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B-Adrenergic Antagonism Alters the
Behavioral and Neurochemical

Responses to Cocaine

Glenda C. Harris, Mohsen A. Hedaya, Wei-Jian Pan, and Peter Kalivas, Ph.D.

The effects of the B-adrenergic antagonist propranolol on the
locomotor stimulating, neurochemical, and reinforcing
effects of cocaine were examined in rats. In Experiment 1,
propranolol (1, 3 and 10 mg/kg, IP) produced a dose-
dependent increase in the motor stimulant effects of cocaine
without affecting basal motor activity. Atenolol, a
peripherally restricted B antagonist, and (+) propranolol,
the inactive isomer of propranolol, did not alter
cocaine-induced locomotion. In Experiment 2, propranolol
was shown to augment significantly the increase in
extracellular dopamine content in the nucleus accumbens
that accompanies a cocaine challenge. Experiment 3
demonstrated that propranolol produced a dose-dependent

decrease in cocaine self-administration. Atenolol (10 mg/kg,
IP) reduced cocaine self-administration but to a much lesser
extent than propranolol. Experiment 4 demonstrated that
coadministration of propranolol and cocaine did not alter
the levels of cocaine in the brain and plasma achieved by
cocaine administration alone. These data suggest that the
blockade of B-adrenergic receptors potentiates
cocaine-induced elevation of dopamine transmission in the
nucleus accumbens, which is associated with an increase in
cocaine-induced motor activity and a decrease in cocaine
self-administration.

[Neuropsychopharmacology 14:195-204, 1996]
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It is generally accepted that the mesoaccumbens dopa-
mine system, which encompasses dopamine projections
from the ventral tegmental area to the nucleus accum-
bens (Dahlstrom and Fuxe 1964; Swanson 1982), plays a
major role in the locomotor stimulant and reinforcing
effects of cocaine (Kalivas and Stewart 1991; Kelly and
Iversen 1975; Koob and Bloom 1988; Pettit et al. 1984;
Roberts and Koob 1982; Wise and Rompre 1989; Zito et
al. 1985). This is indicated primarily by the fact that
cocaine increases mesolimbic dopamine transmission via
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blockade of dopamine presynaptic reuptake (Akimoto et
al. 1989; Kalivas and Duffy 1993; Pettit et al. 1990; Reith
et al. 1986; Ritz et al. 1990). Although most pharmaco-
logical treatments tested in animal models have targeted
dopamine transmission (Caine and Koob 1993; Goeders
et al. 1989; LaCosta and Roberts 1993), cocaine also inhib-
its reuptake and increases the synaptic concentrations of
norepinephrine and serotonin (Kuczenski and Segal 1988;
Parsons and Justice, 1993; Reith et al. 1986; Ritz et al.
1990).

B-adrenergic blockers have been shown to be effective
at decreasing cocaine-reinforced responding in squirrel
monkeys (Goldberg and Gonzalaz 1976) and in alleviat-
ing anxietylike behaviors associated with withdrawal
from chronic cocaine administration in rodents (Harris
and Aston-Jones 1994). B-adrenergic antagonists have
also been used successfully in treating alcohol with-
drawal symptoms in humans (Carlsson 1976). Further-
more, a pharmacological treatment for cocaine abuse is
tricyclic antidepressants, which decrease cocaine use
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and craving (Gawin 1991). This chemical class of anti-
depressants causes a downregulation of B-adrenergic
receptors and the time course for the efficacy of the tri-
cyclics in cocaine treatment and B-receptor downreg-
ulation are similar (Crosby et al. 1991; Gawin 1991).
Finally, an upregulation of B-adrenergic receptors has
been reported to occur with chronic cocaine administra-
tion (Banerjee et al. 1979). Together, these studies pose
the possibility that B-adrenergic receptors may play a
role in the effects of acute and repeated cocaine admin-
istration.

To test this hypothesis the nonselective, lipophilic
B-adrenergic antagonist propranolol or the lipophobic
B1 selective antagonist atenolol were administered to
rats prior to an acute injection of cocaine and motor
activity and extracellular levels of dopamine in the
nucleus accumbens measured. In addition, propranolol
was administered to animals trained to self-administer
cocaine. Finally, because propranolol was found to alter
all three effects of cocaine in a manner consistent with
potentiating the biological actions of cocaine, the plasma
and brain levels of cocaine were measured to determine
whether propranolol altered cocaine disposition.

MATERIALS AND METHODS
Subjects

Male Sprague-Dawley rats from Simonsen (Gilroy, CA)
weighing between 250 and 300 g were used in all exper-
iments. Before and after surgery rats were group- or sin-
gle-housed, respectively, in accordance with NIH guide-
lines and maintained on a 12-hour light/dark cycle with
food and water available ad libitum.

Drugs

Cocaine HCI was provided by the National Institute on
Drug Abuse and dissolved in 0.9% sterile saline. Pro-
pranolol and atenolol were purchased from Sigma Chem-
ical Company (St Louis, MO) and dissolved in sterile
distilled water. All vehicle injections consisted of sterile
distilled water, and all drugs were administered via
intraperitonal injection.

Experiment 1: Effects of Propranolol on the Acute Loco-
motor Response to Cocaine. Behavioral activity was
monitored in photocell chambers (Omnitech Inst., Colum-
bus, OH) located in sound isolated boxes with individual
air and light supply (10 W). Measures of total horizontal
activity (breaking of adjacent photocell beams) were
obtained at 20-minute intervals. All sessions were run
with a 1-hour habituation of followed by a 2-hour drug
test period. After the habituation period, a total of 49
rats were injected with either propranolol (1, 3 or 10
mg/kg), atenolol (10 mg/kg), (+) propranolol (10 mg/
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kg), an inactive isomer, or water vehicle 10 minutes prior
to receiving cocaine (15 mg/kg). This dose of cocaine is
on the ascending limb of the dose-response curve for
the induction of locomotor activity (Kalivas et al. 1988).
In follow-up experiments the locomotor effects of each
drug alone (propranolol 10 mg/kg, IP, atenolol 10 mg/
kg, IP, and (+) propranolol 10 mg/kg, IP) were com-
pared to water vehicle injections (1 ml/kg, IP). Behavior
was monitored for 2 hours post-injection.

Experiment 2: Effects of Propranolol on Cocaine-Induced
Dopamine Release in the Nucleus Accumbens Using In
Vivo Dialysis. Fifteen rats were stereotaxically im-
planted (Equithesin anesthesia) with bilateral guide can-
nulae (20-gauge stainless steel tubing) in the nucleus
accumbens (AP: +1.7 mm from bregma, ML: * 1.3 mm,
DV: —5.3 mm from dura) 5 days prior to dialysis. Dialy-
sis probes with an active membrane region 250 pm in
diameter and 3 mm in length were attached and extended
3 mm below the guide cannulae (Robinson and Whishaw
1988). The probes were inserted through one of the guide
cannulae the night before the experiment. The next day
dialysis buffer (5 mM KCl; 120 mM NaCl; 1.4 mM CaCly;
1.2 mM MgCly; 5 mM glucose; plus 0.2 mM phosphate-
buffered saline to give a pH value of 7.4 and a final
sodium concentration of 120.7 mM) was advanced
through the probe at a rate of 1.9 pl/minute (Harvard
Inst., Boston, MA) for 2 hours. Baseline samples were
collected for 1 hour and 40 minutes, after which rats
were injected with either propranolol (10 mg/kg, IP) or
vehicle. Ten minutes later all rats were given cocaine (15
mg/kg, IP) and samples were collected for 2 hours. In a
separate experiment the effects of propranolol alone on
dopamine levels in the accumbens were tested. In these
experiments the same number of baseline samples were
collected, then animals were given a vehicle injection
and samples were collected for 1 hour and 20 minutes.
Following this period, propranolol was injected (10
mg/kg) and samples were collected for an additional 1
hour and 20 minutes.

All dialysis samples were collected into 20-ul mobile
phase containing 2 pmol dihydroxybenzylamine as an
internal standard. At the end of 10 experiments, probe
recovery was determined to be 7.3 = 2.4% by placing
the probe for 20 minutes in the dialysate buffer contain-
ing dopamine (10~7 M). The concentrations of dopamine,
3,4-dihydroxyphenylacetic acid (DOPAC), and homo-
vanillic acid (HVA) were measured using HPLC with
coulometric electrochemical detection as previously
described (Sorg and Kalivas 1991). Dopamine peaks were
recorded on a chart recorder and compared to an exter-
nal standard curve (10 to 100 fmol).

Experiment 3: Effects of Propranolol on Cocaine and Food
Self-Administration Behavior. Thirteen rats were indi-
vidually housed and maintained on a 12-hour reversed
light-dark cycle (lights on 7:00 p.m. to 7:00 A.M.). Rats
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were initially trained to lever-press for food before being
surgically implanted with a chronic jugular catheter using
a method similar to that reported by Hubner and Koob
(1990). Following 24 hours of food deprivation, rats were
placed in the operant chambers with two operational
levels (Med-Assoc., East Fairfield, VT). Each rat was
assigned to be reinforced for presses on either the right
or left lever (half each) and food pellets were taped to
the correct lever. Each rat was allowed to self-train and
press for 100 pellets (45-mg Noyes) before being returned
to ad libitum food.

Following acquisition of lever-pressing behavior, rats
were surgically implanted with a chronic silastic cathe-
ter in the right jugular vein under Equithesin anesthesia
(pentobarbital and chloral hydrate). The catheter con-
sisted of silastic tubing attached to a guide cannula bent
at a right angle with a screw on mount that allowed the
catheter to be closed with a removable plastic screw top
(20 ga, Plastics One, Roanoke, VA). The tubing-guide can-
nula junction was glued and the guide cannula was then
attached to a 1-inch square of marlex mesh with dental
acrylic. The catheter was passed subcutaneously from a
2-mm incision on the rat’s back to the isolated jugular
vein for implantation. The marlex mesh/catheter assem-
bly was then attached subcutaneously to the back mus-
cles with super glue. Silk sutures were used to close all
wounds. Heparinized saline was used to flush the cath-
eters daily to prevent clogging.

Four days after surgery, rats were placed back in the
operant chambers and allowed to self-administer cocaine.
The rats were attached to the syringe pumps by means
of a connector and fluid swivel (3-hour sessions, 5 days
per week, 12:00 P.M.—3:00 P.M.). Rats were maintained
throughout the experiment on a fixed-ratio 1 (FR 1, con-
tinuous reinforcement) schedule. Each lever press on
the active lever resulted in a 0.05-ml intravenous infu-
sion of cocaine (0.33 mg per infusion) administered over
3 seconds. A red signal light mounted over the active
lever indicated the onset of an injection and remained
lit for a 20-second time-out period after each injection.
Presses on the inactive lever were counted but had no
consequence.

After stable baseline responding for cocaine was estab-
lished (£10% of average for 3 consecutive days) rats
were pretreated 10 minutes prior to beginning a session
with either propranolol (5 or 10 mg/kg, IP) or vehicle.
All rats were tested with each dose in random order. At
least 3 days of stable baseline responding separated
each test day.

Twenty-four hours after the last self-administration
session, rats were placed into photocell cages (see above
for a description of the apparatus) to measure the loco-
motor response to propranolol. Following a 1-hour habit-
uation period, rats were injected with either vehicle or
propranolol (10 mg/kg, IP) and locomotor activity was
monitored for 2 hours.
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In a separate group of rats, the effects of the periph-
eral B; antagonist atenolol was tested on cocaine self-
administration behavior. Atenolol was used as a partial
control for peripheral actions by propranolol. Atenolol
and propranolol have identical efficacy in blocking the
tachycardia accompanying cocaine administration (Schin-
dler et al. 1992), but atenolol crosses the blood-brain bar-
rier in relatively limited quantities (Agon et al. 1991). The
methods and procedures were the same as those out-
lined except that on test days animals were injected with
either atenolol 10 mg/kg or vehicle.

Six animals were food-trained as described. Once
animals were trained (pressed for 100 reinforcers), they
were maintained at 90% of their free feeding weight for
the remainder of the experiment. Once stable baseline
responding for food occurred (3 days, FR 1), animals
were injected with either propranolol (10 mg/kg, IP) or
vehicle on alternating days.

Experiment 4: Plasma Levels of Cocaine. It was sug-
gested by Goldberg and Gonzalaz (1976) that the capac-
ity of propranolol to reduce cocaine-reinforced behavior in
squirrel monkeys may arise from a propranolol-induced
decrease in hepatic metabolism of cocaine. To evaluate
this possibility, rats were adapted to photocell chambers
for 60 minutes and injected with either saline (1 ml/kg,
IP) or propranolol (10 mg/kg, IP) 10 minutes prior to
administering cocaine (15 mg/kg, IP). The rats were
returned to the photocell chamber and decapitated 30
minutes later. Trunk blood was collected in heparinized
tubes containing 100 pl of saturated sodium fluoride
solution and centrifuged. The brain was also removed,
weighed, and homogenized in phosphate buffer, pH =
6.0, containing 5% saturated sodium fluoride to make a
final volume of 5 ml.

Plasma and brain homogenates (300 nl) were added
to Sorensen’s phosphate buffer (600 pl; pH = 6.0) con-
taining bupivacaine (4 wg/ml) as an internal standard.
The samples were extracted with chloroform (7 ml) and
the organic layer evaporated at 40°C under nitrogen.
The residue was reconstituted in mobile phase (75 wl; 10
mM monobasic ammonium phosphate, 5 mM TEA, 20%
acetonitrile, v/v, pH = 3.0) and injected on to an HPLC
system. Separation was achieved using a suelcosil deac-
tivated ODS column (Supelco, Bellefonte, PA) and
cocaine monitored at 235 nm with a variable-wave-
length detector (Shimadzu SPD 10A, Columbia, MD).
Cocaine concentration was quantified comparing inte-
grated peak heights to an external standard curve.

Histology and Data Analysis

Animals from the dialysis experiment were killed with an
overdose of sodium pentobarbital and perfused through
the heart with 10% formalin. Brains were removed, sec-
tioned (100 wm), and stained with Cresyl violet to deter-
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Figure 1. Interaction between propranolol and cocaine-
induced motor activity. (A) The effects of different doses of
propranolol on locomotor activity. Bars represent the mean
number of photocell counts + SEM for total horizontal loco-
motor activity seen for 2 hours following either a cocaine
injection (Cocuaine, 15 mg/kg) plus propranolol or injections
of propranolol alone (Vehicle, 0 and 10 mg/kg). n > 6 in each
treatment group. (B) The effects of atenolol (10 mg/kg)
(striped bars) and (+) propranolol (10 mg/kg) (open bars) on
locomotor activity (shaded bars are vehicle). Bars represent the
mean number of photocell counts * SEM for total horizontal
locomotor activity seen for 2 hours following either a cocaine
injection (Cocaine, 15 mg/kg) or injections of the drugs alone
(Alone). n > 6 in each treatment group. **p < .01; compared
to cocaine without propranolol pretreatment, using a one-
way ANOVA followed by a least significant test for multiple
comparisons.

mine the placement of the dialysis probes. Behavioral
and neurochemical data were analyzed by either a two-
way repeated-measures or one-way analysis of variance
(ANOVA) where appropriate. Post hoc analysis for sta-
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tistical differences was performed using a paired ¢- test
with a Bonferoni adjustment to the probability levels or
a least significant difference test.

RESULTS
Experiment 1

This experiment examined the interaction between co-
caine and propranolol on the acute locomotor response
to cocaine. Figure 1A shows that propranolol pretreat-
ment caused a dose-dependent increase in the acute
locomotor response to cocaine [(F(s,48) = 20.2, p < .0001]),
with doses of 3 and 10 mg/kg being significantly differ-
ent from vehicle (p < .01). Neither atenolol nor (+) pro-
pranolol pretreatment significantly altered the motor
response to cocaine compared to saline vehicle pretreat-
ment (Figure 1B). None of the drugs alone changed
motor activity compared to vehicle pretreatment (Fig-
ure 1A and B).

Figure 2A shows the time course of the enhancement
of the locomotor effects to cocaine following propra-
nolol pretreatment (10 mg/kg). The propranolol-pre-
treated animals had significantly increased photocell
counts relative to vehicle-pretreated animals through-
out the 3-hour session.

Experiment 2

This experiment was designed to determine whether
the capacity of propranolol to enhance the locomotor
effects of cocaine was due to an enhancement of dopa-
mine levels in the nucleus accumbens. Figure 2B dem-
onstrates that propranolol pretreatment (10 mg/kg, IP)
markedly elevated cocaine-induced increase in dopa-
mine levels in the nucleus accumbens. At the peak of
the response, propranolol pretreatment caused a three-
fold increase in dopamine levels above that normally
produced by cocaine administration. The time course of
this elevation is similar to the enhancement of the motor
response (Figure 2A and B). Figure 2C shows that nei-
ther propranolol nor vehicle administration alone sig-
nificantly elevated dopamine levels above baseline.
Figure 3 shows the location of the dialysis probe
placements in Experiment 2. The active region of all
probes was located medial to the anterior commissure
with at least 50% passing through the nucleus accum-
bens. In addition, portions of the active region of the
membrane were in the striatum and olfactory tubercle.

Experiment 3

The mean daily number of cocaine reinforcers was 36.8 *
2.6. Figure 4A shows the effect of propranolol pretreat-
ment (5 and 10 mg/kg, IP) on cocaine-reinforced
responding. Both doses of propranolol significantly



INEUROPSYCHOPHARMACOLOGY 1996-VOL. 14, NO. 3

120007
w -
£ 100001 :
3
8 80001
S 60001
8 :
5 4000 .
c * -
a1 2000 7
0 T T T T T T T T T
A 0 20 40 60 80 100120140160
g 8001
c
©
o
5 600 1
X
@ 4001 :
E «
8 2001
o]
Q
0 T T T T T 1 v ] ) M T v
B 0 20 40 60 80 100120140160
’8\) 8001
2. 0
<
=
o 600 1
P
Q J
g 400 Vehicle Propranolol
8 200- l l
o +o—o—o——o—0——o—<C—g—0o
(]
0 T T T T T T T T T T T
20 40 60 80 100120140160180200220
C Time (min)

Figure 2. Effect of propranolol on cocaine-induced eleva-
tion in extracellular dopamine content in the nucleus accum-
bens (O vehicle, ® propanol). (A) The effects of propranolol
(10 mg/kg, IP) on locomotor activity to cocaine (15 mg/kg,
IP) plotted over time. Each point represents the mean + the
standard error. Using a two-way repeated-measures ANOVA,
treatment F(1,4) = 81.65, p < .001, time F(8,1]2) =3492,p <
.001, interaction F(g112) = 17.68, p < .0001. (B) The effects of
propranolol (10 mg/kg, IP) on the percent change from base-
line for dopamine concentrations in the nucleus accumbens
following a cocaine challenge (15 mg/kg, IP). There was no
difference in basal dopamine values (not corrected for recov-
ery) between vehicle + cocaine (92 + 30 fmol/sample, n = 5)
and propranolol + cocaine (88 + 30 fmol/ sample, n = 5).
Each point represents the mean = SEM. Using a two-way
repeated-measures ANOVA, treatment Fa,8 =14.9,p <.001;
time F(lO,SO) =2421, p < .001, interaction F(]g,go) = 17.68, p<
.001. (C) The effects of propranolol (10 mg/kg) and water
vehicle on the percent change from baseline for dopamine
concentrations in the nucleus accumbens, The arrows indi-
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reduced cocaine-reinforced responding without alter-
ing the number of time-out responses. Figure 4A shows
that the 10-mg/kg dose was more effective (16% vs.
68%) in reducing cocaine self-administration [propra-
nolol, 5 mg/kg, t(5) = 5.7, p < .05; propranolol, 10 mg/
kg, t(7) = 8.0, p < .0001]. An analysis of the mean
hourly intake of cocaine (Figure 4B) indicated that pro-
pranolol (10 mg/kg) significantly reduced responding
at each time period [1 hour, #(7) = 4.9, p < .001; 2 hours,
t7) = 7.8, p < .001; 3 hours #7) = 8.8, p < .001]. The
5-mg/kg dose did not significantly reduce responding
from the vehicle level at any of the time points (p > .8).

In order to determine whether the effects of propra-
nolol were due to blockade of peripheral receptors we
tested the effects on cocaine-reinforced responding by
the 1 antagonist atenolol (10 mg/kg, Ip), which poorly
crosses the blood-brain barrier. Although less so than
propranolol, atenolol produced a consistent effect in
decreasing cocaine-reinforced responding (12% reduc-
tion; Figure 4A).

The effects of propranolol on food-reinforced respond-
ing were also examined. Propranolol (10 mg/kg) was
found to produce a small but statistically reliable decrease
in food-reinforced responding [F(11) = 7.23, p < .05].
The mean number of daily reinforcers for baseline and
vehicle conditions was 195 *+ 14. This decreased to 154 + 8
food reinforcers following propranolol pretreatment. the
magnitude of the suppression on food responding was
less than that produced by propranolol on cocaine
responding (20% versus 68%).

Experiment 4

Table 1 shows that there was no difference in the plasma
or brain levels of cocaine (15 mg/kg, Ip) measured 30
minutes after injection between rats pretreated with
saline or propranolol (10 mg/kg, Ip). In contrast, rats
pretreated with propranolol demonstrated more hori-
zontal photocell counts in response to cocaine than did
control rats.

DISCUSSION

The nonselective B-antagonist propranolol produced a
dose-related increase in cocaine-induced motor activity.
This was associated with a significant augmentation in
the increase in extracellular dopamine in the nucleus

cate when animals were injected with vehicle and propra-
nolol. Each point represents the mean = SEM (note that SEM
bars were smaller than the radius of the symbol; n = 5). The
basal value for dopamine was 52 * 16 fmol/sample. Using a
one-way repeated-measured ANOVA, there was no signifi-
cant effect of saline or propranolol (F(12,64) = 1.00, p = 0.466).
*p < .05, *p < .01, using a two-tailed Student’s t-test for
comparisons between treatment groups with probability
adjustments using the Bonferoni method.
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Figure 3. Histological identification of the
dialysis probe placements from Experiment
2 (corresponding to data in Figure 2). The
drawings were adapted from the atlas of
Paxinos and Watson (1986).

Figure 4. Interaction between propra-
nolol, atenolol, and the self-administra-
tion of cocaine. (A) The effects of
propranolol (5 and 10 mg/kg, IP) and
atenolol (10 mg/kg, IP) on cocaine-rein-
forced responding. The bars represent
the mean number of cocaine-reinforced
responses * SEM during the entire
3-hour session. Baseline refers to an
average of four baseline sessions during
the course of the experiment. For propra-
nolol, using a one-way ANOVA, F3 19) =
28.13, p < .001. For atenolol, F(59) = 18.9
p < .05. (Open bars, baseline; shaded bars,
vehicle; striped bars, 5 mg/kg; solid bars,
10 mg/kg.) (B) The mean hourly intake
of cocaine = SEM over the 3-hour ses-
sion following pretreatment with either
vehicle or propranolol. Using a two-way
repeated-measures ANOVA, treatment
Foa9) = 2837, p < .001, time F(a38) =
10.68, p < .001, interaction F(2 38 =, 1.83,
p = .14 *p < 05 * p < .01; using a
paired t-test with a Bonferoni adjustment
for multiple comparisons. (O Vehicle, @
5mg/kg, @10 mg/kg.)
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Table 1. Effect of Propranolol on the Levels of Cocaine in Brain and Plasma

Photocell Plasma Brain
Treatment n Counts (ng/ml) (ng/gm)
Water + cocaine 8 11,954 *+ 1,084* 740 + 102 3,454 * 426
Propranolol + cocaine 9 18,696 *+ 2,967 881 = 139 3,936 = 661

Rats were pretreated with water or propranolol (10 mg/kg, IP) 10 minutes prior to injecting cocaine
(15mg/kg, IP). Thirty minutes later the rats were killed. The data are shown as mean + SEM.

*p < .05, comparing the two treatment groups using a Student’s ¢-test.

accumbens following an acute injection of cocaine. The
fact that propranolol did not alter the brain or plasma
concentration of cocaine 30 minutes after injection argues
that the potentiation by propranolol does not result from
alterations in the disposition of cocaine. In addjtion, pro-
pranolol produced a dose-dependent reduction in cocaine-
reinforced responding.

Motor Activity and Extracellular Dopamine

Numerous data suggest that increased accumbal dopa-
mine transmission plays a significant role in mediating
the enhanced locomotor response to psychostimulants
(see Kalivas et al. 1993; Le Moal and Simon 1991; Mogen-
son et al. 1993 for reviews). In the current experiment,
we found that dopamine levels in the accumbens in-
creased an average of 700% over baseline levels in the
presence of combined cocaine and propranolol. Similar
to previous reports, dopamine levels increased only 200%
to 250% over baseline following cocaine administration
alone (Hooks et al. 1992; Kalivas and Duffy 1993; Patrick
et al. 1991; Pettit and Justice 1990). Therefore, the capac-
ity of propranolol to enhance cocaine-induced elevation
in dopamine levels in the nucleus accumbens is likely to
be mediating the enhanced locomotor response to cocaine
produced by pretreatment with propranolol. Support-
ing this contention, the time course of the enhanced loco-
motor effect to cocaine in the presence of propranolol
approximately paralleled the time course of the enhanced
dopamine response to cocaine.

Self-Administration of Cocaine

In addition to locomotor activity, mesoaccumbens dopa-
mine transmission is thought to be critical in the initia-
tion and maintenance of cocaine self-administration (see
Dworkin and Smith 1992; Koob 1992; Le Moal and
Simon 1991; Wise and Rompre 1989; for reviews). For
example, enhanced extracellular dopamine in the nucleus
accumbens is associated with a reduction in cocaine-
reinforced behavior (Pettit and Justice 1990), while low
doses of dopamine blockers increase the rate of cocaine
self-administration behavior (deWitt and Wise 1977;
Roberts and Vickers 1984). Thus, the capacity of propra-
nolol to augment cocaine-induced elevation in accum-
bal extracellular dopamine most likely mediated the

inhibition of cocaine self-administration. An alternative
explanation is that propranolol produced a generalized
decrease in locomotor activity. This is not likely because
propranolol alone did not decrease motor behavior rela-
tive to vehicle administration or, in the presence of
cocaine, propranolol elevated motor activity. Propra-
nolol also decreased food-reinforced responding, albeit
substantially less than it reduced cocaine-reinforced be-
havior. It is possible that the decrease in food-reinforced
responding could be related to the decrease in cocaine
responding. In the present experiments the rats were
eating a sucrose-based food pellet. As sucrose elevates
accumbal dopamine levels (Heffner et al. 1980), it is
possible that propranolol enhanced the dopamine-stim-
ulating effect of sucrose, thereby decreasing the number
of desired reinforcers.

The reduction by propranolol in cocaine self-admin-
istration behavior is similar to that reported by Gold-
berg and Gonzalaz (1976) in squirrel monkeys. In that
study propranolol had no effect on food-reinforced re-
sponding but significantly decreased cocaine-reinforced
responding. It was suggested by these authors that
because propranolol decreases cardiac output it may
reduce the hepatic metabolism of cocaine. We found no
evidence that propranolol alters brain or plasma levels
of cocaine at 30 minutes after injection. Furthermore,
atenolol and propranolol have equivalent effects on car-
diac output (Schindler et al. 1992), and atenolol was less
effective than propranolol at reducing cocaine-reinforced
responding. In contrast to the present report and that of
Goldberg and Gonzalaz (1976), other studies that have
examined interactions between noradrenergic antago-
nists and cocaine have failed to report any changes in
cocaine-related behaviors (de Wit and Wise 1977; Yokel
and Wise 1976). In an early study by Yokel and Wise (1975)
it was also reported that while decreasing amphetamine
self-administration, propranolol had no effect on amphet-
amine-induced stereotypies.

Pharmacology of Propranolol and Atenolol

Propranolol has other pharmacological actions in addi-
tion to binding B-adrenergic receptors, including activity
as a 5-HT receptor antagonist and as a local anesthetic
(Gilman et al. 1985; Middlemiss et al. 1977). The (+)
propranolol isomer shares many properties with the
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racemic compound, except that it has a very low affinity
for B-adrenergic receptors (Gilman et al. 1985; Middle-
miss et al. 1977). (+) Propranolol has similar local anes-
thetic effects to propranolol and a significant, albeit
relatively weaker, binding affinity for 5-HT receptors
(Middlemiss et al. 1977). The fact that the (+) isomer of
propranolol had no effect on increasing the locomotor
response to cocaine suggests that this action was due to
the blockade of B-adrenergic receptors and not to a non-
specific effect of propranolol. Although it is still possi-
ble that the effect of propranolol could be due to the
blockade of 5-HT; receptors, it has been reported that
5-HT agonists decrease stimulant self-administration
behavior, and no effect, or an increase, has been found for
5-HT antagonists on cocaine self-administration (LaCosta
and Roberts 1993; Peltier and Schenk 1993). Further-
more, 5-HT; antagonists are reported to decrease, not
increase, the acute locomotor response to cocaine (King
et al. 1993) and serotonin agonists increase accumbal
dopamine transmission (Chen et al. 1991; Guan and
McBride 1989). Together these data indicate that sero-
tonergic effects of propranolol are unlikely to account
for the present results.

Atenolol enters the brain in only limited amounts
(Agon et al. 1991) and was unable to produce any en-
hancement in the locomotor response to cocaine or as
dramatic a reduction in cocaine self-administration. This
argues for a primarily central site of action by propra-
nolol. However, atenolol is a relatively selective B; antag-
onist (Schindler et al. 1992). Therefore it is possible that
peripheral 3, receptors could partly mediate the effects
of propranolol. At the very least it can be assumed that
the locomotor enhancement was not due to the ability
of the B-blockers to prevent cocaine-induced tachycar-
dia (Schindler et al. 1992). However, further studies
comparing central with peripheral administration of pro-
pranolol and atenolol are necessary to establish defini-
tively a central site of action for propranolol and the
selective involvement of B-receptor subtypes.

CONCLUSIONS

The data outlined indicate a role for B-adrenergic recep-
tors in regulating dopaminergic activity within the me-
solimbic system. Specifically, these data suggest that
noradrenergic systems may serve to decrease dopamine
output. Because propranolol alone did not increase
dopamine levels above baseline, it is possible that
B-adrenergic receptors may regulate the dopamine sys-
tem only when dopamine transmission is altered. Antel-
man and Caggiula (1977, 1994) have similarly proposed
that noradrenergic systems regulate dopamine output
during stress. The regulation of mesolimbic dopamine
transmission could arise via P-adrenergic receptors
located in either the nucleus accumbens or ventral teg-
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mental area, as well as in other areas that project to these
nuclei, such as the prefrontal cortex and amygdala (Rain-
bow et al. 1984). The precise anatomical loci whereby
B-adrenergic receptors may regulate dopamine trans-
mission is an interesting topic for further experimenta-
tion and may assist in understanding the actions of both
psychostimulants and antidepressants.
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