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Abstract

Repeated low-dose cocaine treatment (0.5 mg/kg/day) during adolescence facilitates offensive aggression in male Syrian hamsters

(Mesocricetus auratus ). The current study assessed whether adolescent cocaine-facilitated offensive aggression was inhibited by

increased serotonin activity and if cocaine exposure during this developmental period influenced serotonin development in the

primary aggression areas of hamster brain. In a first experiment, hamsters were treated with low doses of cocaine throughout

adolescence and then scored for offensive aggression following the systemic administration of vehicle or fluoxetine, a selective

serotonin reuptake inhibitor. Vehicle-treated hamsters showed high levels of offensive aggression, while treatment with fluoxetine

inhibited the cocaine-facilitated aggressive response. Only one out of ten fluoxetine-treated animals both attacked and bit intruders,

compared to nine out of ten saline-treated animals. In a second experiment, hamsters were administered low doses of cocaine or

saline throughout adolescence, tested for offensive aggression, and then examined for differences in serotonin afferent innervation to

regions of the hamster brain implicated in aggressive responding. Aggressive cocaine-treated hamsters showed significant reductions

(35�/50%) in the number of serotonin immunoreactive varicosities and fibers in several aggression areas, including the anterior

hypothalamus, lateral septum, medial amygdala, and bed nucleus of the stria terminalis. Together, these results support a role for

serotonin innervation and function in adolescent cocaine-facilitated offensive aggression. # 2002 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Studies from the National Institute on Drug Abuse

estimate that greater than 22 million Americans have

experimented with cocaine, with about 4 million having

used the drug during the past year [47]. Of particular

interest are reports that cocaine abuse has risen and

remains high in the adolescent population, with 4.7% of

8th graders reporting use in 1999, up from 4.4% in 1997,

3.5% in 1994 and 2.3% in 1991 [47]. It has been reported

that younger youth, beginning at age 12�/13 experiment

with cocaine [19,33,72]. Increasing trends also exist for

high school seniors, with 9.8% reporting use in 1999, as

compared with 8.7% in 1997 and 5.9% in 1994 [47]. This

early onset of drug use is associated with increased and

chronic drug use into adulthood; thus this population of

adolescent users may comprise a significant portion of

the stable long-term cocaine abusing population

[11,33,53].
Clinical studies have demonstrated a positive correla-

tion between the long-term use of cocaine and negative

behavioral effects in adolescents [9,17,19,54,61], includ-

ing increased irritability and aggression. However,

whether cocaine exposure can elicit similar behavioral

changes in adolescent animal models has only recently

been studied. Indeed, behavioral data from our labora-

tory indicate that Syrian hamsters treated with low

doses of cocaine throughout adolescent development

display elevated offensive aggression when tested im-

mediately following the treatment period [30]. In these

studies hamsters treated with cocaine were greater than
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six times more likely and five times faster to attack and

bite intruders placed in their home cage. Conversely,

these animals show no changes in social communication,

sexual motivation or motor activity. The finding that
cocaine-treated adolescents displayed heightened offen-

sive aggression on the first behavioral interaction, in the

absence of established social interactions and cues,

suggested that cocaine exposure during this develop-

mental period may stimulate aggression directly; per-

haps by impacting the development and function of

specific neural circuits that regulate this behavior.

Serotonin (5-HT) has been implicated in the control
of aggression in adolescent and adult human popula-

tions [7,14,37,43] and in a number of animal models of

aggression [31,38,58,68]. In Syrian hamsters, 5-HT

activity in the anterior hypothalamus (AH) and ven-

trolateral hypothalamus (VLH) has been shown to

regulate offensive aggression [16,20,23,25], where 5-HT

acts to inhibit aggression. In addition, the activity of

neurons located in several other brain sites has been
implicated in aggressive responding in hamsters. For

instance, offensive aggression is inhibited by electrical

stimulation of neurons in the lateral septum (LS) [49]

while it is activated by stimulation of cells located in the

cortico-medial amygdala (CoMeA) [51]. Similarly, neu-

rons in the CoMeA [51], the medial amygdala (MeA)

[15] and the bed nucleus of the stria terminalis (BNST)

[15,34] are activated during an aggressive encounter with
other hamsters. Perhaps exposure to cocaine during

adolescence stimulates aggression in hamsters by dis-

rupting the development of 5-HT afferent fibers into

these brain areas. Indeed, the development of the 5-HT

neural system continues through adolescence [73] during

which it displays remarkable plasticity in response to

circulating neurochemical signals [6,39]. In mature

animals, acute cocaine treatment increases 5-HT, en-
hancing 5-HT signaling in brain [2,18,27,29,32,59,62],

while chronic cocaine exposure lowers 5-HT levels,

disrupting 5-HT signaling [2,18,27,29,32,59,62]. It is

possible that chronic cocaine exposure during adoles-

cent development facilitates offensive aggression by a

similar mechanism, i.e. by lowering 5-HT activity in

areas implicated in aggressive responding, thus reducing

5-HT’s inhibitory influence on aggression. To date
however, it is unknown whether chronic cocaine ex-

posure during adolescence has any deleterious effects on

the development/function of the 5-HT neural system,

and/or whether 5-HT signaling plays a significant role in

adolescent cocaine-facilitated aggression. This informa-

tion is important given continued reports that cocaine

use during this developmental window is rising [47] and

can be associated with an increased incidence of aggres-
sion and violence [8,9,17,44,45,65].

The present studies were conducted to establish a

direct link between adolescent cocaine exposure, 5-HT

neural signaling and afferent innervation, and offensive

aggression using the sub-adult Syrian hamster as an

animal model. First, to determine whether 5-HT signal-

ing played a significant role in adolescent cocaine-

facilitated aggression we tested whether fluoxetine, a
selective serotonin reuptake inhibitor shown previously

to elevate 5-HT levels in the hamster brain [20], could

inhibit offensive aggression facilitated by adolescent

cocaine exposure. Then, to establish whether adolescent

cocaine exposure altered the 5-HT afferent innervation

to areas of the hamster brain implicated in aggressive

responding, we employed immunohistochemistry to

visualize and quantify 5-HT varicosities and fibers.

2. Methods

2.1. Animals and experimental treatment

In Syrian hamsters (Mesocricetus auratus ), the ado-

lescent period of development can be identified as the

time between postnatal days 25 and 56 (P25�/P56).
Weaning generally occurs around P25 with the onset

of puberty beginning around P40 [46]. During this

developmental time period, hamsters wean from their

dams, leave the home nest, establish new solitary nest

sites, and learn to defend their territory and participate

in social dominance hierarchies [56,71].

In Experiment 1, intact adolescent male hamsters

(P25) were obtained from Harlan Sprague�/Dawley
Labs (Indianapolis, IN), individually housed in Plexiglas

cages, and maintained at ambient temperature on a

reverse light:dark cycle of (14L:10D; lights on at 19:00).

Food and water were provided ad libitum. On P27,

animals (n�/20 total, i.e. two groups of n�/10) received

intraperitoneal (IP) injections of cocaine hydrochloride

at a concentration of 0.5 mg/kg (Sigma Chemical Co.,

St. Louis, MO) suspended in isotonic saline, daily for 28
consecutive days (P27�/56). This daily dose of cocaine

has been shown previously to facilitate aggressive

responding in adolescent hamsters [30]. The day follow-

ing the last injection animals were tested for offensive

aggression after one of two different treatments: (1)

adolescent cocaine pretreatment in the presence of IP

saline administration (n�/10) or (2) adolescent cocaine

pretreatment in the presence of IP fluoxetine hydro-
chloride administration (n�/10). On the day of testing,

cocaine-treated animals were injected with either fluox-

etine (20 mg/kg in 0.9% NaCl) or saline vehicle (1 ml/kg)

as described in Refs. [16,23]. All injections were per-

formed on unanesthetized animals and took no longer

than 10 s. Administration of fluoxetine at this dose has

been shown to be very selective for its anti-aggressive

properties, with no generalized effects observed on
social or sex behavior [23]. After injection, animals

were returned to their home cage. One-hour later

animals were tested for offensive aggression.
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In Experiment 2, P27 hamsters were weighed and

randomly distributed into two groups (n�/6 animals

each). One group of animals received 0.5 mg/kg/day

cocaine hydrochloride (Sigma Chemical Co.) in isotonic
saline as above, while a second group of hamsters was

injected with saline (1 ml/kg) alone. Following the

treatment period, animals in both cocaine and saline

groups were tested for offensive aggression, sacrificed,

and the brains removed and processed for immunohis-

tochemistry as detailed below.

2.2. Aggression testing

Animals were tested for aggressive behavior using the

resident/intruder paradigm, a well-characterized and

ethologically valid model of offensive aggression in

golden hamsters [26,40]. For this measure, a stimulus

(intruder) male of similar size and weight was intro-

duced into the home cage of experimental animals and

the resident was scored for offensive aggression (i.e.

number of attacks, bites, and latency to first attack and
bite towards an intruder). In addition, residents were

also measured for social interest towards intruders (i.e.

total contact time between resident and intruder) to

control for nonspecific effects of fluoxetine on animal

behavior. Each aggression test lasted for 10 min and was

scored by an independent observer uninformed as to the

experimental treatment. No stimulus animal was used

for more than one behavioral test, and all tests were
performed during the first 4 h of the dark phase under

dim red illumination and videotaped for behavioral

verification of the findings.

2.3. Immunohistochemistry

For immunohistochemical analysis, brains from ani-

mals in cocaine- and saline-treatment groups (n�/6 per
group) were fixed by transcardial perfusion with 4%

paraformaldehyde and then incubated in 30% sucrose/

phosphate buffered saline (PBS, pH 7.4) overnight at

4 8C for cryoprotection. A consecutive series of 35 mm

coronal sections were cut on a sliding microtome,

collected as free floating sections in 1�/ PBS and

labeled for 5-HT by single-label immunohistochemistry

using a modification of an existing protocol [23]. Briefly,
free floating sections were pretreated with 1% sodium

borohydride followed by pre-incubation in 20% normal

goat serum with 1% H2O2 and 0.3% Triton X-100.

Sections were incubated in primary antiserum (1:1000)

for 5-HT anti-rabbit (Protos Biotech, Ridgefield, NJ)

with 2% NGS and 0.3% Triton X-100 over two nights at

4 8C. After primary incubation, sections were incubated

in secondary anti-rabbit followed by tertiary antisera
(Vectastain ABC Elite Kit �/ rabbit, Burlingame, CA)

and then labeled with diaminobenzidine (DAB, Vector

Labs, Burlingame, CA). Sections were mounted on

gelatin coated slides, allowed to air dry, and dehydrated

through a series of ethanol and xylene solutions. Then,

slides were coverslipped using Cytoseal-60 mounting

medium (VWR Scientific, West Chester, PA).

2.4. Image analysis

The number of 5-HT immunoreactive (5-HT-ir)

varicosities and fibers was determined within specific

brain areas using the BIOQUANT NOVA 5.0 computer-

assisted microscopic image analysis software package

[63,64]. The areas analyzed were selected based on data
from previous studies implicating these regions in

aggressive responding in numerous species and models

of aggression, with the notable exception of the caudate

putamen ((CPu), i.e. the striatum), a non-aggression

area used as a control region. These areas (Fig. 1)

included the cingulate cortex (Cg), the intermediate part

of the lateral septal nucleus (LS), the medial division of

the BNST, medial preoptic nucleus (MPN), the AH, the
central amygdaloid nucleus (CeA), the cortico-medial

amygdaloid nucleus (CoMeA), and the VLH which

included the medial aspects of the medial tuberal

nucleus and the ventrolateral part of the ventromedial

hypothalamic nucleus. Slides from each animal were

coded by an experimenter unaware of the experimental

conditions and BIOQUANT NOVA 5.0 image analysis

software running on a Pentium III CSI Open PC
computer (R&M Biometrics, Nashville, TN) was uti-

lized to identify the brain region of interest (ROI) at low

power (4�/) using a Nikon E600 microscope. At this

magnification, a standard computer-generated parcel

was drawn to outline the entire ROI. Each brain region

was assigned a separate and distinct ROI parcel,

formatted in size specifically for that brain area. Then,

under 20�/ magnification images were thresholded at a
standard RGB-scale level empirically determined by

observers unaware of the treatment conditions, such as

to allow detection of stained 5-HT-ir elements with

moderate to high intensity, while suppressing lightly

stained elements. This threshold value was then applied

across subjects to control for changes in background

staining and differences in foreground staining intensity

between animals. The illumination was kept constant for
all measurements. 5-HT-ir varicosities and fibers were

identified in each field using a mouse driven cursor and

then 5-HT-ir counts were performed automatically by

the BIOQUANT software. Measurements at 20�/ con-

tinued until 5-HT-ir elements throughout the entire ROI

were quantified. Two to six independent measurements

were taken from several consecutive sections of each

animal (n�/5�/6) per treatment group. Then, the num-
ber of 5-HT-ir varicosities and fibers was determined for

each ROI and standardized per 100�/100 mm2 parcel for

regional comparison purposes. The number of 5-HT-ir
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varicosities and fibers was then averaged for each brain

region per animal and used for statistical analysis.

2.5. Statistics

2.5.1. Behavioral studies

The results from the aggression tests were compared

between fluoxetine- and saline-treatment groups in

Experiment 1 and between cocaine- and saline-treatment

groups in Experiment 2. Nonparametric data (total

number of attacks and bites) were compared by Mann

Whitney U-tests (two-tailed). Parametric data (latency

to first attack and bite, and total contact time) were

compared by Student’s t -test (two-tailed).

2.5.2. 5-HT afferent innervation

The number of 5-HT-ir varicosities and fibers was

compared between treatment groups by Student’s t -test

(two-tailed) for each area analyzed.

3. Results

3.1. Experiment 1*/serotonin and offensive aggression

Peripheral administration of the selective serotonin

reuptake inhibitor fluoxetine diminished the aggressive
response of adolescent cocaine-treated animals. As

shown in Fig. 2A, hamsters treated with low-dose

cocaine throughout adolescence showed high levels of

Fig. 1. Diagrams showing the location of the areas selected to quantify 5-HT-ir varicosities and fibers (shaded areas). Diagrams were modified from

hamster atlas of Morin and Wood (2001). Abbreviations: AH, anterior hypothalamus; BNST, bed nucleus of the stria terminalis; Cg, cingulate

cortex; CeA, central amygdaloid nucleus; CoMeA, cortico-medial amygdaloid nucleus; CPu, caudate putamen; LS, lateral septal nucleus; MPN,

medial preoptic nucleus, VLH, ventrolateral hypothalamus.

Fig. 2. Fluoxetine pretreatment decreases offensive aggression inadolescent cocaine-treatment hamsters. (A) Aggression Intensity (i.e.number of attacks and bites) in saline- and fluoxetine-pretreatedresidents. ** PB0101, Mann�/Whitney, two-tailed. (B) AggressionInitiation (i.e. mean latencies to first attack and bite) in saline- andfluoxetine-pretreated residents. Bars denote SEM. ***PB01001,**PB0101, Student’st-test, two-tailed.
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offensive aggression when administered saline prior to

the aggression test. Indeed, the intensity of the aggres-

sive encounter (i.e. number of attacks and/or bites

during the test period) was extremely high (�/17
attacks, 7 bites) in nearly all (9 out of 10) of the animals

tested. Only one animal administered saline prior to the

aggression test failed to bite intruders. Conversely,

cocaine-treated animals administered fluoxetine prior

to the behavioral test period showed a marked reduction

in the intensity of offensive aggression. Compared to

saline-treated controls, fluoxetine-treated hamsters

showed a statistically significant decrease in the number
of attacks (Z�/3.25, P B/0.01) and bites (Z�/2.68, P B/

0.01) during aggression tests. In fact, peripheral fluox-

etine treatment completely blocked the intensity of the

aggressive encounter (0 attacks and/or 0 bites) in nearly

three-quarters (7 out of 10) of the animals tested. In

addition, cocaine-treated hamsters administered fluox-

etine also displayed a significantly slower aggressive

response towards intruders [latency to attack and bite,
t(18)�/�/5.17, P B/0.0001 and t(18)�/�/3.43, P B/0.01,

respectively] than saline-treated animals (Fig. 2B).

Indeed, the initiation of the aggressive response was

nearly immediate in most all cocaine-treated hamsters

administered saline, with nine out of ten of the animals

attacking within the first 60 s of the behavioral test. By

comparison, only one animal administered fluoxetine

prior to the aggression test (10% of the treatment group)
attacked within the first minute of testing. The majority

of fluoxetine-treated animals (6 out of 10) attacked

approximately 6 min later, toward the end of the test

period. Finally, although fluoxetine-treated animals

showed marked reductions in offensive aggression, the

duration of physical contact was similar in fluoxetine-

(446.59/37 s) and saline- (447.39/32 s) treated residents

(t(18)�/0.017, P �/0.1).

3.2. Experiment 2*/offensive aggression and serotonin

afferent innervation

As observed previously [30], animals treated with

cocaine during their adolescent development showed

significantly heightened measures of offensive aggres-

sion (Fig. 3). Specifically, hamsters treated with low-

dose cocaine showed a significant increase in the total
number of bites (Z�/2.96, P B/0.01) over saline-treated

littermates. The majority of cocaine-treated animals (4

out of 6) scored 10 bites or more during the aggression

test. By comparison, the majority of saline-treated

hamsters (4 out of 6) failed to score a single bite on

opponents. In addition, cocaine-treated hamsters also

displayed a significantly quicker aggressive response

towards intruders (latency to bite, t(10)�/�/4.85, P B/

0.01) than saline-treated control animals. Approxi-

mately 80% of the cocaine-treated animals (4 out of 6)

responded within the first 140 s of the 10 min test period,

in comparison to only 20% of saline-treated controls

whose first bite was recorded approximately 2�/4 min

later, toward the middle of the test period.

In aggressive, cocaine-treated hamsters, the immuno-

histochemical staining pattern for 5-HT was altered in

several brain regions implicated in the aggressive

response in hamsters. For instance, in saline-treated

animals, the staining of 5-HT varicosities and fibers in

the AH displayed a dense pattern of 5-HT-ir indicative

of the normal distribution of synaptic input onto

neurons in this brain region (Fig. 4A). By comparison,

aggressive, cocaine-treated animals displayed a less

dense pattern of staining for 5-HT-ir varicosities and

fibers in the AH brain region (Fig. 4B). Analysis of 5-

HT innervation to this brain region showed that

cocaine-treated animals had approximately 50% of the

5-HT-ir varicosities and fibers of saline-treated litter-

mates (Fig. 5). This difference was statistically signifi-

cant (t(11)�/6.47, P B/0.001). These findings were not

restricted to the AH, however, as other areas of the

hamster brain implicated in aggression showed similar

decreases in 5-HT innervation following adolescent

cocaine exposure (Fig. 5). For example, the number of

5-HT-ir varicosities and fibers in the LS of aggressive,

cocaine-treated animals was less than 50% that of saline

controls, while the BNST and MeA each showed a

nearly 35% decrease in the number of 5-HT-ir varicos-

ities and fibers in cocaine-treated animals. In each case

the difference in 5-HT varicosity and fiber number

between cocaine- and saline-treated animals was statis-

tically significant (LS, t(28)�/2.79; BNST, t(18)�/2.93;

MeA, t(18)�/3.46; P B/0.01 each comparison).

Not every brain area implicated in the aggressive

response showed significant changes in 5-HT afferent

innervation following adolescent cocaine exposure. For

example, although a slight reduction in 5-HT innerva-

tion was observed in the CoMeA of cocaine-treated

animals compared to saline-treated controls, this com-
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parison did not reach statistical significance (CoMeA,

t(20)�/1.88, P�/0.074) (Fig. 5). In addition, similar

numbers of 5-HT-ir varicosities were found in the VLH,

CeA, MPN, and the Cg of both cocaine-treated and

saline control animals (Fig. 5). In each case, no

significant difference was observed between treatment

groups (VLH, t(23)�/1.46; CeA, t (16)�/0.95; MPN,

t(27)�/0.65; Cg, t(28)�/1.04; P �/0.1 each compari-

son). Interestingly, a trend towards an increase was

observed in the number of 5-HT-ir varicosities and

fibers in the striatum (CPu; i.e. a non-aggression area) of

cocaine-treated animals compared to saline-treated

controls (CPu, t(22)�/1.86, P�/0.077) (Fig. 5).

4. Discussion

In previous studies, we have shown that repeated low-

dose cocaine treatment (0.5 mg/kg/day) throughout

adolescent development significantly increases offensive

aggression in male Syrian hamsters [30]. One mechanism

by which chronic cocaine may facilitate offensive

aggression is by altering the activity of neurotransmit-

ters implicated in this behavioral response. For example,

there is abundant evidence that 5-HT inhibits aggressive
behavior in humans [7,14,37,43] and in many animal

models and species [31,38,58,68], including hamsters

[16,20,23,25]. Perhaps exposure to cocaine during ado-

lescence suppresses 5-HT activity, thereby stimulating

offensive aggression. To address this question, we

performed experimental manipulations elevating extra-

cellular 5-HT in the brains of adolescent cocaine-treated

hamsters to determine whether enhancing 5-HT activity
would attenuate cocaine-stimulated offensive aggres-

sion. The behavioral data presented here support our

hypothesis that 5-HT plays an important role in

adolescent cocaine-facilitated aggression. For instance,

during the present experiments, the IP administration of

saline to cocaine-treated hamsters had no effect on

aggressive responding. These animals showed levels of

offensive aggression analogous to that observed in our
previous studies [30] and presented here (Fig. 3). Nearly

all saline-treated animals (9 out of 10) showed a very

high intensity of aggression (defined by the total number

bites and/or attacks per test period) and a quick onset

(initiation) of the aggressive response (defined by the

latency to the first attack and/or bite). Conversely,

peripheral injections of fluoxetine resulted in a nearly

complete blockade of adolescent cocaine-facilitated
aggression. Fluoxetine-treated animals were remarkably

less aggressive and slower to initiate the aggressive

response than saline-treated counterparts. Fluoxetine-

Fig. 4. Brightfield photomicrographs showing immunoreactive labeling of 5-HT varicosities and fibers in the AH of (A) saline- and (B) cocaine-

treated hamsters. Bar, 20 mm.

Fig. 5. Comparison of the density of 5-HT-ir varicosities in the

aggression areas of saline- vs. cocaine-treated hamsters. Varicosity

numbers were normalized to a standard areas (100�100 mm2) for

regional comparisons. ***P B0.001, **P B0.01, �P �0.05 and

P B0.1; Student’s t -test, two-tailed.
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treated animals showed a �/95% decrease each in the

number of bites and attacks as well as a �/50% decrease

in the latency to first bite and attack during the test

period compared to saline-treated controls. Conversely,
there was no difference in contact time between saline-

and fluoxetine-treated animals, indicating that animals

in both groups were equally interested in intruders.

Together, these data are important and novel in that

they directly show that 5-HT activity in brain plays a

critical role inhibiting the aggressive phenotype that

arises in response to adolescent cocaine exposure, and

that enhanced 5-HT activity does not block cocaine-
facilitated offensive aggression through a nonspecific

behavioral inhibition.

Since experimental manipulations that enhance 5-HT

activity in brain block adolescent cocaine-stimulated

offensive aggression, perhaps cocaine exposure during

this developmental period predisposes animals to re-

spond aggressively by depressing the normal develop-

mental profile of the 5-HT neural system regulating
aggression. In Syrian hamsters, the activity of 5-HT

neural system in two particular brain regions, i.e. the

VLH and AH, has been shown previously to regulate

offensive aggression [16,20,23,25], where 5-HT acts to

suppress aggression. Adolescent cocaine exposure may

depress 5-HT neural development in these brain regions

by decreasing the extent to which 5-HT neurons

innervate synaptic partners, functionally dis-inhibiting
the neural circuits stimulating offensive aggression. To

determine this, we quantified the 5-HT innervation to

the VLH and AH of cocaine- and saline-treated

hamsters. In the VLH, no ostensible differences were

observed in the number of 5-HT-ir varicosities and

fibers between treatment groups, suggesting that ado-

lescent cocaine-facilitated offensive aggression may not

be regulated by the development of 5-HT afferents to
this brain region. Conversely, animals exposed to

cocaine during adolescence had nearly 2-fold fewer 5-

HT-ir varicosities and fibers within the AH, suggesting a

decreased afferent innervation or depletion of AH-5-HT

in response to adolescent cocaine. From a functional

standpoint, this decrease in serotonergic tone may

activate the AH neural circuit implicated in the aggres-

sive response. In hamsters, activity of the arginine
vasopressin (AVP) neural system in the AH facilitates

offensive aggression [21,24,50]. Experimental manipula-

tions that increase 5-HT in this brain region effectively

block AVP-facilitated aggression [20,22,23,25]. It is

plausible that AVP cells in the AH receive a diminished

inhibitory 5-HT input as a result of adolescent cocaine

exposure, culminating in the stimulation of AH AVP

and offensive aggression in these animals. There is
support for this notion from experiments examining

the effects of acute and chronic cocaine on the function

of the hypothalamic-pituitary-adrenal (HPA) axis in

adult rats. Acute cocaine treatment increases hypotha-

lamic 5-HT correlated with the activation of the HPA

[41]. 5-HT stimulates HPA by activating hypothalamic

AVP/CRH (corticotropin-releasing hormone) neurons

that influence pituitary function [48,66], stimulating the
release of AVP from hypothalamic neurons [55]. Deple-

tion of 5-HT or destruction of 5-HT neurons prevents

the cocaine-mediated surge in HPA function [41].

Interestingly, chronic cocaine treatment dampens HPA

function by reducing hypothalamic 5-HT signaling

[3,32,42,67]. Thus, the chronic effects of cocaine on the

HPA are distinct from the acute effects and reflect a

decrease in 5-HT signaling. While there exists contrast-
ing data regarding the effects of acute and chronic

cocaine on the 5-HT neural system, data support the

notion that cocaine-mediated disturbances in 5-HT

signaling occur in brain areas that contain AVP neurons

i.e. the AH. Experiments examining whether chronic

cocaine exposure during adolescence stimulates AH

AVP activity due to a reduction in AH 5-HT signaling

are currently underway in the laboratory.
In hamsters, activity of neurons located in the LS,

MeA, and BNST have also been implicated in offensive

aggression. It is possible that the normal development of

the 5-HT neural system in these primary aggression

areas is affected by adolescent cocaine exposure, func-

tionally dis-inhibiting neurons active in the aggressive

response. Indeed, our results show that animals exposed

to low-dose cocaine during adolescence display marked
decreases in 5-HT innervation to each of these aggres-

sion areas, identifying these brain regions as potential

sites where 5-HT activity may modulate adolescent

cocaine-facilitated aggression. For example, the activa-

tion of neurons in the BNST and MeA correlate with

aggressive response patterns in rats [1,35,36,57,69], mice

[28], prairie voles [70], and hamsters [10,15,34]. It is

possible that 5-HT signaling in these brain regions
functions [49] to inhibit the activation of cells critical

to the aggressive response. Reduced 5-HT innervation in

these regions resulting from adolescent cocaine exposure

may cause the functional activation of neurons in these

regions, facilitating a heightened aggressive response.

However, if 5-HT activity in the LS is involved in

adolescent cocaine-facilitated aggression, then our find-

ing that cocaine decreases 5-HT innervation to this
region suggests a reciprocal behavioral response (i.e. the

attenuation of aggression following cocaine exposure)

since stimulation of the LS inhibits offensive aggression.

Nevertheless, the development of the aggressive pheno-

type following adolescent cocaine exposure may be

explained by the subtype(s) of 5-HT receptors expressed

in the LS. Recently, we have localized the expression of

the 5-HT3 subtype receptor (i.e. an excitatory 5-HT
receptor [4,5,13]) within the LS [52]. A reduction in 5-

HT3 signaling in the LS due to the loss of 5-HT

afferents following adolescent cocaine exposure would

effectively inhibit LS neurons, facilitating the establish-
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ment of the aggressive phenotype. Taken together, the

data above are novel and significant in that they show

that exposure to low-dose cocaine during adolescence

can alter the developmental patterns of innervation of 5-
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