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Cocaine is known to enhance nucleus accumbens dopamine (NAcc DA), to serve as a positive reinforcer and
to produce negative effects, such as anxiety.

The influence of diazepam on cocaine intake, cocaine-stimulated behavioral activity and NAcc DA was
investigated using self-administration and experimenter-administered intravenous (i.v.) cocaine. In
Experiment 1, rats were pretreated with diazepam (0.25 mg/kg) or saline (0.1 ml) 30 min prior to 20 daily
1-hour cocaine (0.75 mg/kg/injection) self-administration sessions. Cocaine intake increased for all animals

ig(ﬁot;ds' across sessions, but was highest in diazepam-pretreated animals. Diazepam rats also self-administered their
Drug abuse first cocaine injection of each session faster than controls. Experiment 2 utilized in vivo microdialysis to
In vivo microdialysis assess NAcc DA levels before and after experimenter-administered i.v. cocaine injections (0.75 mg/kg/
Behavior injectionx2; 10-min interval) in diazepam- and saline-pretreated rats. Group differences were not revealed
Addiction

across basal and cocaine-stimulated NAcc DA assessments, indicating that diazepam did not decrease NAcc
DA during cocaine self-administration. Findings that diazepam enhances cocaine self-administration and
decreases cocaine response latency support the notion that cocaine-induced anxiety limits voluntary cocaine
intake. It is further suggested that individual variations in cocaine-induced aversive effects may determine

whether cocaine use is avoided or repeated.

Published by Elsevier Inc.

Dopamine (DA) neural activation is associated with pleasurable
effects of natural and drug-induced reward (Carelli, 2004; Kelley and
Berridge, 2002) as well as aversive emotional states, such as fear and
stress (Adinoff, 2004; Pezze and Feldon, 2004; Pruessner et al., 2004).
This dichotomy may be epitomized during cocaine use, as the
motivational effects of cocaine seeking are highly correlated with
elevated nucleus accumbens (NAcc) terminal DA (Kiyatkin et al., 2000;
Phillips et al., 2003), yet positive effects are often accompanied by an
opposing state of anxiety. Indeed, human users have commonly
reported that anxiety and panic attacks occurred after initial
pleasurable feelings elicited by cocaine (Bystritsky et al., 1991; Cox
et al,, 1990; Geracioti and Post, 1991; Gunnarsdottir et al., 2000;
Walfish et al.,, 1990). Cocaine-induced anxiogenic effects are also
demonstrated with animal behavioral models, where certain condi-
tions of cocaine administration result in approach/avoidance and
escape, as well as defensive postures and activities, such as crouching
and directed sniffing (Blanchard and Blanchard, 1999; Blanchard et al.,
1998; DeVries and Pert, 1998; Ettenberg, 2004; Ettenberg and Geist,
1991; Paine et al., 2002).

Anxiety and fear denote expectations of danger (Delgado et al.,
2006) and lead to danger avoidance, as a means for increasing
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survival. In regards to cocaine use, self-protective feelings, including
cocaine-induced anxiety and panic, may be defense mechanisms
promoting anti-addictive behavior (David et al., 2001). Therefore, an
individual's emotional response to cocaine may determine whether
initial cocaine use is followed by repeated, increased or termination of
drug-taking behavior. If anxiety works to decrease cocaine intake, it is
therefore conceivable that treatments blocking anxiogenic cocaine
effects may lead to repetitive cocaine use, and serve as “pro-addictive”
agents that could facilitate the transition from recreational user to
cocaine abuser.

Benzodiazepines, a class of drugs with sedative-hypnotic, muscle-
relaxant, anxiolytic and anticonvulsant properties (Charney et al.,
2001) have been used for the treatment of cocaine-induced toxicity
and seizures (Smith and Landry, 1990; Spivey and Euerle, 1990).
Benzodiazepines can also reduce cocaine-induced anxiogenic beha-
viors in animals (David et al., 2001; Ettenberg and Geist, 1991; Paine
et al., 2002) and are known to be co-administered with cocaine in
human users (Wolf et al., 2005). Though benzodiazepine use alone is
rarely lethal, post-mortem evidence indicates that benzodiazepine
and cocaine co-administration can result in increased cocaine intake,
toxicity and mortality (Wolf et al., 2005).

The present study was conducted to determine the influence of the
benzodiazepine, diazepam, on cocaine self-administration and
cocaine-induced DA enhancement in the NAcc. In Experiment 1,
cocaine self-administration rates, latency to self-administer the first
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cocaine injection of the session and behavioral activity were assessed
across twenty (20) daily cocaine self-administration sessions. Exper-
iment 2 utilized in vivo microdialysis procedures to determine
whether diazepam affects basal or cocaine-stimulated NAcc DA levels.

1. Materials and methods
1.1. Animals

Male Sprague Dawley rats, weighing approximately 250 g at the
start of each experiment were used. Ad libitum access to food and
water was provided, except during acquisition of food-reinforced
operant training. The temperature in the colony was maintained at
20 °C and animals were kept on a 12-hour reverse light/dark cycle
(lights off at 9 am). Rats were handled for 10 min daily for 2 weeks
prior to the start of operant training. The experimental protocol was
approved by the University of Texas Institutional Animal Care and Use
Committee (IACUC) in compliance with NIH standards.

1.2. Apparatus

Food training, self-administration and in vivo microdialysis ses-
sions for Experiments 1 and 2 were conducted in identical one-lever
operant chambers (28x22x21 c¢cm) within sound-attenuating boxes
(Med Assoc, St. Albans, VT). The Plexiglas chambers contained a single
retractable lever on the right wall, with a stimulus light directly above
the lever and a house light on the opposite wall. Houselights were
illuminated to signal the start of the sessions and availability of
reinforcement. The stimulus light above the lever was activated with
each lever response. Three pairs of photobeams monitored locomotor
activity: one in the center and two others, each located 5 cm from the
chamber walls. Interruptions between photobeam pairs were assessed
as units of locomotor activity. Cocaine injections were delivered via
10 ml syringe positioned in a pump that was connected by tubing to
a single-channel swivel mounted on a counterbalanced arm above
each chamber. The tubing was connected to the animal using a spring-
covered tether that screwed onto the jugular catheter endpiece
located on the animal's head (Plastics One, Roanoke, VA). Operant
programs and data collection was controlled by a MED P4 Intel
computer system using MED-PC Software (Med Assoc, St. Albans, VT).

1.3. Food training

Following a handling period of two weeks, all animals were food
restricted and trained in the operant chambers to lever press for
sucrose pellets (45 mg, PJ. Noyes, Lancaster, NH) on a fixed ratio-1
(FR-1) schedule of reinforcement. After the lever press response was
acquired, 10-min daily operant training sessions were continued for a
minimum of 6 days without food restriction.

1.4. Surgical procedures

After completion of operant training, all animals were implanted
with a jugular catheter. Animals in Experiment 2 were also implanted
with an intracranial guide cannula aimed above the NAcc to accom-
modate the insertion of a microdialysis probe one day before the test
day. Rats were anesthetized with pentobarbital sodium (Nembutal®;
50 mg/kg, i.p.). Atropine sulfate (80 pg/rat, s.c.) was given prophy-
lactically to prevent respiratory secretions. Supplemental chloral
hydrate (100 mg/kg, i.p.) was given, if necessary, to prolong anes-
thesia. A Silastic catheter (0.625 mm o.d.) was inserted into the right
jugular vein and advanced into the right atrium. The distal end of the
catheter was connected to a cannula endpiece (Plastics One, Roanoke,
VA), which was routed subcutaneously along the side of the neck
and out an incision on the head. In Experiment 2, rats were implanted
with unilateral cannula (22 g; Plastics One, Roanoke, VA) using the

following stereotaxic coordinates for the NAcc in relation to bregma
(flat skull position): AP: +1.7 mm; ML: +1.7 mm; DV:-2.5 mm. These
NAcc coordinates were chosen from experiments previously con-
ducted in our laboratory (D'Souza and Duvauchelle, 2006). The
cannula end of the jugular catheter and the NAcc cannula were both
affixed to the skull with dental acrylic. Stainless steel obturators were
placed into the NAcc cannulae and moved daily to prevent obstruc-
tion. Gentamicin sulfate (50 mg/ml) was topically applied into the
jugular incision to prevent infection. Rimadyl (5 mg/kg, s.c.) was
given as a post-surgical analgesic. On days 1-7 post-surgery, jugular
catheters were flushed daily with 0.1 ml of a saline solution containing
1 U/ml heparin, 1000 U/ml streptokinase (Streptase®), and 67 mg/ml
of the antibiotic Timentin. After day 7, catheters were flushed daily
with the same solution minus the Timentin component. Animals were
allowed to recover for one week prior to cocaine self-administration
sessions.

1.5. Drugs and groups

Diazepam (0.25 mg/kg; Abbot Laboratories, North Chicago, IL)
was delivered through the intravenous catheter in volumes ranging
from 14-19 ul followed by a 0.1 ml heparin/saline flush. Cocaine HCI
(0.75 mg/kg/injection; RTI International, Triangle Park, NC) was
diluted in sterile 0.9% sodium chloride. Concentrations were
adjusted according to individual weights so that each self-admin-
istered cocaine injection was delivered in a volume of 0.1 ml.
Experiments 1 and 2 each consisted of two drug treatment groups:
1) vehicle +cocaine, and 2) diazepam+cocaine. These groups were
treated with either saline (0.1 ml, i.v.) or diazepam (0.25 mg/kg, i.v.)
prior to cocaine administration. Pilot work in our lab found that this
particular diazepam dose reduced rat abdominal muscle tension, but
did not visibly affect baseline locomotor activity.

1.6. Experiment 1: Cocaine self-administration

One week after surgery, animals in Experiment 1 underwent daily
self-administration sessions. Animals were taken from their home
cage, given their assigned pretreatment and placed back into the
home cage for 30 min. Animals were then placed into the operant
chamber and the session commenced immediately with the illumina-
tion of the houselight. Cocaine self-administration was maintained on
a FR-1 schedule of reinforcement, with each response resulting in a
0.75 mg/kg cocaine infusion through the intravenous catheter. Each
cocaine injection was infused over 6 s, during which time the stimulus
lamp was illuminated. After each infusion, there was a 20-sec “time-
out” period, during which time the lever was retracted and no
infusions could be delivered. Self-administration sessions were 1 hour
in duration with a limit of 29 responses per session. In cases that
maximum lever responses were obtained prior to the end of the
1-hour session, the house light turned off and the animal was
removed from the chamber. After each session, the indwelling jugular
catheters were flushed with 0.05 ml solution of streptokinase/heparin
(see Surgical procedures). Self-administration sessions were conducted
between 10 am and 2 pm daily, 5 days/week, for a total time of 20 days
(4 weeks). For Experiment 1, the number of lever responses, response
latency (for first cocaine injection), and locomotor activity measures
(photobeam breakages) were assessed daily and recorded by MED-PC
software.

1.7. Experiment 2: Cocaine-stimulated extracellular NAcc DA

1.7.1. In vitro recovery calibration

Microdialysis probes were constructed as previously described
(Duvauchelle et al., 2000), with an active membrane length of 2.5 mm
at the probe tip. Prior to probe recovery, all probes were flushed with
nanopure water. On the day of probe calibration, 1.0 ml gastight
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Hamilton 1000 series syringes were filled with freshly prepared
filtered Ringer's solution (128.3 mM NaCl, 1.35 mM CaCl,, 2.68 mM
KCl, and 2.0 mM MgCl,), and pumped through the probe at 1.6 pl/min.
The probe tips were kept in a beaker with Ringer's solution containing
ascorbic acid (1.0%) and 5 nM DA, maintained at 37 °C. Two 10-min
samples from each probe were collected and assayed by high
performance liquid chromatography with electrochemical detection
(HPLC-EC). Probe recoveries were calculated by comparing the
average peak heights of the two probe samples to those from a 25%
dilution standard (1.25 nM DA). The mean (+SEM) recovery of probes
used in the experiment was 14.75 (+0.51).

1.7.2. Microdialysis probe implantation

After a 1-week recovery from jugular catheter/stereotaxic surgery,
cocaine-naive animals in Experiment 2 were briefly anesthetized with
1.5% isoflurane and implanted with a microdialysis probe through the
previously implanted NAcc guide cannula. Each microdialysis probe
was connected to a 1.0 ml gastight Hamilton 1000 series syringe
mounted on a syringe pump (Razel®, Model A), and freshly prepared
Ringer's solution (pH=7.3) was pumped through the probe. Animals
implanted with the probe remained in a holding chamber overnight
with the syringe pump speed set at 0.2 pl/min. Bedding, food, and
water were available in the holding chamber. Two hours prior to the
test session, the pump speed was increased to 1.6 pl/min.

1.7.3. NAcc DA test session

For the in vivo microdialysis experiment (Experiment 2), micro-
dialysis samples were collected at 10-min intervals for the duration of
the 120-min test session. The session progressed as follows: Animals
were placed in the operant chamber and three baseline dialysate
samples (30-min total) were collected. Animals then received their
assigned pretreatment (diazepam or saline through the i.v. catheters),
followed by the collection of three pretreatment dialysate samples
(30-min total). The final hour of the session consisted of programmed
intravenous injections of cocaine (0.75 mg/kg, i.v.x2; time 0 and 10),
with dialysate samples continuously collected.

1.7.4. Assay of dialysate and recovery samples

The dialysate and recovery samples were analyzed for DA using
HPLC-EC equipped with Shizeido capcell C-18 narrow bore column,
ESA Model 5200 A Coulochem II Detector, a Model 5020 Guard Cell
and a Model 5041 amperometric analytical cell. The mobile phase
contained 150 mM Na,HPO,, 50 uM EDTA, 4.5 mM-6.0 mM sodium
dodecyl sulfate, 4.76 mM citric acid, 12.5% (v/v) acetonitrile, 12.5% (v/
v) methanol (pH=5.6). The analytical cell potential was set at+200 mV
(oxidation). The detection limit for DA was calculated at 0.05 pg with a
signal/noise ratio of 3:1. Flow rate was set at 0.2 ml/min and 10 pl
samples were manually injected. The amount of DA within each
dialysate sample was determined by comparison with standards (DA
HCl, Sigma, St. Louis) prepared and analyzed on the day of sample
analysis. Data were collected and analyzed using an ESA Model 500
Data station.

1.7.5. Histological analysis

Animals in the dialysis experiment were euthanized by an
overdose of pentobarbital sodium and perfused with isotonic saline
and 10% formalin. Brains were removed and stored in 10% formalde-
hyde/30% sucrose solution. The probe placements within NAcc (see
Fig. 1) were verified from coronal sections (60 um) stained with cresyl
violet using the atlas of Paxinos and Watson (Paxinos and Watson,
1998).

1.8. Statistic analyses

For Experiment 1, the number of lever responses, locomotor
activity and cocaine response latency (e.g., elapsed time between lever

2.20mm

1.70mm

1.60mm

1.20mm

1.00mm

0.70mm

Fig. 1. Locations of dialysis probe membranes within the NAcc (n=16)/Experiment 2.
Thickest lines represent probe locations for diazepam-pretreated animals.

availability and first self-administered cocaine injection) across daily
cocaine self-administration sessions in the diazepam- and saline-
pretreated groups were compared using two-way repeated measures
ANOVAs. Mean totals (sessions 2-20) of cocaine response latencies
were also compared between groups using a two-sample t-test (two-
tailed probability). For Experiment 2, extracellular NAcc DA concen-
trations (nM concentrations corrected according to probe recovery
values) were analyzed using a two-way ANOVA with repeated mea-
sures at each 10-min interval across the 120-min test session. Since
two-way interaction effects were not observed in any of the above
ANOVA comparisons, posthoc tests were not performed.

2. Results
2.1. Experiment 1: Lever responses
A two-way ANOVA performed on number of lever responses across

the 20 daily cocaine self-administration sessions showed significant
Group [F(1,19)=8.0368; p=0.01] and Time effects [F(19,361)=10.8;
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Fig. 2. Daily lever responses during cocaine self-administration sessions/Experiment 1.
Data represents mean+SEM of cocaine-reinforced responses (0.75 mg/kg/injection) in
diazepam- (filled square; n=10) and saline- (open circle; n=11) pretreated animals.

p<0.0001], but no significant GroupxTime Interaction [F(19,361)=
0.64; n.s.] (see Fig. 2).

2.2. Experiment 1: Locomotor activity

A two-way repeated measures ANOVA across the 20 self-admin-
istration sessions showed no significant Group [F(1,19)=1.150; n.s.] or
Interaction effects [F(19,361)=1.069; n.s.], but significant effects of
Time [F(19,361)=3.75; p<0.0001] (see Fig. 3).

2.3. Experiment 1: Response latency

This measure was defined as the time interval between the start
of each self-administration session (e.g., houselight on and lever
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Fig. 4. Cocaine response latency/Experiment 1. Data represents mean+SEM of elapsed
time prior to the first operant response of cocaine self-administration sessions 2-20 in
diazepam- (filled square; n=10) and saline- (open circle; n=11) pretreated animals.
Insert: data depicted as mean+SEM of sessions 2-20. Diazepam pretreated rats
responded significantly faster for the first cocaine injection of each session than control
animals. *Significant difference at p<0.05.
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Fig. 3. Locomotor activity during cocaine self-administration sessions/Experiment 1.
Data represents mean+SEM of locomotor activity (recorded as number of photobeam
breakages within operant chamber) in diazepam- (filled square; n=10) and saline-
(open circle; n=11) pretreated animals. No significant group differences in locomotor
activity were observed across sessions.
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Fig. 5. NAcc DA response to experimenter-administered cocaine injections/Experiment
2. DA expressed in nM concentrations (mean+SEM). No significant group differences in
NAcc DA levels were detected for diazepam (filled square; n=9) and saline (open circle;

n=7) pretreated animals.
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available) and the first lever press for cocaine. Latencies were assessed
from sessions 2-20, as animals were cocaine-naive prior to session 1. A
two-way repeated measures ANOVA across sessions 2-20 showed
significant Group effects [F(1,19)=5.68; p=0.02], but no significant
effects of Time or GroupxTime Interaction [F(18,342)=1.14 and F(18,
342)=0.78, respectively, both n.s.]. A two-sample t-test for indepen-
dent groups revealed that the mean response latency for diazepam-
pretreated animals was significantly lower than the vehicle-pre-
treated group [t(19)=2.18; p=0.042] (see Fig. 4).

2.4. Experiment 2: NAcc DA levels

A two-way ANOVA with repeated measures on the 10-min inter-
vals of the test session showed no significant Group [F(1,14)=2.37; n.s]
or GroupxTime Interaction [F(11,154)=1.53; n.s.], but significant
effects of Time [F(11,154)=68.89; p<0.0001] (see Fig. 5).

3. Discussion

Diazepam alleviates cocaine-induced anxiogenic-like behavior in
animals (Blanchard and Blanchard, 1999; Blanchard et al., 1998;
DeVries and Pert, 1998; Ettenberg and Geist, 1991; Tarr and Macklin,
1987; Wesson and Smith, 1985). In Experiment 1, diazepam-
pretreated animals made significantly more lever responses and
responded significantly faster to obtain their first cocaine injection of
each session compared to control animals. As suggested previously
(Ettenberg and Geist, 1991; Geist and Ettenberg, 1997), diazepam
treatment may shift the mixed emotional effects of cocaine to the
positive side by alleviating negative, anxiogenic effects. Indeed,
differences in response rates have often been attributed to changes
in reward value and/or reinforcement efficacy (Caine et al., 1995;
Hubner and Moreton, 1991; Olmstead et al., 2000). However, based on
past findings, increased levels of cocaine-maintained responding, as
observed in diazepam-pretreated rats in the present study, may be
interpreted as reflecting a decrease (Caine et al., 1995) or increase
(Goeders, 1997) in cocaine reinforcement efficacy. Though it has been
argued that reinforcement efficacy cannot be determined through
self-administration rates alone (Arnold and Roberts, 1997), if diaze-
pam acting to decrease negative effects of cocaine, the mechanisms for
those effects may be distinct from those acting on the positive
reinforcing aspects of cocaine. For instance, the tendency of control
animals to hesitate longer than diazepam-treated animals in respond-
ing for their first cocaine injection during self-administration sessions
suggests cocaine-induced anxiety acts to increase response latency.
Therefore, as diazepam is proposed to attenuate the anxiogenic
properties of cocaine inhibiting self-administration, diazepam treat-
ment makes it possible for a greater number of lever responses to be
completed during a session. Diazepam has also been shown to
increase responding for punishment-suppressed food (Johnson, 1978;
Thiebot et al., 1979) and brain stimulation (Moriyama et al., 1984) and
to decrease anxiety associated with open fields and novel objects
(Hoplight et al., 2005). Though we observed marked variability in
response latency for vehicle-pretreated rats self-administering
cocaine (as depicted in Fig. 4), taken together, past and present data
imply that diazepam enhances behaviors suppressed by a variety of
anxiogenic factors.

The present study also observed that both the diazepam- and the
saline-pretreated groups progressively increased lever responses for
cocaine across sessions. These data concur with previous findings of
enhanced cocaine responding during long-term self-administration
(Emmett-Oglesby et al., 1993; Liu et al., 2005b). Profound escalation in
cocaine responding can also be observed over fewer sessions with
longer daily access than provided in the current experiment (Ben-
Shahar et al., 2004).

Diazepam is therapeutically used as a sedative/hypnotic agent and is
thereby associated with attenuation in motion and performance. Some

findings show acute use of diazepam is associated with decreased
locomotor activity, and chronic use leads to increased locomotion
(Djeridane et al., 2005) or behavioral tolerance to these effects
(Fernandes et al.,, 1996; Mediratta et al., 2001). Others have found a
range of effects on locomotor activity, including enhancement at lower
doses of diazepam (0.25 mg/kg) (Soderpalm et al., 1991), no effects
(Kiyatkin and Bae, 2007) and attenuation at higher doses (0.5 mg/kg)
(Soderpalm et al., 1991). However, in the present study, locomotor
activity increased progressively in both groups, with no significant
differences between control and diazepam-pretreated rats.

The diazepam-pretreated group of Experiment 1 showed differ-
ences in cocaine intake during self-administration sessions. Therefore,
Experiment 2 was conducted to determine whether diazepam
influenced extracellular NAcc DA. Diazepam has been shown to affect
ventral tegmental area DA neuronal firing rates and has dose-
dependent decreasing effects on basal (Invernizzi et al., 1991) and
cocaine-stimulated DA levels in the NAcc shell (Giorgetti et al., 1998).
Therefore, it could be argued that, rather than decreasing cocaine-
induced anxiety, the enhancement of lever responses observed in the
diazepam group might reflect a compensatory behavioral response
aimed at increasing DA levels to an “optimal” range achieved by the
control animals. However, our data indicate this was not the case,
since we found that cocaine-stimulated extracellular NAcc DA levels in
the diazepam-pretreated group were not lower than controls. Our
findings that basal NAcc DA is not affected by a low dose of diazepam
has been previously reported (Invernizzi et al.,, 1991). Yet, previous
work to date showing inhibitory effects of GABA agonists on VTA DA
neuronal activity (Giorgetti et al,, 1998; Liu et al, 2005a) would
logically support predictions that NAcc DA, behavioral activity and
abuse liability would all be decreased in subjects treated with
diazepam in combination with cocaine. In the present study, our
findings do not support such predictions. However, since the com-
bined diazepam and cocaine dosages utilized in the current work have
not been examined previously, the effects on behaviors and NAcc DA
reported here are novel contributions to the literature.

It should be noted that although differences in the magnitude
of DA response between self-administered and experimenter-admi-
nistered drugs have been reported (Hemby et al., 1995), there are no
reports indicating opposing effects of cocaine on DA responses
between the different modes of intake. Therefore, Experiment 2
provides reasonable evidence that cocaine-stimulated NAcc DA
responses were enhanced for both groups during Experiment 1, thus
comparably influencing operant behavior. Though not empirically
addressed in the present experiment, it is possible that other
neurotransmitters and neuromodulators involved in stress, such as
corticotropin releasing hormone (CRH), adrenocorticotropic hormone
(ACTH), norepinephrine (NE) and serotonin (5-HT) which interact
with GABAergic neurotransmission, may have contributed to the
differences in behaviors observed between the two treatment groups
(Carrasco and Van de Kar, 2003).

Findings from the present study suggest that anxiety alters cocaine
self-administration behavior in a manner that is responsive to
enhanced GABA activation. Though the negative effects of cocaine
are less examined than the positive rewarding effects, these findings
suggest that cocaine intake may be increased in individuals co-
administering sedative drugs. Correspondingly, therapeutic interven-
tions that maximize the aversive effects of cocaine may be a novel
means of decreasing cocaine use and abuse.
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