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Abstract

Chronic anabolic–androgenic steroid (AAS) treatment during adolescence facilitates offensive aggression in male Syrian hamsters

(Mesocricetus auratus). The current study assessed whether adolescent AAS-facilitated offensive attack was modulated by serotonin (5-HT)

and if AAS exposure during this developmental period influenced 5-HT innervation to areas of hamster brain implicated in aggressive

behavior. In a first experiment, hamsters were administered high-dose AAS throughout adolescence, and then scored for offensive attack

following the systemic administration of saline or fluoxetine, a selective 5-HT reuptake inhibitor. Saline-treated hamsters showed high levels

of offensive attack, while treatment with fluoxetine attenuated the AAS-facilitated aggressive response. In a second experiment, hamsters

were administered high-dose AAS or sesame oil throughout adolescence, tested for offensive attack and then examined for differences in

5-HT innervation to areas of the hamster brain important for aggression. Aggressive AAS-treated hamsters showed significant reductions in

the number of 5-HT immunoreactive (5-HT-ir) varicosities and fibers in several of these areas, most notably the anterior hypothalamus (AH),

ventrolateral hypothalamus (VLH) and medial amygdala (MeA). However, no differences in 5-HT afferent innervation were found in other

aggression areas, such as the bed nucleus of the stria terminalis (BNST) and lateral septum (LS). Together, these results support a role for

altered 5-HT innervation and function in adolescent AAS-facilitated offensive aggression. D 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The naturally occurring male hormone testosterone and

its synthetic derivatives (collectively termed androgenic–

anabolic steroids [AAS]) have been used by professional

and amateur athletes and bodybuilders for greater than two

decades to enhance athletic performance and overall phys-

ical appearance (Yesalis et al., 1988, 1993). Over the past

decade, the illicit use of AAS among the adolescent popu-

lation appears to have reached near epidemic proportions

(Yesalis et al., 1997; NIDACapsules, 2001). Indeed, studies

from the National Institute on Drug Abuse estimate that

more than a half million 8th and 10th grade students are

using AAS in the United States each year (NIDACapsules,

2001). Of particular interest are reports that AAS use has

risen significantly in this population, with 3.6% of male

10th graders reporting use in 2000, up from 2.8% in 1999,

2.0% in 1997 and 1.8% in 1996 (NIDACapsules, 2001).

This pattern of abuse is important since the onset of AAS

use during adolescence (15 years of age or less) is correlated

with more frequent and heavier use later in life, despite

physical or psychological ramifications (Buckley et al.,

1988; Yesalis et al., 1988). Further still, the illicit use of

AAS during the period of adolescent development portrays

a significant health risk since AAS abuse has been associ-

ated with several adverse psychiatric and behavioral effects,

including increased aggressive behavior.

Using the resident/intruder paradigm, we have shown

previously that Syrian hamsters treated with AAS through-

out adolescent development direct a significantly high

number of offensive attacks and a reduced latency to attack

intruders when tested immediately following the treatment

period (Melloni et al., 1997; Harrison et al., 2000). The

finding that AAS-treated animals attacked more than con-

trols during the first behavioral interaction, in the absence of

established social interactions and cues, suggested that AAS
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exposure during this developmental period might stimulate

aggression directly; perhaps by impacting the activity of

specific neural circuits that regulate this behavior. The

serotonin (5-HT) neural system has been implicated in the

control of aggression in various species and models of

aggression (Linnoila et al., 1983; Kruesi et al., 1990;

Sijbesma et al., 1990; Higley et al., 1996; Coccaro et al.,

1997). In Syrian hamsters, 5-HT activity in the anterior

hypothalamus (AH) and ventrolateral hypothalamus (VLH)

have been shown to regulate offensive aggression, where

5-HT release acts to suppress aggression (Delville et al.,

1996; Ferris, 1996; Ferris and Delville, 1994; Ferris et al.,

1997, 1999). Perhaps adolescent AAS exposure facilitates

offensive attack in hamsters by disrupting the development

of 5-HT afferents into these areas, thus, lowering hypothala-

mic 5-HT activity and reducing 5-HT’s inhibitory influence

on aggression. Indeed, the development of the 5-HT neural

system in the hypothalamus continues into adolescence

during which it displays remarkable plasticity, particularly

in response to circulating sex steroids (Ladosky and Gaziri,

1970; Zeisel et al., 1981; Borisova et al., 1996). Sex differ-

ences in 5-HT levels and afferent innervation have been

reported, with a decrease in 5-HT synthesis, levels and

afferent fiber distribution and an increase in 5-HT metabol-

ism observed in male rats (Long et al., 1983; Renner et al.,

1985; Wilson et al., 1992; Borisova et al., 1996; Thiblin

et al., 1999), especially in the AH brain region (Simerly

et al., 1984; Renner et al., 1985). This sexual dimorphism

appears to be dependent on androgens, since female rats

exposed to testosterone show complete masculinization (i.e.,

a decrease) of the 5-HT fiber distribution, levels and ratio of

5-HT to its metabolites (Simerly et al., 1985; Gonzalez and

Leret, 1992; Sundblad and Eriksson, 1997).

In addition, neurons located in several other brain areas

including the amygdala, septum and the preoptic area have

been implicated in aggressive behavior in hamsters (Bunnell

et al., 1970; Sodetz and Bunnell, 1970; Hammond and

Rowe, 1976; Potegal et al., 1981a,b, 1996). For instance,

offensive aggression is inhibited by electrical stimulation of

neurons in the lateral septum (LS), while it is activated by

stimulation of cells located in the cortico-medial amygdala

(CoMeA) (Potegal et al., 1981a, 1996). Similarly, neurons

in the CoMeA, the medial amygdala (MeA) and the bed

nucleus of the stria terminalis (BNST) are activated during

an aggressive encounter with other hamsters (Kollack-

Walker and Newman, 1995; Potegal et al., 1996; Delville

et al., 2000). It is also possible that AAS exposure during

adolescent development facilitates aggressive behavior by

reducing 5-HT innervation to these brain areas. To date,

however, it is unknown whether adolescent AAS exposure

has any effects on the development of the 5-HT neural

system and/or whether 5-HT signaling plays a significant

role in adolescent AAS-facilitated offensive aggression.

This despite continued reports that AAS use during this

developmentally significant window is rising and can be

associated with an increased incidence of aggression and

violence (Dukarm et al., 1996; Loeber and Hay, 1997;

Yesalis et al., 1997; NIDACapsules, 2001).

Using the Syrian hamster as an animal model, the present

studies were conducted to establish a relationship between

adolescent, AAS exposure, 5HT neural signaling and affer-

ent innervation, and offensive aggression. In Syrian ham-

sters, the adolescent period of development can be identified

as the time between postnatal days 27 and 56 (P27–P56).

Weaning generally occurs around P25 with the onset of

puberty beginning around P40 (Miller et al., 1977). During

this developmental time period, hamsters wean from their

dams, leave the nest, establish new solitary nest sites,

participate in social relationships and learn to defend their

territory using offensive attack (Whitsett, 1975; Schoenfeld

and Leonard, 1985). Therefore, to determine whether 5-HT

signaling played a significant role in adolescent AAS-

facilitated offensive attack, we tested whether this aggress-

ive behavioral response could be inhibited by fluoxetine, a

selective 5-HT reuptake inhibitor shown to elevate 5-HT

levels in the hamster brain (Ferris, 1996). Then, to deter-

mine whether AAS exposure altered the 5-HT afferent

innervation to areas of the hamster brain implicated in

aggressive behavior, we utilized immunohistochemistry to

visualize and quantify 5-HT varicosities and fibers in these

brain regions.

2. Methods

2.1. Animals

For the experimental treatment paradigm, intact preado-

lescent male hamsters (P23–P25) were obtained from Harlan

Sprague–Dawley Labs (Indianapolis, IN), individually

housed in Plexiglas cages, and maintained at ambient room

temperature on a reverse light–dark cycle of (14L:10D, lights

on at 19:00 h). Food and water were provided ad libitum. For

aggression testing, stimulus (intruder) males of equal size and

weight to the experimental animals were obtained from

Harlan Sprague–Dawley 1 week prior to the behavioral test,

group housed at five animals per cage in large Plexiglas

cages, and maintained as above to acclimate to the animal

facility. All intruders were prescreened for low aggression

(i.e., disengage and evade) and submission (i.e., tail-up

freeze, flee and fly-away) 1 day prior to the aggression test

to control for behavioral differences between stimulus ani-

mals, as previously described (Ferris et al., 1997; Melloni

et al., 1997). Animals displaying significantly low aggression

and/or submissive postures were excluded from use in the

behavioral assay.

2.2. Experimental treatment

In the first experiment, P27 hamsters (n = 36, i.e., two

trials of n = 18 animals each) received daily subcutaneous

injections (0.1–0.2 ml) of an AAS mixture consisting of
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2 mg/kg testosterone cypionate, 2 mg/kg nortestosterone

and 1 mg/kg dihydroxytestosterone undecylate (Steraloids,

Newport, RI), for 30 consecutive days (P27–P56). This

daily treatment of AAS was designed to mimic a chronic

‘heavy use’ regimen (Pope and Katz, 1988, 1994). The day

following the last injection, adolescent AAS-treated animals

were tested for offensive attack after an intraperitoneal

injection of fluoxetine (20 mg/kg in 0.9% saline) (Sigma,

St. Louis, MO) (n = 20) or vehicle (n = 16) in a volume of

0.2 ml each. All injections were performed on unanesthe-

tized animals and took no longer than 10 s. Administration

of fluoxetine at this dose and manner has been shown

previously to be very selective for its antiaggressive prop-

erties, with no generalized effects observed on social or sex

behaviors (Delville et al., 1996; Ferris and Delville, 1994;

Ferris et al., 1997). After injection, animals were returned to

their home cage. One hour later, animals were tested for

offensive attack.

In a second experiment, P27 hamsters were weighed and

randomly distributed into two groups. One group of ham-

sters (n = 6) received subcutaneous injections of the AAS

mixture as described above, while a second group (n = 5)

was injected with an equal volume of sesame oil vehicle

alone. Following the treatment period, animals in both AAS

and sesame oil groups were tested for offensive attack,

sacrificed and the brains removed and processed for immuno-

histochemistry as detailed below.

2.3. Aggression testing

Experimental animals were tested for offensive attack

using the resident/intruder paradigm, a well-characterized

and ethologically valid model of offensive aggression in

golden hamsters (Lerwill and Makaings, 1971; Floody and

Pfaff, 1977). For this measure, an intruder of similar size

and weight was introduced into the home cage of experi-

mental animals and the resident was scored for offensive

attack (i.e., number of attacks and latency to attack towards

intruders), as previously described (Ferris et al., 1997).

Briefly, an attack was scored each time the resident animal

would wildly pursue and then either: (1) lunge towards and/

or (2) confine the intruder by upright and sideways threat;

each generally followed by a direct attempt to bite the

intruder’s ventrum and/or flank. The latency to attack was

defined as the period of time between the beginning of the

behavioral test and the first attack of the resident towards an

intruder. In the case of no attacks, latency to attack was

assigned the maximum latency (i.e., 600 s). Also, in

Experiment 1, residents were measured for social interest

towards intruders (i.e., contact time between resident and

intruder) to control for nonspecific effects of fluoxetine on

animal behavior. Contact time was defined as the period of

time during which the resident deliberately initiated contact

with the intruder either through olfactory investigation (i.e.,

sniffing) or aggression. Each aggression test lasted for

10 min and was scored by an observer unaware of the

hamsters’ experimental treatment. No intruder was used for

more than one behavioral test and all tests were performed

during the first four hours of the dark phase under dim red

illumination and videotaped for behavioral verification of

the findings.

2.4. Immunohistochemistry

One day following the behavioral test for aggression,

AAS and sesame oil-treated hamsters in Experiment 2 were

anesthetized with 80 mg/kg ketamine and 12 mg/kg xyla-

zine, and the brains fixed by transcardial perfusion with

4% paraformaldehyde. Brains were then cryoprotected by

Fig. 1. Diagrams showing the location of the areas selected to quantify

5-HT varicosities and fibers (shaded areas). Plates were modified from

hamster atlas of Morin and Wood (2001) and reflect specific positions in the

rostral-caudal plane (i.e., distance in millimeters from bregma to the plane

of section at the skull surface). Abbreviations: AH, anterior hypothalamus;

BNST, medial division of the bed nucleus of the stria terminalis; CeA,

central amygdaloid nucleus; CoMeA, cortico-medial amygdaloid nucleus;

LS, intermediate part of the lateral septal nucleus; MeA, medial amygdaloid

nucleus; MPN, medial preoptic nucleus, S1, S1 neocortex; VLH, ventro-

lateral hypothalamus; VP, ventral pallidum.

J.M. Grimes, R.H. Melloni Jr. / Pharmacology, Biochemistry and Behavior 73 (2002) 713–721 715



incubating in 30% sucrose in phosphate-buffered saline

(PBS; 0.001 M KH2PO4, 0.01 M Na2HPO4, 0.137 M NaCl,

0.003 M KCl, pH 7.4) overnight at 4 �C. 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 (Ferris and

Delville, 1994). Briefly, free floating sections were pre-

treated with 1% sodium borohydride followed by preincu-

bation 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 antirabbit (Protos Biotech, Ridgefield,

NJ) with 2% NGS and 0.3% Triton X-100 for 48 h at 4 �C.
After primary incubation, sections were incubated in sec-

ondary antirabbit followed by tertiary antisera (Vectastain

ABC Elite Kit-rabbit, Vector Labs, Burlingame, CA) for 1 h

each at room temperature and then labeled with diamino-

benzidine (DAB, Vector Labs). 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).

2.5. Image analysis

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

cosities and fibers was determined within specific brain

areas using the BIOQUANT NOVA 5.0 computer-assisted

microscopic image analysis software package as previ-

ously described (DeLeon et al., 2002a). The areas ana-

lyzed were selected based on previous data implicating

these regions as part of the circuit important for aggressive

behavior in numerous species and models of aggression,

with the notable exception of the S1 neocortex (S1) and

ventral pallidum (VP), i.e., nonaggression areas used as a

control regions. These areas (see Fig. 1) included the

intermediate part of the lateral septal nucleus (LS), the

medial division of the BNST, the medial preoptic nucleus

(MPN), the MeA, the AH, the central amygdaloid nucleus

(CeA), the CoMeA and the VLH, which included the

medial aspects of the medial tuberal nucleus and the

ventrolateral part of the ventromedial hypothalamic nuc-

leus. Slides from each animal were coded by an experi-

menter unaware of the experimental conditions and

BIOQUANT NOVA 5.0 image analysis software running

on a Pentium III CSI Open PC computer (R&M Biomet-

rics, Nashville, TN, USA) was utilized to identify the

brain region of interest at low power (4� ) using a Nikon

E600 microscope. At this magnification, a standard com-

puter-generated box was drawn to fit within the particular

region of interest. Then, under 20� magnification, images

were thresholded at a standard RGB-scale level empir-

ically determined by observers blinded to treatment con-

ditions, such as to allow detection of stained 5-HT-ir

elements with moderate to high intensity, while suppress-

ing lightly stained elements. This threshold value was

then applied across subjects to control for changes in

background staining and differences in foreground stain-

ing 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 automat-

ically by the BIOQUANT software. Measurements at 20�
continued until 5-HT-ir elements throughout the entire

region of interest were quantified. Two to three independent

measurements of 5-HT-ir elements were taken from several

consecutive sections (n > 3) of each animal per treatment

group depending upon: (1) identification of the exact posi-

tion of the nucleus within the region of interest and (2) the

size of the nucleus in the rostral-caudal plane. Then, the

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

for each region of interest, standardized per 100� 100 mm
parcel for regional comparison purposes, and then used for

statistical analysis.

Fig. 2. Fluoxetine treatment decreases offensive attack behavior in adolescent AAS-treated hamsters. Number of attacks, attack latency and total contact time in

saline- and fluoxetine-pretreated residents. *P < .05, Mann–Whitney, two-tailed (attacks), Student’s t tests, two-tailed (attack latency and contact time). Bars

denote S.E.M.
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2.6. Statistics

2.6.1. Behavioral studies

For Experiment 1, the results from the aggression tests

were compared between fluoxetine- and saline-treatment

groups. For Experiment 2, results from the aggression tests

were compared between AAS- and sesame oil-treatment

groups. In both experiments, nonparametric data (number of

attacks) were compared by Mann–Whitney U tests (two-

tailed), while parametric data (attack latency and contact

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

2.6.2. 5-HT afferent innervation

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

pared between treatment groups by Student’s t test (two-

tailed) for each area analyzed.

3. Results

3.1. Experiment 1—5-HT and offensive attack

Peripheral administration of the selective 5-HT reuptake

inhibitor fluoxetine diminished the aggressive response of

adolescent AAS-treated animals. As shown in Fig. 2, ham-

sters treated with high-dose AAS throughout adolescence

showed high levels of offensive attack when administered

saline prior to the aggression test. Indeed, half of the animals

tested (8 out of 16) scored greater than 15 attacks on

intruders, with only 25% (4 out of 16) scoring less than

10 attacks during the test period. The remainder of the

Fig. 3. Adolescent AAS treatment increases offensive attack. Number of

attacks and attack latency in AAS- and vehicle-treated residents. Bars

denote S.E.M. **P< .01, *P < .05, Mann–Whitney, two-tailed (number

of attacks), Student’s t test, two-tailed (attack latency).

Fig. 4. Brightfield photomicrographs showing 5-HT-ir varicosities and fibers in the AH of (A, C) AAS- and (B, D) oil-treated hamsters. Bar, 20 mm (A, B) and

2 mm (C, D).
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animals (4 out of 16) scored moderate-to-high levels of

offensive attack, directing between 10 and 15 attacks

towards intruders. Conversely, AAS-treated animals admin-

istered fluoxetine prior to the behavioral test period showed

a statistically significant decrease in the number of attacks

(Z = 2.48, P < .05) during aggression tests. In fact, peripheral

fluoxetine treatment completely eliminated offensive attack

in nearly half (9 out of 20) of the animals tested. Of the

remaining animals (11 out of 20), only one animal showed

high levels of offensive attack (i.e., greater than 15 attacks

during the test). In addition, AAS-treated hamsters admin-

istered fluoxetine also displayed a significantly increased

latency to attack intruders [t(35) =� 2.42, P < .05] compared

to saline-treated animals. In most all AAS-treated hamsters

administered saline, attack latencies were decreased with

12 out of 16 (75%) of the animals attacking within the first

130 s of the behavioral test. By comparison, the majority

(60%) of fluoxetine-treated animals (12 out of 20) attacked

intruders after the first 130 s of the test period. Finally,

although fluoxetine-treated hamsters showed marked reduc-

tions in offensive attack, no significant difference was

measured in contact time between fluoxetine- and saline-

treated animals (P>.1).

3.2. Experiment 2—offensive aggression and 5-HT afferent

innervation

As characterized extensively in our previous studies

(Melloni and Ferris, 1996; Melloni et al., 1997; Harrison

et al., 2000), animals treated with AAS during adolescent

development showed significantly heightened measures of

offensive attack (Fig. 3). Specifically, hamsters treated with

high-dose AAS showed a significant increase in the number

of attacks (Z = 2.09, P < .05) over vehicle-treated littermates.

Indeed, half of the AAS-treated animals (3 out of 6) scored

greater than 15 attacks during the aggression test. By

comparison, the majority of saline-treated hamsters (4 out

of 5) scored a single attack or less on opponents. In addition,

AAS-treated hamsters also displayed a significantly de-

creased attack latency towards intruders [latency to attack,

t(10) =� 3.35, P < .01] than vehicle-treated control animals.

Nearly 84% of AAS-treated animals (five out of six) re-

sponded within the first 130 s of the 10-min test, in com-

parison to all saline-treated control animals (five out of five)

whose first recorded attack occurred approximately 4–5 min

later, toward the end of the test period.

In aggressive AAS-treated hamsters, the immunohisto-

chemical staining pattern for 5-HT was altered in several

areas of hamster brain important for aggressive behavior,

including those in the hypothalamus. For example, in

sesame oil-treated controls, the staining of 5-HT varicosities

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. 4B and D). By comparison, animals

treated with AAS during adolescence display a less dense

pattern of staining for 5-HT-ir varicosities and fibers in the

AH (Fig. 4A and C). Quantitative analysis of 5-HT innerva-

tion to the AH showed that AAS-treated animals had

approximately 40% of the 5-HT-ir varicosities and fibers of

oil-treated littermates (Fig. 5). This difference was statist-

ically significant [t(12) =� 8.29, P < .001]. Similar results

were found in the VLHwhere AAS-treated animals had about

25% of the 5-HT-ir varicosities and fibers of oil-treated

littermates (Fig. 5). This difference was statistically signific-

ant [VLH, t(8) =� 4.93, P < .001]. These findings were not

restricted to the hypothalamus, however, as other hamster

circuits implicated in aggression showed similar decreases

in 5-HT innervation following adolescent AAS exposure

(Fig. 5). For instance, the number of 5-HT-ir varicosities

and fibers in the MeA and CeA of AAS-treated animals was

less than 50% that of sesame oil controls. In each case, the

difference in 5-HT varicosity number between AAS- and

oil-treated animals was significantly significant [MeA, t(8) =

� 3.88; CeA, t(9) =� 4.26, P < .01 each].

Not every brain region that has been implicated in

aggressive behavior showed significant changes in 5-HT

afferent innervation following adolescent AAS exposure.

For instance, similar numbers of 5-HT-ir varicosities and

fibers were found in the medial division of the BNST, the

Fig. 5. Density of 5-HT-ir varicosities and fibers in brains of AAS- vs.

vehicle-treated hamsters. Numbers were normalized to a standard area

(100� 100 mm) for regional comparisons. * * *P < .001, * *P < .01,

Student’s t test, two-tailed.
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CoMeA, the intermediate part of the LS and the MPN of

both AAS-treated and control animals. These counts were

not significantly different between treatment groups (P>.1

each comparison). Similarly, no significant differences were

found in several brain areas not involved in aggressive

behavior in the hamster. For example, the number of 5-HT-

ir varicosities and fibers were not significantly different

between treatment groups in the VP and S1 cortex (P>.1

each comparison).

4. Discussion

In previous studies, we have shown that repeated high-

dose AAS treatment throughout adolescence specifically

increased offensive aggression in male Syrian hamsters

(Melloni and Ferris, 1996; Melloni et al., 1997; Harrison

et al., 2000). To determine whether adolescent AAS-facili-

tated aggression was modulated by 5-HT activity, we

examined the behavioral effects of increasing extracellular

5-HT in aggressive, adolescent AAS-treated hamsters. For

these studies, aggressive AAS-treated animals were admin-

istered saline or fluoxetine, a selective 5-HT reuptake in-

hibitor, prior to the aggression test. The administration of

saline to AAS-treated hamsters had no effect on aggression,

as animals showed high levels of offensive attack analogous

to that observed in our previous studies (Melloni et al.,

1997; Harrison et al., 2000) and presented here (see Fig. 3).

Conversely, fluoxetine treatment resulted in a marked

reduction of adolescent AAS-facilitated attack. These ani-

mals showed a nearly 80% reduction in the number of

attacks as well as a greater than two-fold increase in attack

latency 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 behavioral data are important

and novel in that they indicate that 5-HT activity in brain

plays a role inhibiting the aggressive phenotype that arises

in response to adolescent AAS exposure and that enhanced

5-HT activity does not block AAS-facilitated offensive

attack through a nonspecific behavioral inhibition.

In Syrian hamsters, 5-HT activity in the VLH and AH has

been shown previously to inhibit offensive aggression

(Delville et al., 1996; Ferris, 1996; Ferris and Delville,

1994; Ferris et al., 1997, 1999). Since experimental manip-

ulations that enhance 5-HT activity reduce adolescent AAS-

facilitated attack, perhaps AAS exposure during this time

period predisposes animals to respond aggressively by

decreasing the extent to which 5-HT neurons innervate

synaptic partners in these brain areas, functionally disinhi-

biting the neural circuits activating offensive attack. To

determine whether adolescent AAS exposure depressed

5-HT neural development in these brain regions, we quan-

tified 5-HT afferent innervation in AAS- and oil-treated

hamsters. Animals exposed to AAS during adolescence had

two-fold less 5-HT-ir varicosities and fibers within both the

VLH and AH, suggesting a decreased afferent innervation

and/or depletion of VLH–5-HT and AH–5-HT in response

to adolescent AAS. From a functional standpoint, this

decrease in serotonergic tone may activate the VLH and

AH neural circuit implicated in the aggressive response. In

hamsters, activity of the arginine vasopressin (AVP) neural

system in the VLH and AH facilitates offensive aggression

(Ferris and Delville, 1994; Ferris and Potegal, 1988; Ferris

et al., 1989, 1997; Potegal and Ferris, 1989). Experimental

manipulations that increase 5-HT in the VLH and AH

effectively block AVP-facilitated aggression implicating a

functional relationship between these neurochemical signals

in the regulation of aggression (Delville et al., 1996; Ferris,

1996; Ferris et al., 1997, 1999). It is plausible that AVP-

ergic cells in the VLH and AH receive a diminished

inhibitory 5-HT input as a result of adolescent AAS expo-

sure, resulting in the activation of AVP neural circuits in

these areas and the intensification of the aggressive response

in these animals. There is support for this notion from our

previous studies showing that aggressive, AAS-treated

hamsters possess increased AVP innervation and levels in

the AH (Harrison et al., 2000) and AVP V1A receptor

binding in the VLH (DeLeon et al., 2002b). Thus, adoles-

cent AAS exposure appears to disrupt the signaling equi-

librium between hypothalamic 5-HT and AVP, likely

contributing to the development of the aggressive phenotype

in these animals.

In hamsters, activity of neurons in the MeA and CeA has

also been implicated in the aggressive response. Our results

show that animals exposed to high-dose AAS during ado-

lescence display marked decreases in 5-HT-ir varicosities

and fibers in the MeA and CeA. Neurons in the MeA

regulate aggressive response patterns in rats, mice, prairie

voles and hamsters (Bunnell et al., 1970; Shibata et al., 1982;

Vochteloo and Koolhaas, 1987; Koolhaas et al., 1990, 1991;

Albert et al., 1992; Kollack-Walker and Newman, 1995;

Wang et al., 1997; Delville et al., 2000; Gammie and Nelson,

2001), and increased neuronal activation has been observed

in this brain region in aggressive, experienced fighter ham-

sters (Delville et al., 2000). It is possible that the decrease in

5-HT signaling in this brain area following adolescent AAS

exposure functionally disinhibits neurons in the MeA, facil-

itating aggression. The CeA has been implicated in defensive

aggression in cats (Zagrodzka et al., 1998), physical aggres-

sion in rats (Bedard and Persinger, 1995) and scent marking

in hamsters (Bamshad et al., 1997). Although previous

reports have not shown the CeA to be directly involved in

offensive aggression in hamsters, this brain region is known

to be a component of the neural circuit controlling flank

marking in Syrian hamsters, a motor behavior that is part of

the response pattern of offensive aggression that is influ-

enced by testosterone (Bamshad et al., 1997). It is possible

that 5-HT signaling here functions to inhibit the activation of

cells critical to this response. Reduced 5-HT innervation to

the CeA resulting from adolescent AAS exposure may cause
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the functional activation of neurons in this region, increasing

flank marking. Indeed, our recent studies showing that

hamsters exposed to AAS during adolescence display in-

creased flank marking behavior support this hypothesis

(DeLeon et al., 2002b). Taken together, these data above

are novel and significant in that they show that exposure to

high-dose AAS during adolescence can alter the devel-

opmental patterns of innervation of 5-HT afferents to areas

of the brain which have been implicated in aggression and

social communication in hamsters. From a neuroanatomical

standpoint, these data implicate reduced 5-HT neural signal-

ing in these key areas as potential neural substrates for

adolescent AAS-facilitated aggression.

To determine whether exposure to high-dose AAS during

adolescence altered 5-HT anatomical development in non-

aggression regions of the brain, we examined the 5-HT

afferent innervation to the VP and S1 neocortex. Our data

show no differences in 5-HT innervation between AAS-

and oil-treated hamsters in either of these brain regions.

Together, these data suggest that there is a nonuniform effect

of adolescent AAS exposure on 5-HT development across

the neuraxis.

In summary, the studies presented in this paper provide

data examining the neurobehavioral effects of chronic high-

dose AAS exposure during adolescent development on

aggression and the basic neurobiological mechanisms by

which these psychopharmacological agents may exert their

aggression-stimulating effects. These findings indicate that

increases in offensive attack resulting from adolescent AAS

treatment are modulated, at least in part, by 5-HT and that

AAS exposure during this developmental period produces

marked reductions in 5-HT afferent innervation to several

areas of the hamster brain implicated in aggressive behavior.

These findings provide a link between adolescent AAS,

5-HT and the stimulation of aggression, indicating a role of

reduced 5-HT innervation and function in AAS-facilitated

aggression in adolescent hamsters.
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