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ABSTRACT: The increased activity and stereotyped behaviors that result
from repeated administration of cocaine is called cocaine sensitization.
This sensitized response has been postulated as one of the basic patho-
physiological mechanisms in drug addiction. Recent evidence indicates
that noradrenergic neurotransmission might be implicated in some of
the behavioral effects of cocaine. The present article examined the role
of alpha-adrenergic receptor agonists and antagonists in the develop-
ment and expression of cocaine sensitization. Rats were injected once per
day, for 7 consecutive days, with the alpha-1 receptor antagonist prazosin
(0.5 mg/kg, i.p.) 15 min before cocaine administration (15 mg/kg, i.p.). Af-
ter 8 days, animals received a cocaine challenge (15 mg/kg, i.p.) and were
tested for locomotion. Following a 7-day withdrawal period rats received
a second cocaine challenge. One day after the last challenge, rats were
reinstated to the initial protocol for 1 day. In another set of experiments,
rats were injected twice per day with the alpha-2 receptor antagonists
yohimbine (5 mg/kg, i.p.), idazoxan (0.25 mg/kg, i.p.), or with the alpha-
2 agonist clonidine (0.025 mg/kg, i.p.), followed by cocaine injections
(15 mg/kg, i.p.), for 7 consecutive days. Thereafter, the protocol was sim-
ilar to that following prazosin administration. The results demonstrated
that the alpha-1 receptor antagonist prazosin blocked the development
and expression of cocaine sensitization. On the other hand, both alpha-2
antagonists failed to inhibit the development or the expression of cocaine
sensitization. Instead, they produced an increase in locomotor activity
during the first day of experimentation. The alpha-2 agonist clonidine
attenuated the acute response to cocaine on day 1 and retarded the in-
creased locomotor activity on the following 2 days. There was a dramatic
increase in the level of sensitization after the first cocaine challenge.
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However, it inhibited the expression of cocaine sensitization during the
reinstatement protocol. These results suggest that alpha adrenoreceptors
play an important role in modulating different stages of cocaine sensiti-
zation and probably cocaine addiction.

KEYWORDS: cocaine; norepinephrine; alpha-1 receptors; alpha-2 recep-
tors; clonidine; yohimbine; prazosin; idazoxan

INTRODUCTION

Cocaine sensitization refers to the increased activity and stereotyped behav-
iors that result from repeated cocaine administration.1 This sensitized response
can persist for weeks or months following the cessation of drug treatment and
has been postulated as one of the basic pathological mechanisms involved in
drug addiction.2–4

Cocaine-induced sensitization results from neural adaptations in the brain-
reward system.5 One of the most important brain-reward circuits involves
dopamine (DA) neurons of the ventral tegmental area (VTA) and its projections
to mesolimbic/mesocortical.6,7 Although extensive evidence indicates that the
processes of enhanced locomotion and cocaine sensitization are intimately re-
lated with DA transmission, there is compelling data suggesting an important
noradrenergic modulatory role in this phenomenon.

The majority of the available data on the role of norepinephrine (NE) in co-
caine sensitization deals with alpha-noradrenergic receptors. Recent investiga-
tions show that prazosin, an alpha-1 adrenergic receptor antagonist, reduced the
acute locomotor effects and blocked behavioral sensitization to both cocaine
and amphetamine injections.8 Additional studies have indicated that stimula-
tion of alpha-1 and alpha-2 adrenergic receptors amplified the DA-mediated
locomotor hyperactivity in rats and mice.9 Furthermore, it was demonstrated
that the development of cocaine sensitization was dramatically increased in
mice lacking the adrenergic receptor subtype alpha-1b.10

In contrast with the aforementioned studies, there are other investigations
that suggest that the noradrenergic transmission is not critically involved in the
development of cocaine sensitization.11,12 Therefore, the role of NE transmis-
sion in the process of cocaine-induced behavioral sensitization is still equivo-
cal.

The present experiments were designed to investigate the role of alpha
adrenoceptors in two distinct processes in cocaine sensitization, initiation and
expression. Initiation of sensitization are the immediate molecular and/or cel-
lular effects that induce behavioral sensitization.13,14 Expression indicates the
long-term consequences of these effects. Numerous studies have shown that the
VTA is the site where the processes responsible for the initiation of sensitization
occur.15,16 On the other hand, the nucleus accumbens (NAcc) seems to be the
anatomical structure more relevant for the expression of sensitization.14,16–18
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In terms of behavior, the function of noradrenergic neurotransmission in the
initiation and expression of cocaine sensitization has been relatively unex-
plored. We investigated the role of prazosin (an alpha-1 receptor antagonist),
yohimbine and idazoxan (alpha-2 receptor antagonists), and clonidine (an
alpha-2 agonist) in the development and expression of cocaine sensitization.
The results suggest that alpha-adrenergic receptors modulate different stages
of cocaine-induced behavioral sensitization.

METHODS

Animal Housing

A total of 76 male Sprague-Dawley rats (250–300 g) were purchased from
Taconic Farms (Germantown, NY). They were maintained on a 12-h light/dark
cycle. Food and water were available ad libitum. All experiments were per-
formed during the light cycle. All procedures were conducted in accordance
with approved Institutional Animal Care and Use Committee.

Experimental Design

Prior to injections, and behavioral testing, animals were acclimated to the
test cages (AccuScan Instruments Inc., Columbus,OH) for 4 consecutive days.

Alpha-1 Adrenergic Receptors

Behavioral sensitization was induced by once daily administration of saline
(1 cc/kg, i.p.), followed by cocaine (15 mg/kg i.p.) or prazosin (0.5 mg/kg,
i.p.) for 7 consecutive days. Controls were injected with prazosin (0.5 mg/kg,
i.p.) followed by saline (1 cc/kg, i.p.) or with two consecutive saline injec-
tions (1 cc/kg, each i.p.). Locomotor activity (counts/60 min) was recorded
for all groups on days 1, 3, 5, and 7 of the sensitization protocol. On day 8 all
rats received a cocaine challenge (15 mg/kg, i.p.) and locomotor activity was
recorded. A 7-day withdrawal period followed, and on day 16 all animals re-
ceived a second cocaine challenge (15 mg/kg, i.p.) and locomotor activity was
recorded. On day 17 all animals were reinstated to the sensitization protocol
described above and locomotor activity was measured.

Alpha-2 Adrenergic Receptors

Behavioral sensitization was induced by twice daily administration of saline
(1 cc/kg, i.p.), followed by cocaine (15 mg/kg, i.p.) or yohimbine (5 mg/kg, i.p.)
for 7 consecutive days. Controls were injected with yohimbine (5 mg/kg, i.p.)
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followed by saline (1 cc/kg, i.p.) or with two consecutive saline injections
(1 cc/kg each, i.p.) Locomotor activity (counts/60 min) was recorded for all
groups on days 1–7 of the sensitization protocol. On day 8 all rats received
a cocaine challenge (15 mg/kg, i.p.) and locomotor activity was recorded. A
7-day withdrawal period followed, and on day 16 all animals received a sec-
ond cocaine challenge (15 mg/kg, i.p.) and locomotor activity was measured.
On day 17 all animals were reinstated to the sensitization protocol described
above and locomotor activity was measured. The same protocol was used with
idazoxan (0.25 mg/kg, i.p.) and clonidine (0.025 mg/kg, i.p.)

Data Analysis

One-way ANOVA followed by the Newman-Kuel’s post hoc tests were used
to analyze the data. A significant level of P < 0.05 was employed.

RESULTS

FIGURE 1 illustrates the effects of the alpha-1 receptor antagonist prazosin on
the development and expression of cocaine sensitization. Animals pretreated

FIGURE 1. The figure illustrates the effects of the alpha-1 receptor antagonist prazosin
on the development and expression of cocaine sensitization. Rats that received cocaine
alone (saline/cocaine group) were fully sensitized as evidence by their response to a cocaine
challenge or a reinstatement protocol (saline/cocaine; ∗P < 0.05, one-way ANOVA followed
by Newman-Kuel’s test between first day and days 5, 7, 8,16, and 17 of saline/cocaine group).
Although there was an enhanced locomotor response after the first cocaine injection (acute
response) no significant changes were observed in the prazosin-injected group thereafter.
These results demonstrate that the alpha-1 antagonist prazosin blocks the development and
expression of cocaine-induced behavioral sensitization. For details see text.
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with saline (1 cc/kg, i.p. injections) followed 15 min later by cocaine adminis-
tration (15 mg/kg, i.p.) (saline/cocaine group) were already sensitized at days
5 (one-way ANOVA, F3,28 = 12.61, P < 0.0001; Newman-Kuel’s q = 6.40,
P < 0.001, day 5 versus 1) and 7 (q = 6.24, P < 0.001). The level of sen-
sitization remained the same after the first (day 8, q = 5.31, P < 0.01) and
second (day 16, q = 6.45, P < 0.001) cocaine challenge and following a re-
instatement protocol (day 17, q = 5.10, P < 0.05). On the contrary, animals
that were pretreated with prazosin (0.5 mg/kg, i.p.) 15 min before cocaine ad-
ministration (prazosin/cocaine) demonstrated an inhibition in the development
of cocaine sensitization. On day 1, rats in the prazosin/cocaine group had an
increased locomotor response similar to the one present in the saline/cocaine
group (acute response). This response remained at the same level with sub-
sequent injections and after the first cocaine challenge. This indicates that no
sensitized response was developed (q = 4.61, P < 0.05 for prazosin/cocaine
on day 8 versus saline/cocaine). On the other hand, no changes in locomotion
were observed between the saline/saline and prazosin/saline groups through-
out the initial 7 days demonstrating that prazosin by itself does not produce
any alteration in normal locomotor behavior. After a 7-day withdrawal period,
on day 16 (second cocaine challenge) there was no expression of behavioral
sensitization in the prazosin/cocaine group (P > 0.05 compared to day 1).
On the other hand, all three groups (saline/saline, saline/prazosin, and pra-
zosin/saline) demonstrated a similar slight increase in locomotion (although
not significant) when compared to the first cocaine challenge. Because at this
moment all groups had received two cocaine injections without any pretreat-
ment, this enhancement in locomotion could be due to the beginning of the
process of sensitization. On day 17 a reinstatement protocol was introduced.
All groups were reinstated to the original sensitization protocol given during
the initial 7 days. It was observed that animals in the saline/cocaine group re-
mained sensitized (q = 5.10, P < 0.05) whereas the prazosin/cocaine group did
not show sensitization (P > 0.05 compared to day 1). There was a small but not
significant diminution in locomotor response compared to the second cocaine
challenge. These results suggest that prazosin administration induces a long-
lasting inhibitory effect on both the development and expression of cocaine
sensitization.

FIGURE 2 (A and B) illustrates the effects of alpha-2 receptor antagonists on
the development and expression of cocaine sensitization. It was observed that
animals that were administered saline 15 min before cocaine (saline/cocaine
group) developed an enhanced locomotor response already on day 2 of exper-
imentation (one-way ANOVA F3,40 = 10.96, P < 0.0001; q = 5.63, P < 0.01
compared to day 1). The increased locomotion remained at the same level for
the rest of the experiment with the exception of day 6 (P > 0.05 compared
to day 1). This enhanced rate of sensitization could be due to the fact that a
protocol of two injections per day was employed. As shown in FIGURE 2 A,



JIMÉNEZ-RIVERA et al.: ALPHA-NORADRENERGIC RECEPTORS 395

FIGURE 2. The figure (A and B) illustrates the effects of alpha-2 receptor antagonists
on the development and expression of cocaine sensitization. (A) Rats that received cocaine
(saline/cocaine group) were fully sensitized as evidenced by their response to a cocaine chal-
lenge or a reinstatement protocol. Yohimbine (5 mg/kg, i.p.) induced a robust increase in total
locomotor activity on day 1 (yohimbine/cocaine; +P < 0.001 compared to the saline/cocaine
group on day 1, one-way ANOVA followed by Newman-Kuel’s test). However, yohimbine
administration did not block the development or expression of cocaine-induced sensitiza-
tion because no significant differences were observed between the yohimbine/cocaine and
saline/cocaine groups after a cocaine challenge or a reinstatement protocol. (B) The same
protocol was used with idazoxan (0.25 mg/kg, i.p.) and similar effects as yohimbine were
seen but in lower magnitude. Asterisks denote significant differences (P < 0.05, one-way
ANOVA followed by Newman-Kuel’s test) between the first day and days 2, 3, 4, 5, 7, 8,
16, and 17 of saline/cocaine groups.



396 ANNALS NEW YORK ACADEMY OF SCIENCES

animals pretreated with the alpha-2 antagonist yohimbine (5 mg/kg, i.p.),
showed a dramatic increase in the acute response to cocaine on day 1 (q = 6.90,
P < 0.001 between saline/cocaine and yohimbine/cocaine groups). There were
no significant differences between the yohimbine/cocaine and saline/cocaine
groups thereafter. No significant differences were observed within the yohim-
bine/cocaine group on day 1 versus any other day, including cocaine challenges
and the reinstatement period. In addition, no significant changes were seen
between the saline/saline and saline/yohimbine groups throughout the initial
7 days of experimentation suggesting that yohimbine by itself did not have
any effects on normal locomotor behavior. After the first (day 8) and second
(day 16) cocaine challenges there was a tendency for the saline/yohimbine
group to show an increase in locomotor behavior when compared to day 1,
although it did not reach significance. FIGURE 2 B shows the effects of the
alpha-2 antagonist’s idazoxan (0.25 mg/kg, i.p.) on the development and ex-
pression of cocaine sensitization. It can be observed that on day 1, similar
to yohimbine administration, the idaxozan/cocaine group had a tendency to
show an increased acute locomotor response, although in this case, it did
not reach significance (P > 0.05). No differences were observed at any
other days, including the two cocaine challenges and during the reinstate-
ment protocol. Therefore, it seems that the alpha-2 antagonists enhance the
locomotor response to cocaine during the first day (acute response) of exper-
imentation but failed to inhibit the development or the expression of cocaine
sensitization.

FIGURE 3 illustrates the effects of the alpha-2 agonist clonidine (0.025 mg/kg,
i.p.) on the development and expression of cocaine sensitization. It can be ob-
served that clonidine administration attenuated the acute response to cocaine
on day 1. There was a diminution in locomotion on days 2 and 3 when com-
pared to the saline/cocaine group reaching significance on day 3 (one-way
ANOVA F3,40 = 15.11, P < 0.0001; q = 4.99, P < 0.05). However for days
4–7 there were no significant differences between the clonidine/cocaine and
saline/cocaine groups. As a matter of fact, on day 7 both groups were behav-
iorally sensitized in comparison to their respective day 1 (q = 6.48, P < 0.01
for clonidine/cocaine and q = 6.21, P < 0.01 for saline/cocaine). At the time
of the first challenge the clonidine/cocaine group demonstrated a dramatic
increase in the level of sensitization when compared to the response of the
saline/cocaine group (q = 9.19, P < 0.001). Following the withdrawal period,
the clonidine/cocaine group showed an enhanced behavioral response (q =
8.35, P < 0.001 compared to day 1) during the second cocaine challenge al-
though it was greatly diminished compared to the sensitization demonstrated
during the first challenge (q = 6.12, P < 0.001 for clonidine/cocaine day 16 ver-
sus day 8). Clonidine was able to block the expression of cocaine sensitization
during the reinstatement protocol (q = 7.67, P < 0.001 for clonidine/cocaine
at day 17 compared to saline/cocaine day 17).
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FIGURE 3. The figure illustrates the effects of the alpha-2 agonist clonidine (0.025
mg/kg, i.p.) on the development and expression of cocaine sensitization. Rats that received
cocaine alone (saline/cocaine group) were fully sensitized as evidence by their response to
a cocaine challenge or a reinstatement protocol. Clonidine attenuated the acute response of
cocaine on day 1 and retarded the increase in locomotor activity on the following 2 days
(clonidine/cocaine; ‡P <0.05 compared to saline/cocaine on days 3 and 17 one-way ANOVA
followed by Newman-Kuel’s test) but did not block the development of cocaine sensitization
during day 7, or challenges I and II. Clonidine was able to block the expression of cocaine
sensitization during the reinstatement protocol (clonidine/cocaine; ‡P < 0.001 compared to
saline/cocaine on reinstatement protocol, one-way ANOVA, Newman-Kuel’s test). Asterisks
denote significant differences (P < 0.05, one-way ANOVA, Newman-Kuel’s test) between
the first day and days 2, 3, 4, 5, 7, 8, 16, and 17 of saline/cocaine groups. †denotes a
significant difference (P < 0.05, one-way ANOVA and Newman-Kuel’s test) between first
day and days 7, 8, and 16 of clonidine/cocaine groups.

DISCUSSION

The goal of the present experiment was to investigate the role of the alpha-
adrenergic receptors in the initiation and expression of cocaine sensitization.
The results revealed that the pretreatment with the alpha-1 antagonist prazosin
blocked not only the initiation but also the expression of cocaine-induced be-
havioral sensitization. On the contrary, both alpha-2 antagonists’ yohimbine
and idazoxan, seemed to affect only the acute response to cocaine by increasing
it during the first day of treatment. The administration of clonidine, an alpha-
2 receptor agonist, attenuated the acute response to cocaine on experimental
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day 1 and retarded the increased locomotor activity on the following 2 days.
However, it was unable to fully block the development of cocaine sensitization.
After clonidine’s pretreatment there was a dramatic enhancement of locomotor
activity during the first cocaine challenge. Nevertheless, clonidine inhibited the
expression of cocaine sensitization during the reinstatement protocol. The data
is consistent with the notion that alpha-adrenergic receptors have the capacity
to modulate the initiation and expression of cocaine-induced behavioral sensi-
tization. The results also suggest that NE transmission could be an important
factor in the development and expression of cocaine sensitization.

Initial studies on the induction of sensitization have implicated alterations
in the functioning of DA neurons in the VTA. Changes in D2 autoreceptor
sensitivity19–21 and DA neuronal firing19 have been correlated with the devel-
opment of cocaine sensitization. More recent studies suggest that alterations
in VTA D1 receptors might be the most important dopaminergic adaptation
in the development of sensitization.22–24 However, there is contrasting infor-
mation demonstrating that DA receptors might not play a critical role in the
induction of behavioral sensitization.25,26 On the other hand, changes in the
spontaneous activity of DA neurons and D1 receptor-mediated augmentation of
� -aminobutyric acid (GABA) B- mediated inhibitory postsynaptic potentials
have been shown to occur with the expression of cocaine sensitization.27

It is well known that the VTA and NAcc receive innervation from other
catecholaminergic nuclei that release NE and serotonin onto them.28–30 Be-
cause the reuptake mechanisms of these neurotransmitter systems are equally
affected by cocaine,31,32 their role in the initiation and expression of behavioral
sensitization should not be overlooked.

Previous behavioral studies have demonstrated that the alpha-1 receptor an-
tagonist prazosin exerted a powerful inhibitory effect on the development of
cocaine sensitization.8 Our results are in agreement with the major finding
of the inhibition of the development of cocaine sensitization after prazosin
pretreatment. However, we did not find, as the above authors, that prazosin
blocked the acute response to cocaine. In our case the acute response remained
intact and only the enhanced locomotion, after repeated cocaine administra-
tion, was affected. This difference could be due to the cocaine dose of 5 mg/kg,
i.p. used in the previous study versus the 15 mg/kg, i.p. employed in our in-
vestigation to induce behavioral sensitization. Similar to the above-mentioned
study8 our experiments demonstrated that prazosin administration inhibited
the expression of cocaine sensitization. In addition, our results tend to indicate
that prazosin might have long-lasting effects on sensitization because the in-
hibitory actions were clearly present on the reinstatement protocol. However,
further studies should be conducted to assess whether prazosin has any effects
on the expression of sensitization once it has been developed.

Additional corroboration of the importance of the alpha-1 receptors in the
initiation of cocaine sensitization has been demonstrated using alpha-1 recep-
tor knockout mice.10,33 It was shown that alpha-1b receptors exerted a powerful
inhibitory action of the acute and sensitized response to cocaine administra-
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tion. The reason why other investigations11,12 have failed to demonstrate that
prazosin had any effects on the development or expression of cocaine sensiti-
zation could be related to the different environments or doses used for animal
testing. For example, in our experiments as well as in those of Drouin et al.8,10

rats were monitored in the test environment (context dependent) and not in the
home cages.

Other experiments have demonstrated that prazosin administration sig-
nificantly reduce the cocaine-induced hypophagia and hyperlocomotion in
rats.34 Prazosin pretreatment was also revealed to significantly reduce the lo-
comotor hyperactivity and striatal Fos expression induced by amphetamine
injections.35 More recently, it was shown that prazosin administration atten-
uated the cocaine-induced reinstatement of drug-seeking behavior.36 There-
fore, the majority of the recent evidence demonstrates an important role
of alpha-adrenergic receptors in long-term behavioral adaptations including
psychostimulant-induced behavioral sensitization.

Additional studies have shown that stimulation of alpha-1 and alpha-2 re-
ceptors amplified the DA-mediated locomotor activity in rats and mice. An
important role of postsynaptic alpha-2 receptors in the induction of locomotor
hyperactivity was suggested.9 Other studies demonstrated that alpha-2 recep-
tor antagonists, like idazoxan and efaroxan, enhanced the circling behavior
induced by either methylphenidate or apomorphine.37 Our studies provide
support to this notion because it was demonstrated that with alpha-2 receptor
blockers the acute response to cocaine was enhanced whereas with an alpha-
2 agonist it was attenuated. As no changes were observed with yohimbine
alone, the antagonist-induced enhanced locomotion can not be attributed to
the yohimbine’s anxiogenic effects or the production of behavioral sensitiza-
tion with this drug reported by others.38

The present investigation demonstrated that alpha-2 receptor blockade was
not sufficient to prevent the development or the expression of cocaine sen-
sitization. To our knowledge, studies looking at the role of alpha-2 receptor
antagonists on cocaine sensitization are lacking. Other studies have indicated
that pharmacological inhibition of alpha-2 receptors triggers a reinstatement of
cocaine-seeking behavior in squirrel monkeys.39 Priming injections of yohim-
bine or RS-79948 produced a dose-related reinstatement of cocaine-seeking
behavior.

On the other hand, the results with the alpha-2 receptor agonist clonidine
tend to indicate that alpha-2 receptors can modulate cocaine sensitization. The
administration of clonidine was able to retard the development of cocaine sen-
sitization although it was not capable to fully block this process. Again, the
differences observed with other studies11 could be attributed to the doses and
variations in protocols used. An interesting finding observed with clonidine
administration was the enhanced level of sensitization reached after the first co-
caine challenge. It has been demonstrated that repeated cocaine administration
alters the sensitivity of alpha-2 receptors in different brain areas.40,41 It is pos-
sible that after prolonged agonist-induced activation of alpha-2 receptors there
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is a downregulation of this receptor type. Therefore, this apparent enhanced
sensitization observed after the first cocaine challenge could be due to a com-
bined effect of a decreased sensitivity and downregulation of alpha-2 receptors.
However, whatever the mechanism is present, it is not permanent because this
enhanced sensitization returned to normal levels after a withdrawal period.
Moreover, clonidine was able to affect the expression of sensitization during
the reinstatement protocol suggesting that the receptor regains functionality
after a prolonged withdrawal episode. Further studies should investigate if a
downregulation of alpha-2 receptors occurs after cocaine sensitization and for
how long can clonidine modulate the expression of behavioral sensitization.

Finally, a clear notion of the function of alpha receptors in cocaine sensi-
tization will further add to our knowledge of the specific mechanism of the
noradrenergic system in cocaine addictive processes. In addition, it might sug-
gest possible avenues for therapeutic pharmacological interventions.
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