tassin has found that �1-adrenergic receptors may

control the motor effects of amphetamine [4, 5].

Based on their results on the effects of noradrenergic

antagonists on the motor effect of amphetamine and

cocaine, the authors proposed that the noradrenergic

system played a permissive role for the motor effects

of the stimulant [14]. The conclusions from behav-

ioral results were corroborated by the results of dialy-

sis studies, which revealed that the release of dopa-

mine brought about by administration of ampheta-

mine was inhibited by noradrenergic antagonists [12].

Those studies revealed that the interaction between

noradrenergic and dopaminergic system occurred not in

the nucleus accumbens (Acb), presumably the main tar-

get of the motor effects of amphetamine, but in the areas

distant to this structure (e.g. in the prefrontal cortex).

The interaction seems to be proportional to the density

of noradrenergic innervation in a given brain area.

Following this line of reasoning, in this study we

measured the changes in the density of �1-adrenoce-

ptors in various brain areas, by means of autoradiogra-

phy. As for the action of cocaine, the immediate re-

sponses are important to the observed effects, but late re-

sponses may be relevant to the development of

dependence or craving, we investigated the brains of rats

killed at a short (2 h) and long (48 h) interval after a sin-

gle (or a challenge) dose of cocaine. To assess the effect

of sensitization, the experiments were carried out with co-

caine given to cocaine-naive and cocaine-sensitized rats.

Materials and Methods

Animals and treatment

The experiment was performed on male Wistar rats

(240–320 g). Animals had free access to food and

water, and were kept in standard breeding cages

(27 × 24 × 13 cm), at room temperature of 20 ± 1°C under

a standard 12 h/12 h light/dark cycle (6.00–18.00 h).

The experiment was approved by the Committee for

the Welfare of Animals and Ethics and met the inter-

national guidelines for the care and use of laboratory

animals.

Behavioral sensitization to cocaine was generated

and estimated as described previously in detail by

Filip et al. [17]. The rats were randomly divided into

three groups (7 animals per group). Two groups were

treated with daily injections of saline and the third

group of animals was sensitized by receiving cocaine

(10 mg/kg, ip) for five consecutive days. Following 5

days of withdrawal (on day 10), one group of saline-

treated animals was injected with saline (control

group) and the other one with 10 mg/kg of cocaine

(cocaine-naive group). The sensitized rats were chal-

lenged with the same dose of cocaine on day 10

(cocaine-sensitized group). After such treatment pro-

tocol, the motor response to cocaine in the sensitized

rats was approximately four-fold higher than in

cocaine-naive rats [17]. The locomotor activity was,

therefore, tested for 1 h (the results not shown here).

One hour after completing the behavioral test (i.e.

2 h after the last injection of the drug or saline), four

animals from each group were sacrificed by decapita-

tion and the remaining 3 rats from the groups were de-

capitated 46 h later (i.e., 48 h after the last injection).

Their brains were isolated, frozen at –70°C, and later

used for the autoradiography of �1-adrenoceptors.

Authoradiography of �
1
-adrenoceptors

The �1-adrenoceptors were assessed by autoradio-

graphic analysis as described previously [27]. Briefly,

frozen brain tissue was mounted on tissue holders and

ten consecutive series of 12 µm thick coronal section

were taken using a Shandon cryostat (U.K.). The sec-

tions were stored at –70°C. At the time of the assay,

slide-mounted sections were thawed and preincubated

for 1 h at room temperature in a Krebs buffer modi-

fied (KRBM) pH 7.8; containing 10 mM Na2HPO4, 119

mM NaCl, 6 mM KCl, 1.2 mM MgSO4, and 1.3 mM

CaCl2. For the �1-adrenoceptor assay, sections were

incubated for 1 h with 0.9 nM [3H]prazosin either

alone or with 10 µM WB4101 to determine a nonspe-

cific binding. Following incubation, sections were

rinsed with ice-cold KRBM twice for 3 s and 4 times

for 10 min and then dipped briefly into ice-cold water.

After washing, slides were rapidly dried with cold,

dry air and left overnight. Slides were then apposed to
3H-Hyperfilm (Amersham) along with tritium stan-

dards and kept at room temperature for 2 months.

Quantification of signals on the 3H-Hyperfilm was

performed using MCID (Microcomputer Imaging De-

vice, Imaging Research, Brock University, Canada)

software. Quantitative densitometry was carried out

by calibration to a set of standards before reading the

density values in the regions of interest. The 3H-iso-
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tope was used as the reference. Optical density was

converted to fmol/mg of tissue by comparison with

a standard curve constructed from optical densities of

tritium standards, using the specific activity of radio-

ligand.

Brain areas were identified by comparing autora-

diographic images with appropriate figures from the

rat brain atlas of Paxinos and Watson [30].

Drugs

[3H]Prazosin was obtained from Radioactive Centre

Amersham (77 Ci/mmol) and 2-([2,6-dimethoxyphenoxy-

ethyl]aminomethyl)-1,4-benzodioxane (WB4101) from

Sigma (St. Louis, MO, USA). Cocaine hydrochloride

was purchased from Sigma, Aldrich, USA.

Data analysis

The specific [3H]prazosin binding was concerned to

be an indication of total �1-adrenoceptor densities.

Autoradiographic data (expressed as fmol/mg of tis-

sue) were analyzed (separately for each structure) by

two-way analysis of variance, with treatment (acute or

challenge dose of cocaine) and time (2 h or 48 h after

the last injection of cocaine) as factors. The individual

differences were subsequently tested for significance

with the Fisher LSD test if main effects of interaction

were significant (p < 0.05).

Results

The [3H]prazosin binding was heterogenous (see sa-

line controls, Tab.1, Fig. 1). The highest densities

were observed in various areas of the thalamus

(90–106.6 fmol/mg of tissue), much weaker in cingu-

late cortex (C× CG) (approximately 48 fmol/mg of

tissue) and did not exceed 40 fmol/mg of tissue in the

remaining brain structures tested; the lowest value

was observed in the hippocampus (approximately

26 fmol/mg of tissue). In a given structures, there
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Tab. 1. Effect of cocaine injection on [
�
H]prazosin binding (fmol/mg of tissue ± SEM) in the selected brain regions of cocaine-naive and

cocaine-sensitized rats measured two (2 h) and forty eight (48 h) hours after the last treatment

Structures 2 h 48 h

Saline control Cocaine-naive
rats

Cocaine-sensitized
rats

Saline control Cocaine-naive
rats

Cocaine-sensitized
rats

Acb. core 30.5 ± 1.4 37.9 ± 2.8* 37.6 ± 2.9* 34.7 ± 1.2 34.3 ± 1.7 41.5 ± 3.2#

Acb. shell 34.9 ± 5.3 34.2 ± 3.9 37.8 ± 1.8 29.9 ± 2.6 29.5 ± 2.0 46.6 ± 5.6** ��

Amy CEL 34.4 ± 2.2 22.3 ± 1.3** 32.4 ± 2.8�� 32.8 ± 2.3 31.2 ± 1.0 33.2 ± 2.9

Amy CEM 36.5 ± 4.1 25.4 ± 1.1** 26.1 ± 1.6** 39.8 ± 0.1 31.2 ± 1.1* 39.6 ± 1.6�

Amy BLA 35.6 ± 1.7 26.9 ± 2.5* 30.4 ± 1.9 39.8 ± 0.9 33.3 ± 2.5 41.3 ± 3.3�

Cx CG 49.3 ± 4.7 55.7 ± 4.4 52.3 ± 3.1 47.4 ± 1.6 48.8 ± 2.1 43.3 ± 1.6

Cx RSG 35.7 ± 2.3 43.6 ± 1.9** 31.9 ± 1.5��� 35.3 ± 0.9 33.0 ± 1.1 39.1 ± 3.3

Cx RSA 38.8 ± 2.2 47.5 ± 2.9** 41.6 ± 1.8 40.9 ± 1.3 37.0 ± 2.0 43.8 ± 0.7

Thal CL 90.0 ± 8.2 99.7 ± 4.4 83.9 ± 2.9 106.6 ± 3.6 99.0 ± 9.6 93.9 ± 8.2

Thal MHB 96.4 ± 7.0 102.0 ± 7.6 86.4 ± 0.5+ 93.9 ± 4.7 106.4 ± 3.0 86.9 ± 2.8�

Thal CM 93.5 ± 2.5 104.2 ± 5.4 81.6 ± 1.7�� 104.8 ± 4.9 111.5 ± 0.7 87.2 ± 7.9*��

Thal PC 101.9 ± 4.1 100.7 ± 4.4 84.5 ± 2.2***�� 103.3 ± 0.4 93.9 ± 0.8 93.3 ± 1.7

Hypoth LH 33.8 ± 2.3 26.8 ± 1.6 30.1 ± 4.1 39.3 ± 4.8 34.0 ± 3.8 32.2 ± 2.5

Hippoc 29.8 ± 0.9 21.0 ± 1.0** 22.6 ± 1.3* 25.8 ± 3.2 26.8 ± 4.0 24.4 ± 1.8

[
�
H]Prazosin binding was examined to assess �

�
-adrenergic receptor density. Data are the means ± SEM (n = 3–4 animals; sections were ana-

lyzed in duplicates). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. respective saline-injected control groups;
�

0.05 > p < 0.1,
�

p < 0.05,
��

p < 0.01,
���

p < 0.001 vs. single injection of cocaine. Abbreviations: Acb. – nucleus accumbens, Amy – amygdaloid nuclei, CEL – central nucleus lat-
eral division, CEM – central nucleus medial division, BLA – basolateral nucleus, Cx – cortex, CG – cingulate cortex, RSG – retrosplenial granu-
lar cortex, RSA – retrosplenial agranular cortex, Thal – thalamic nuclei, CL – central lateral, MHB – medial habenular, CM – central medial, PC –
paracentral, Hypoth LH – lateral hypothalamic area, Hippoc – hippocampus
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Fig. 1. (i). Schematic diagrams (adapted from the atlas of Paxinos and Watson [30]) illustrating the anatomical subdivisions for the two rostro-
caudal levels shown in Fig. 1(ii). Grey-shaded areas indicate the brain regions (bold fonts) considered for the analysis of [

�
H]prazosin binding.

Abbreviations are listed under Tab. 1. (ii). Example of autoradiographic images of [
�
H]prazosin binding in the rat brain. Animals were decapi-

tated 2 h (A–C; G–I) and 48 h (D–F; J–L) after a single (B, E, H, K) or challenge (C, F, I, L) dose of cocaine; saline controls: A, D, G, J. Brain sec-
tions equivalent to Paxinos and Watson [30], bregma 0.48 mm (A–F) and bregma –2,12 mm (G–L)



were no significant changes in the groups killed on

different days (2 h and 48 h saline control groups).

Cocaine (injection on day 10) produced changes in

�1-adrenoceptor binding in several areas of the brain.

The two way analysis of variance showed: a signifi-

cant effect of treatment [F(2,15) = 3.92, p < 0.042] in

the Acb core and the shell [F(2,15) = 4.23, p < 0.034];

a significant effect of treatment [F(2,15) = 14.82,

p < 0.0002] and time [F(1,15) = 5.12, p < 0.038] in the

central media area of the thalamus (CM); a significant

effect of treatment [F(2,15) = 5.25, p < 0.018] in me-

dial habenular area (MHB) and in paracentral area

(PC) of the thalamus [F(2,15) = 9.58, p < 0.002];

a significant interaction treatment × time [F(2,15) = 9.62,

p < 0.002] in retrosplenial granular cortex (RSG) and

in retrosplenial agranular cortex (RSA) [F(2,15) = 5.67,

p < 0.014]; a significant effect of treatment [F(2,15)

= 4.66, p < 0.026] in centrolateral nucleus (CEL) of

the amygdala; a significant effect of treatment

[F(2,15) = 6.16; p < 0.011] and time [F(1, 15) = 15.11;

p < 0.0014] in baselateral nucleus (BLA) and treat-

ment [F(2,15) = 8.40; p < 0.003] and time [F(1,15)

= 14.71; p < 0.0016] in centramedial nucleus (CEM)

of the amygdala.

A single injection of cocaine given to cocaine-

naive animals (pretreated with saline) produced sig-

nificant changes in the density of �1-adrenoceptors in

several brain regions of rats tested 2 h after the injec-

tion of the drug (Tab. 1). Specifically, we observed the

increases in the density of the receptors in the core of

Acb (by 24%, p < 0.05 vs. saline control) and in some

parts of the prefrontal cortex (by 22% in RSG and

RSA, p < 0.01 vs. saline control). On the other hand,

the density of the �1-adrenoceptors in the amygdaloid

nuclei and in the hippocampus was significantly de-

creased (by 25–35% and by 30%, respectively) (Tab. 1).

The effects induced by cocaine in cocaine-

sensitized animals in most brain regions did not differ

from those observed in cocaine-naive rats. Notable

differences were observed in the cortex and some nu-

clei of the amygdala (CEL and BLA), in which in

cocaine-sensitized animals, the stimulant lost its abil-

ity to increase the density of �1-adrenoceptors, and,

therefore, the densities were similar to those observed

in control rats (Tab. 1). Another notable difference in

the effects of cocaine between cocaine-naive and

cocaine-sensitized rats were observed in the thalamus,

in which in the PC, cocaine given to the naive animals

produced no changes in the density of �1-noradre-

nergic receptors, but in the sensitized animals it

caused a significant decline (by about 20%, p < 0.01

vs. cocaine-naive rats) in the receptor-density. Inter-

estingly, the pattern of changes in all investigated tha-

lamic nuclei was similar, viz. there was a decline in

the density of �1-adrenoceptors in the cocaine-

sensitized group, though the differences not always

reached the level of statistical significance (Tab. 1,

Fig. 2A).

In cocaine-naive rats tested 48 h after the injection

of cocaine, there were no changes in �1-adrenoce-
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Fig. 2. Sensitization-induced changes in [
�
H]prazosin binding to �

�
-adrenoceptors observed in the rat brain 2 h (A) and 48 h (B) after cocaine

challenge. Results are expressed as percentage changes (means ± SEM) in relation to binding values after a single dose of cocaine injected to
cocaine-naive rats assumed to be 100% (see Tab. 1). Statistical analyses were performed on raw data. * p < 0.05, ** p < 0.01, *** < 0.001, #
0.05 > p > 0.1 compared with single dose of cocaine. For abbreviations of brain structures’ names, see Tab. 1



ptors, except for a significant depression (by 22%,

p < 0.05) in the CEM of the amygdala (Tab. 1). How-

ever, significant changes were observed in the

cocaine-sensitized rats, namely, there were increases

in the Acb core by 21% (0.05 > p < 0.1 vs. cocaine-

naive rats) and shell by 58% (p < 0.01 vs. cocaine-naive

rats), and in CEM (by 27%, p < 0.05 vs. cocaine-naive

rats) and BLA (by 24 %, p < 0.05 vs. cocaine-naive rats)

of the amygdala; a decrease by 18% (p < 0.05 vs.

cocaine-naive rats) in MHB and by 22% (p < 0.01 vs.

cocaine-naive rats) in CM of the thalamus (Tab. 1, Fig.

2B).

Discussion

The main finding of this study is that cocaine injec-

tion changes the density of �1-adrenoceptors as re-

flected in the changes of [3H] prazosin binding. The

relationship between dopaminergic and adrenergic

system was studied by several authors. It was demon-

strated that blockade of �1-adrenoceptors resulted in

abolishment of motor effects of stimulants [e.g., 5,

14]. Moreover, it was found recently that locomotor

and rewarding effects of psychostimulants and opiates

were dramatically decreased or suppressed in mice

lacking �1b-adrenergic receptors [15]. The research

group of Tassin proposed that noradrenergic �1-adreno-

ceptors play a permissive role for behavioral effects

of dopaminergic stimulation, and speculated that

variations in the sensitivity to psychostimulants,

including those induced by sensitization, are at least

partly due to modifications in the reactivity of nora-

drenergic neurons [14].

Such a modification may consist in the change in

the number of �1-adrenoceptors. Indeed, our study

shows for the first time that cocaine injection pro-

duces changes at the �1-adrenergic receptor density.

As cocaine inhibits both the noradrenergic and dopa-

minergic transporters, the immediate cause of the re-

sponse of the receptor system remains elusive, never-

theless, that change may affect the behavioral effects

of cocaine, which are presumably mediated by the do-

paminergic system.

The second important finding is that cocaine sensi-

tization, characterized by an enhanced responsiveness

to cocaine, induced by repeated, intermittent cocaine

injections some time before the challenge with the

drug, affects the response of the adrenergic system to

cocaine. The sensitization was shown by several re-

search groups to enhance behavioral response to co-

caine (reviewed in [31]) and to alter the metabolism

of monoamine transmitters [20], but the changes in

the density of �1-adrenoceptors in response to cocaine

challenge in cocaine-sensitized animals were never

studied before. We have demonstrated that cocaine-

naive and cocaine-sensitized animals differ in the

changes in �1-adrenoceptor density, particularly 48 h

after the injection of a challenge dose of cocaine.

Usually this interval is regarded as the period of with-

drawal, and the result suggests that while a single

dose of cocaine does not produce much changes in the

withdrawal period in cocaine-naive rats, the changes

in cocaine-sensitized animals are evident. The bio-

chemical and neurochemical changes in the period of

withdrawal are usually linked with the development

of drug seeking and with changes leading to develop-

ment of addiction [21].

It is well-known that the density of �1-adrenergic

receptors in the brain is heterogeneous [27, 33, 40],

and our study shows that their responsiveness to co-

caine is also different in various brain structures. The

important question is whether those changes have

a functional significance. Interestingly, we found

them mainly in the brain structures that are known to

be strongly involved in cocaine priming-induced rein-

statement of cocaine seeking (i.e., the nucleus accum-

bens, amygdala, thalamus and some parts of the pre-

frontal cortex) (reviewed in [35]). Those structures

are composed of several nuclei playing different roles,

and the observed changes were often specific for vari-

ous subregions of the structures, although the general

direction was similar.

In most of the structures, the changes, observed in

our study, consisted in an increase in the �1-adrenoce-

ptor density, but the degree of the change differed,

and opposite effects were seen in the cortex shortly

after the cocaine injection, and in discrete thalamic

nuclei both 2 and 48 h after cocaine challenge.

The nucleus accumbens

In the Acb core, the structure regarded to be responsi-

ble for mediation of the incentive value of reward-

conditioned stimuli and involved in cue-elicited seek-

ing behavior [13, 18], cocaine induced an elevation of

the [3H]prazosin binding 2 h after injection in both

sensitized and non-sensitized rats, suggesting that
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sensitization does not affect the acute effect of co-

caine on the noradrenergic receptors there. However,

after the longer (48 h) withdrawal period, in which no

effects of cocaine injection were observed in cocaine-

naive animals, the density of �1-adrenoceptors was

significantly elevated in sensitized animals.

The Acb shell, the structure regarded to be respon-

sible for the rewarding effects of drugs [7] and sup-

posedly mediating the potentiation of instrumental re-

sponding to rewarding stimuli [10], was much less re-

sponsive to acute effects of cocaine than the Acb core,

but in this structure the strongest increase in [3H]pra-

zosin binding occurred following a 48-h withdrawal

period in the sensitized rats. It is worth noting that the

dopaminergic responses in the shell and core of the

Acb differ, as the dopamine level after iv cocaine in-

jections is preferentially increased in the shell [32].

As mentioned before, it has been proposed that

�1-adrenoceptors have a permissive role for dopa-

mine release. Therefore, the observed changes may

reflect an activation of mechanisms that control dopa-

minergic stimulation induced by cocaine. Such an in-

crease in the �1-adrenergic receptor density might be

a compensatory reaction to the decline in dopamine

level that is induced by sensitization [9]. As shown by

Todtenkopf et al. [37] the dorsomedial shell of the

Acb plays an important role in the initial stages of be-

havioral sensitization to cocaine. The present study

indicating the changes in �1-adrenoceptors in this

brain structure implies also its important role in the

period of withdrawal.

Cortex

Evidently, in the withdrawal period the memory of re-

ward is high and attempts are undertaken to get the

drug, while no conditioned stimuli are present.

Among brain structures functionally involved in

memory-related processes is the retrosplenial cortex,

the structure that has memory-related functions (re-

viewed in [23]). Noradrenaline is a neurotransmitter

strongly involved in memory processes, and �1-ad-

renoceptor manipulation was shown to impair cortical

cognitive functions [2, 3], at the same time improving

spatial memory [34]. Our results show that an injec-

tion of cocaine to sensitized animals brings about

a decrease in �1-adrenoceptor density in the RSG (2 h

after the drug), which may be related to the fact that

the challenge injection of cocaine (in contrast to acute

injection of the drug which increased �1-adrenoceptor

density in this structure) presumably induces memo-

ries of cocaine in an experienced animal.

Amygdala

Amygdaloid complex is the brain structure central to

mediating fear, anxiety and emotional responses, and

is involved both in consumatory and incentive action

of drugs of abuse [28]. Its several nuclei project into

various brain areas: the CEM of the amygdala proj-

ects to medial preoptic area, the area controlling con-

sumatory aspects of reward, while the BLA projects

to the Acb and ventral tegmental area, the structures

controlling appetitive aspects of reward. The central

nucleus of the amygdala receives dense noradrenergic

innervation, and is rich in expression of �1-adrenergic

receptors [8]. In fact, in this study, we demonstrated

that �1-adrenergic receptors of the amygdala respond

to cocaine, but this depends on the time after the in-

jection and the previous experience of the drug. While

in naive animals a single injection of cocaine caused

a decline in the prazosin binding in all investigated

nuclei, the effect lasted for 48 h only in the CEM. In

contrast, in sensitized rats after 2 h we observed

a striking increase in [3H]prazosin binding, limited to

the CEL, while in the withdrawal period the strong

elevation of noradrenergic receptor density was ob-

served in the remaining investigated amygdaloid nu-

clei.

Both animal data and clinical reports indicate that

cocaine induces anxiety during the treatment and

short-term withdrawal [11, 16, 19, 22, 29]. The cen-

tral nucleus of the amygdala is an important compo-

nent of the limbic fear-anxiety circuit and has also

been implicated in regulation of the hypothalamic-

pituitary-adrenal stress axis. The responses of the amyg-

dala to stress are regulated by noradrenaline acting via

�1-adrenoceptors [8]. In this context, it is tempting to

speculate that the cocaine-induced changes in �1-ad-

renoceptor density in the amygdala may be related, if

not responsible, for the emotional effect of cocaine.

Thalamus

Noradrenaline plays an important role in the thala-

mus, the gate for incoming sensory information which

is relayed to cortical and subcortical areas [24]. Act-

ing through �1-adrenoceptors, noradrenaline shifts

the pattern of firing in the lateral geniculate, thus af-

fecting sleep-wake cycle [25]. Alteration of nora-

�����������	��� 
������ ����� ��� ��	���� 833

Cocaine-induced changes in ��-adrenoceptors
����� ������ �	 ��




drenaline function are associated with posttraumatic

stress disorder (PTSD) and panic disorder [reviewed

in 6]. Moreover, it was reported that early discon-

tinuation of cocaine use in addicts was accompanied

with dysregulation in noradrenergic function and in-

creased vulnerability to panic anxiety [26].

Interestingly, Volkoff et al. [38] have reported that

the thalamus is the structure in which administration

of a stimulant, methylphenidate, induces large in-

creases in dopamine level, but only in cocaine-

abusers. Increases in thalamic dopamine level are cor-

related with self-reported feeling of pleasure [39]. Our

results thus support the notion of thalamus involve-

ment in the action of drugs of abuse. It is plausible

that the cocaine-induced changes, consisting in de-

pression of [3H]prazosin binding in various thalamic

nuclei, observed only in cocaine-sensitized rats (pres-

ent study), may reflect the general behavioral distur-

bances caused by cocaine sensitization, which plays

an important role in cocaine abuse, although relation

of this effect to the increase in thalamic metabolism

and dopamine levels [38, 39] needs further clarifica-

tion.

Attempting to sum up the changes induced by co-

caine sensitization in the density of �1-adrenoceptors

in various parts of the brain, we may propose that

those changes are related to the memory of the drug

(particularly changes in the retroplenial cortex), stress

and anxiety (changes in the amygdala), impairment of

transmission of sensory information from the outside

world (changes in the thalamus) and control of dopa-

mine release in the reward centers of the brain

(changes in the nucleus accumbens). In other words,

the reported changes in �1-adrenoceptor density may

be associated with the constellation of behavioral

symptoms induced by drug addiction which leads to

craving and relapse.
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