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In male golden hamsters, puberty is marked by dramatic changes in agonistic
behavior. Attack frequency gradually decreases as agonistic behavior evolves from play
fighting to adult aggression. Attack types change as targets of attack mature from play
fighting to adult attacks. In adult hamsters, serotonin plays an inhibitory role in
aggression. Thus, the decline in attack frequency during puberty could be associated
with an up-regulation of the activity of the serotonergic system.
In adults, acute Fluoxetine treatment inhibited aggressive behavior at all doses. In
juveniles, only the highest dose reduced attack frequency. Interestingly, juveniles treated
with the lowest dose showed an increase in aggressive behavior. Attack type was also
affected as treatment with Fluoxetine accelerated the maturation of attack targets. This
vi

same effect had been observed in previous studies in response to chronic social stress and
dexamethasone treatment. Consequently, the role of cortisol on the development of the
serotonergic system was also investigated.
Furthermore, the density of serotonin innervation in the anterior hypothalamus
and medial amygdala was found to be higher in adults than juveniles and consistent with
the inhibition of attacks by the high dose of Fluoxetine. However, the differential effects
of Fluoxetine at the lower doses were investigated through analysis of different serotonin
receptor subtypes. In adult hamsters, aggression can be facilitated by activation of 5-HT3
receptors and inhibited by 5-HT1A receptors. During puberty, the density of
immunoreactive 5-HT1A receptors increased in the anterior hypothalamus and medial
amydala while 5-HT3 receptor immunoreactivity did not change. Thus, it is possible that
in these areas the ratio of 5-HT3 to 5-HT1A receptors decreases during puberty. This
change is consistent with the decline in the frequency of offensive responses during
puberty. The functionality of 5-HT1A and 5-HT3 receptors on offensive aggression in
juveniles was tested via peripheral injections of a 5-HT1A receptor agonist and a 5-HT3
receptors antagonist. At the high dose, both drug treatments inhibited attack frequency
and attack repetition.
Together, these data examine the role of the serotonergic system on the
development of agonistic behavior.
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Chapter 1: Introduction
Agonistic Behavior
Aggressive behavior can be categorized as either offensive or defensive, based
on behavioral responses. Defensive aggression occurs when an animal responds to a
threat or attack; offensive aggression occurs when an animals initiates the attack
(Blanchard and Blanchard, 1977, 1988). Furthermore, offensive aggression is speciesspecific whereas defensive aggression is targeted towards any perceived threat. The
patterns of behavior also differ as offensive aggression often involves stereotyped,
ritualistic behaviors. Defensive aggression is generally aimed at targets that pose the
most immediate threat. A dog may bite an outstretched hand or a cat may receive
numerous scratches to the face from its prey. The neural circuitry behind these two
types of aggression also differs. Offensive aggression is controlled by vasopressin and
serotonin (Delville et al., 1996a, Delville et al., 1996b; Ferris et al., 1997, 1999; Joppa
et al., 1997). Both offensive and defensive aggression can be seen in many contexts
and are not necessarily mutually exclusive. An animal defending its territory, for
example, can exhibit offensive as well as defensive aggression. An interaction that
begins with an animal initiating an attack on an intruder may end in defensive
behavior once the intruder is assessed as a threat.

Testing Aggression in a Laboratory Setting
There are several methods for testing aggression in the laboratory. However,
some methods are better suited for testing certain types of aggression than others. The
1

first important element is the characteristics of the opponent presented to the
experimental animal.

Often in aggressive encounters, size is everything.

If the

opponent is larger, then the experimental animal will, in most cases, engage in
defensive aggression.

A body-weight matched opponent will elicit a mixture of

offensive and defensive aggression until a dominant-subordinate relationship is
established.

Subsequently, a smaller opponent will most likely elicit offensive

aggression from the experimental animal (Haller, et al., 1998; Teskey and Kavaliers,
1987).
The type of arena in which animals are tested is also extremely important to
the type of aggression that will ensue. In a neutral arena, the experimental animal is
placed in a clean cage in the presence of a conspecific. Neither animal is in its
territory and the resulting aggression is dependent on several factors including the size
of the opponent. In a neutral, body-weight matched arena, the behaviors observed are
likely to be a mixture of both offensive and defensive aggression (establishing a
dominant/subordinate relationship) (Potegal and Ferris, 1990). In a resident-intruder
paradigm, the experimental animal is tested in its home cage in response to an intruder
(Miczek, 1979). If the intruder is smaller, the resulting aggression is more likely to be
offensive, whereas a body-weight matched intruder will elicit a mixture of offensive
and defensive aggression (Drickamer et al., 1973).
Thus, if offensive aggression is to be tested in a laboratory setting, the
resident-intruder model using a smaller and younger intruder ensures that the resident
exhibits purely offensive aggression. As the purpose of these experiments is to study
2

offensive aggression and not the factors involved in dominant-subordinate
relationships, all behavioral studies used a resident-intruder model with a smaller and
younger intruder.

Development of Agonistic Behavior
In most mammalian species, puberty is marked by a transition from play
fighting to adult aggression (Fagen, 1981). Agonistic behavior begins in the form of
play fighting early during development and precedes adult aggression (Blanchard et
al., 2003; Delville et al., 2003; Pellis, 2002). The patterns by which play-fighting
behavior develops into adult aggression vary between species. For example, rats
engage in three very distinct periods of play fighting behavior. The earliest phase
involves rough play between littermates around postnatal day 20 (P-20).

This

behavior disappears by weaning and is replaced by a period of purely playful
interactions with conspecifics (P-30 to P-40). After this time, rats engage in the rough
play fighting that eventually transitions into adult aggression (Pellis et al., 1990).
However, play-fighting interactions are still observed in subordinate adult animals as
they initiate interactions with dominant adults (Pellis et al., 1993). As this species has
been frequently used in the study of play fighting, it is important to note that golden
hamster play fighting differs in several ways as it develops into adult aggression. The
patterns of behavior specific to golden hamster aggression will be described at length.

3

Golden hamsters begin exhibiting agonistic behaviors as soon as they are
capable of coordinated movements, around postnatal day 20 (P-20) (Goldman and
Swanson, 1975; Siegel, 1985). These behaviors can be divided into either offensive or
defensive aggression. Defensive behaviors include freezing in upright or on-back
postures, tail supination and retreats. Offensive behaviors include chases, flank marks,
attacks, pins and bites (Albers, et al., 2002). The specific characteristics (frequency,
duration) of each of these behaviors are dependent on several factors including age
and testing paradigm.

Early in development, hamsters engage in play-fighting

behaviors marked by a high frequency of pinning and continual reversal of
dominant/subordinate roles (Taravosh-Lahn and Delville, 2004).

An animal

successfully pinning another will quickly become the animal pinned during the early
stages of play fighting.

In contrast, adult aggression generally involves no

dominant/subordinate role-reversal. The amount of time spent in contact with an
intruder is significantly less in adults than in juveniles (Taravosh-Lahn et al., 2006).
In effect, attacks become more efficient. In golden hamsters, puberty is a critical
period of transition, as agonistic behavior matures from play fighting to adult
aggression (Goldman and Swanson, 1975). Three different aspects of offensive
responses have been shown to undergo changes during puberty in male hamsters. The
frequency of attacks during agonistic encounters peaks around postnatal day 35 (P-35)
and decreases into late puberty and early adulthood (P-70) (Pellis and Pellis, 1988;
Goldman and Swanson, 1975; Wommack et al., 2003; Taravosh-Lahn and Delville,
2004). Furthermore, the areas on the body of the protagonists initially targeted during
4

attacks also undergo a gradual transition during this period (Wommack et al., 2003;
Taravosh-Lahn and Delville, 2004). In early puberty, during the peak of play fighting
activity, attacks are predominantly directed at the cheeks and face of the opponents
(play fighting attacks). By mid-puberty, the animals direct their attacks toward the
flanks of their opponents (side attacks). By late puberty, attacks directed at the lower
belly and rump become dominant (adult attacks) and persist throughout adulthood
(Wommack et al., 2003).
In addition, a recent analysis of the temporal distribution of attacks during
encounters has shown further changes during puberty (Cervantes et al., 2006). One
notable aspect of this study relates to the repetition of attacks during bouts of contact
with an opponent. During the peak of play fighting activity on P-35, attacks are
highly repetitive within the same bouts. At this time, the animals continuously engage
in play fighting. By early adulthood, the repetition of attacks per bout decreases.
Typically, adult males will initiate an attack on intruders, bite them, then rest for a
while before resuming contact and another attack (Cervantes et al., 2006). Together,
these data provide a more complex description of the peri-pubertal maturation of
offensive responses during agonistic encounters in hamsters.
It is important to note that all animals tested for agonistic behavior are socially
experienced prior to testing. While hamsters are solitary animals, it is unnatural for
them to be socially isolated during development (Johnston, 1985). During puberty,
golden hamsters will encounter conspecifics and engage in agonistic behaviors
continually during the processes of weaning, foraging and establishing territory. Thus,
5

a socially isolated hamster may exhibit behavior that is of diminished ecological
significance. Males that were socially isolated have been shown to exhibit higher
levels of aggression than socially experienced males (Albers et al., 2006).

Neuroendocrine Systems - Adults
In adult male hamsters, testosterone, vasopressin and serotonin are key
elements involved in the modulation of aggression. Testosterone has been shown to
affect offensive aggression in several ways. Castrated adults show a decrease in most
agonistic behaviors including flank marking, chasing and attack frequency
(Vandenbergh, 1971; Payne, 1973; Payne 1974). These behaviors are restored in
response to testosterone propionate replacement. However, as testosterone levels rise
during puberty, the frequency of attacks decreases in hamsters (Goldman and
Swanson, 1975; Vomachka and Greenwald, 1979; Wommack, et al., 2004). Thus, it is
possible that testosterone is necessary but not sufficient in the control of agonistic
behavior.
The facilitative role of testosterone is further supported by its relationship with
vasopressin. In rats, castration results in a loss of parvocellular vasopressin neurons in
the bed nucleus of the stria terminalis and medial amygdala, as well as their
projections to the septum (De Vries et al., 1985). This loss is reversed by treatment
with testosterone (De Vries et al., 1985). There is no such population of testosteronedependent neurons in these areas in hamsters (Ferris et al., 1995).

However,

vasopressin binding in the ventrolateral hypothalamus is androgen dependent (Delville
6

et al., 1996b; Johnson et al., 1995). Subsequently, the decrease in aggression seen
following castration could be in response to a decrease in vasopressin binding
mediated by the absence of testosterone (Delville et al., 1996b).
The role of vasopressin and serotonin in the control of aggression has been
studied at length in adult hamsters (Delville et al., 2003, Delville et al., 2005).
Peripheral treatment with Fluoxetine inhibits offensive aggression in adult hamsters
(Delville et al., 1996a, Ferris et al., 1997, 1999; Joppa et al., 1997). Central injections
of a 5-HT1A agonist also result in a decrease of offensive aggression. Vasopressin
microinjections into the anterior and ventrolateral hypothalamus result in an increase
in offensive aggression (Ferris, et al., 1999).

This increase is inhibited by pre-

treatment with a serotonin reuptake inhibitor. Interestingly, serotonin and vasopressin
immunoreactive fibers as well as V1A and 5-HT1B binding sites are co-localized in the
anterior hypothalamus (Ferris, et al., 1997).

Neuroendocrine Systems - Juveniles
The neural mechanisms underlying the behavioral changes that occur during
puberty remain poorly understood. While the neurobiology of offensive aggression
has been extensively studied in adult male hamsters, little is known about the control
of play fighting behavior (Delville et al., 2005). In adult males, offensive responses
are modulated by an interaction between vasopressin and serotonin in the
hypothalamus (Delville et al., 1996a; Ferris et al., 1997; 1999).
facilitates, while serotonin inhibits the behavior.

Vasopressin

As serotonin release in the

hypothalamus inhibits offensive aggression in adult hamsters (Ferris et al., 1999), it is
7

possible that the decreased frequency and repetition of attacks during puberty is
associated with increased serotonin availability within the hypothalamus. A single
neural circuitry involving vasopressin and serotonin would control the maturation of
offensive responses in hamsters.

Experimental Overview
In male golden hamsters, puberty marks a transition in the characteristics of
agonistic behavior.

The frequency of offensive responses decreases as offensive

behavior shifts from play fighting into adult aggression (Goldman and Swanson,
1975). The neural circuitry mediating this change is poorly understood. In adult
males, serotonin and vasopressin are the key moderators of aggression, specifically in
the anterior hypothalamus (Ferris et al., 1997, Delville et al., 1996a). The role of
serotonin in adult offensive responses is inhibitory.

The decrease in offensive

responses during puberty could be mediated by changes in the developing serotonergic
system. Thus, it is proposed that a single neural circuitry controls both play-fighting
and adult aggression.

Serotonin and the Development of Offensive Behaviors
It is hypothesized that serotonin availability increases during puberty in areas
associated with agonistic behaviors and that this change correlates with a decrease in
offensive responses. This hypothesis will be tested by administration of Fluoxetine to
juveniles and adult male hamsters followed by a resident-intruder test. Offensive
responses will be recorded. To ascertain changes in serotonin availability in the brain
8

areas associated with agonistic behaviors, a separate group of juvenile and adult male
hamsters will be processed for immunocytochemistry to serotonin.

Serotonin Receptors during Puberty
It is hypothesized that serotonin receptor subtypes may differentially change
during puberty in areas associated with agonistic behaviors. 5-HT1A receptors have
been shown to correspond with an inhibition of offensive responses (Ferris et al.,
1999) while 5-HT3 receptors have been associated with increased levels of offensive
responses (Ricci et al., 2005). A change in the ratio of these receptor subtypes could
explain the decrease in offensive responses seen during puberty.
hypothesis,

juvenile

and

adult

male

hamsters

will

be

To test this
processed

for

immunocytochemistry to antibodies for both 5-HT1A and 5-HT3 receptor subtypes.

Serotonin Receptor Drug Manipulations
It is hypothesized that administration of a 5-HT1A agonist peripherally would
result in an inhibition of offensive responses in juveniles.

Furthermore, it is

hypothesized that peripheral administration of a 5-HT3 antagonist would result in an
inhibition of offensive responses in juveniles. This hypothesis would be tested by
administering several doses of each drug via intraperitoneal injection. Shortly after
drug administration, animals would be tested for offensive responses in a residentintruder paradigm.

9

Cortisol and Serotonin
As serotonin is regulated in part by cortisol, a hormone that increases during
puberty, it is hypothesized that cortisol treatment will have an effect on the
development of the serotonergic system.

This hypothesis will be tested by

administering cortisol to juvenile male hamsters for several days prior to sacrifice and
quantifying serotonin availability via immunocytochemistry and high performance
liquid chromatography. Serum will be collected and assayed to verify elevation of
plasma cortisol in response to treatment with cortisol.

10

Chapter 2: Serotonin and the Development of Offensive Behaviors
Introduction
Serotonergic involvement in the mediation of aggression has been studied in
many species using a variety of methods and measures (Kruesi, et al., 1990; Sijbesma,
et al., 1990; Coccaro, et al., 1997).

In golden hamsters, serotonin activity in the

anterior hypothalamus and ventrolateral hypothalamus has been shown to suppress
offensive aggression (Ferris et al., 1999).
In male golden hamsters, the frequency of offensive responses decreases
during puberty (Wommack et al, 2003). Other agonistic behaviors such as pinning
and contact time follow the same pattern. In adults, serotonin inhibits these agonistic
behaviors (Ferris et al., 1997).

Treatment with Fluoxetine has been shown to

completely inhibit offensive responses in adult males (Delville at al., 1996a, Ferris et
al., 1997). If the same neural circuitry controls both juvenile and adult aggression,
then it is possible that serotonin availability is lower in juveniles than in adults. As the
serotonergic system develops, the availability of serotonin would increase and be
reflected in the lower level of offensive responses seen in adults (Taravosh-Lahn et al.,
2006).
This possibility was addressed in the present study. First, responsiveness to
peripheral treatment with Fluoxetine, a serotonin reuptake inhibitor, was compared
between adult and juvenile male hamsters. It was hypothesized that the inhibitory
effect of Fluoxetine on offensive responses would be more pronounced in adults as
compared to juveniles. Therefore, a comparison was made between animals at the two
11

developmental time-points with the highest and lowest frequencies of offensive
responses. Second, the density of serotonin innervation of the limbic areas associated
with aggression in adults, such as the anterior hypothalamus (AH) and ventrolateral
hypothalamus (VLH) (Delville et al., 1996b; Delville et al., 2000; Ferris et al., 1999)
was compared between juveniles and adults.

Hypothesis
It is hypothesized that serotonin availability increases during puberty in areas
associated with agonistic behaviors and that this change correlates with a decrease in
offensive responses.

It is also hypothesized that juvenile hamsters will be less

responsive to treatment with Fluoxetine than adults.

Methods
Animals and Treatment
Male golden hamsters were bred in a colony maintained in the laboratory and
founded with animals purchased from Harlan Sprague-Dawley (Indianapolis, IN).
Shortly after birth, litters were culled to six pups containing both males and females.
All animals were weaned on P-25 and individually housed in Plexiglas cages (8x13x5
in.), as golden hamsters are solitary animals in the wild (Gattermann et al., 2001).
Food and water were provided ad libitum. All animals used in the experiments were
housed under a reversed daylight cycle (14L:10D; lights on at 20:00).

All

experimental procedures were performed according to NIH guidelines and approved
12

by the Institutional Animal Care and Use Committee of the University of Texas at
Austin, an AALAC approved facility.
Experimental Design
The developmental effects of Fluoxetine administration were examined by
using animals either during early puberty (P-35) or early adulthood (P-70). These
time-points were selected for comparison as attack frequency peaks during early
puberty (P-35) and subsequently declines into early adulthood (P-70). All animals
were experienced with agonistic encounters through repeated exposure to intruders in
their home cage several times during development. This prior exposure to intruders
ensured that all subjects had sufficient social experience and would indeed engage in
offensive responses. On the test days, the animals received an intraperitoneal injection
of Fluoxetine hydrochloride (0 mg/kg, 10 mg/kg, or 20 mg/kg; dissolved in 20%
dimethyl sulfoxide in saline (vol/vol); Sigma Chemical Co., St. Louis, MO). These
doses of Fluoxetine were based on prior studies in hamsters (Ferris et al., 1997). The
volumes injected ranged from .18 mL to .21 mL. Separate animals were used for each
dose and each test day (P-35: 0 mg/kg: n=9, 10mg/kg: n=13, 20 mg/kg: n=10; P-70: 0
mg/kg: n=7, 10mg/kg: n=10, 20 mg/kg: n=9). Two hours after injection, the animals
were exposed to a smaller (10-20%) and younger (5-10 days) same-sex conspecific
intruder in their home cage for a 10-minute period. The two-hour period between
injection and behavioral testing was optimized in previous studies (Ferris et al., 1997).
The encounters were videotaped for later review with iMovie (Apple Computers,
Cupertino, CA).
13

Immediately after the resident-intruder test, the animals were placed in a Latmaze for another 10-minute period to test for locomotor activity. The Lat-maze
consists of an open-faced box square (63 x 63 x 21.5 cm) containing a smaller closed
square box (39 x 39 x 17.5 cm) at its center.

The resulting space between the two

boxes forms a corridor that is marked with a line every 12 cm (Cervantes et al.,
2005a). These lines drawn across the corridor permit a quantification of locomotor
activity. The number of lines crossed was counted for the 10-minute period. All tests
were conducted during the first half of the dark phase.
Descriptions of Agonistic Behaviors
Several behaviors were observed during resident-intruder testing.

These

behaviors included attacks, pins, contact time, contact bouts, attack latency and target
of attack. All behaviors recorded were performed by the resident animal in response
to the presence of an intruder. During the test period, the resident animal would
approach and contact the intruder several times, each of these times being referred to
as a contact bout (unit of interaction). A contact bout was recorded for each time the
resident initiated contact with the intruder for at least 5 seconds and ended when
contact ceased. Contact time was recorded for the total duration of the testing period
during which the resident initiated and maintained contact with the intruder. An attack
consisted of a combination of approach followed immediately by an attempt to bite.
Attacks per bout were calculated by dividing the total number of attacks by the total
number of contact bouts that occurred during the testing period. Pins were recorded
when the resident would restrain the intruder on its back by pinning it with its
14

forepaws. Attack latency was recorded as the duration of time elapsed before the first
attack occurred during the testing period. During an attack, the location on the body
of the intruder that the resident attempted to bite was referred to as the target of attack.
These targets were divided into three categories:

Play-Fighting, Side and Adult

Attacks. An attack initially aimed at the cheek and face of the intruder was recorded
as a Play-Fighting Attack. Attacks targeting the flanks or dorsolateral portion of the
intruder’s torso were recorded as Side Attacks. Attacks aimed at the rump or lower
belly were recorded as Adult Attacks.

The percentage of each attack type was

calculated by dividing each of the three categories of attack targets by the total number
of attacks. The final bite location was not considered the target of attack because bites
are often redirected by the defensive behavior of the intruder.
Serotonin Innervation
A second group of animals was sacrificed at either P-35 (n=7) or P-70 (n=13)
and their brains processed for immunocytochemistry to serotonin as previously
described (Delville et al., 1998). Briefly, animals were perfused under anesthesia with
saline followed by 4% paraformaldehyde in 0.1 M PBS buffer (wt/vol). Brains were
sliced into 40 µm-thick sections after brief post-fixation and storage in 20% sucrose in
PBS (wt/vol) at 4°C overnight. Sections were labeled with an antibody to serotonin
(1/7500; Protos Biotech Corp., New York, NY), after successive incubations in a
secondary antibody (Goat anti-rabbit, biotinylated, Vector Labs, Burlingame, CA), a
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tertiary complex (Vectastain ABC Elite Kit, Vector Labs), and nickel-conjugated 3,3diaminobenzidine tetrahydrochlorideß.
The density of serotonin-immunoreactive varicosities was quantified with NIH
Image software (version 1. 62) in various parts of the brain associated with agonistic
behavior (Delville et al., 2000; David et al., 2004), as previously described (Delville et
al., 1998). Images were captured via a video camera mounted on the microscope at
100x and digitized, using changes in gain to normalize background intensities to a
standard grayscale value. The areas selected for quantification included the anterior
hypothalamus just ventrolateral to the nucleus circularis (AH), the ventrolateral
hypothalamus including the medial aspects of the medial tubercular nucleus and the
ventrolateral part of the ventromedial hypothalamic nucleus (VLH), the posterodorsal
part of the medial amygdala (MePD), and the lateral septal nucleus at the juncture of
the intermediate and ventral aspects (LS).

The values used for each animal

represented the average of several successive sections across these areas. The density
of serotonin-immunoreactive varicosities was taken from samples (150 µm circles) at
the center of these areas (Delville et al., 2000; David et al., 2004).
Data Analysis
Parametric data (percentages, durations) were analyzed through 2-way
ANOVAs (independent variables: age and treatment). One-way ANOVAs were also
used as planned comparisons to analyze the effect of dose at each age group. Nonparametric data (frequencies, numbers of lines) were analyzed through separate
Kruskall-Wallis tests followed by Mann-Whitney tests for each test day (two-tailed).
16

Serotonin immunoreactivity was compared between ages using separate Student’s ttests for each brain area.

Results
Behavioral Observations
Juvenile hamsters responded to Fluoxetine differently than adults. In adults,
Fluoxetine caused a general inhibition of agonistic behavior including attack
frequency and contact time. Juveniles, however, responded differentially to the high
and low doses of Fluoxetine. The low dose resulted in an activation of agonistic
behaviors including attack frequency, attacks per bout and contact time.

Unlike

adults, the high dose resulted in only a partial inhibition of agonistic behavior. Attack
targets were also affected in juveniles.
Animals tested on P-70 showed a decrease in attacks in response to increasing
doses of Fluoxetine [H(2)=11.0 p<.01, Kruskal-Wallis] (Fig. 2.1).

Attacks were

almost entirely inhibited at the high dose (U=5.5, U’=57.5, p<.01, Mann-Whitney).
There was no effect of Fluoxetine on attacks at the low dose (U=16.5, U’=46.5,
p>0.1). However, on P-35, the effects of Fluoxetine treatment on attacks varied
depending on the doses administered [H(2)=11.2, p<.01]. High doses of Fluoxetine
resulted in only a partial reduction of offensive responses (U=25, U’=65, p>0.1).
However, low doses led to a significant activation of offensive responses (U=28.5,
U’=88.5, p<.05).
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Attack latencies were first analyzed through a 2-way ANOVA (Fig. 2.1).
Overall, animals tested on P-70 were slower to attack their intruder than on P-35
[F(1,49)=18.5, p < .001]. In addition, there was an overall effect of the Fluoxetine
dose as increasing doses delayed the onset of attacks [F(2,49)=14.0, p<.0001].
However the interaction between the two independent variables was a trend and not
statistically significant [F(2,49)=2.8, p=.07].

In addition, planned analyses were

performed for each age. Animals tested on P-70 exhibited an increase in attack
latency in proportion to increasing Fluoxetine dosage [F(2,20) = 7.5, p<.01]. Adults
given the high dose had significantly higher attack latencies than vehicle-treated
animals (p<.001, Fisher’s PLSD). Low dose adults also had significantly higher
attack latencies when compared to vehicle-treated animals (p<.05, Fisher’s PLSD). On
P-35, there was also a significant effect of dose on attack latency [F(2,29)=7.727,
p<.01]. There was no effect of the low dose of Fluoxetine on attack latency when
compared to vehicle-treated animals (p>0.1).

However, there was a significant

increase in attack latency at the high dose in juveniles (p<.01).
In adults, there was an overall effect of Fluoxetine dose on the number of pins
[H(2)=10.2, p<.01] (Fig. 2.1). Low dose animals performed significantly fewer pins
compared to vehicle animals (U=13,U’=43, p<.05). Similarly, high dose animals also
performed significantly fewer pins in comparison to vehicle-treated animals (U=9,
U’=54, p<.01). There was also an overall effect of Fluoxetine on pins in juvenile
animals [H(2)=9.8, p<.01]. In juveniles tested at the low dose, there was no effect of
Fluoxetine on the number of pins when compared to vehicle-treated animals (U=39.5,
18

U’=77.5, p>0.1). Juveniles tested at the high dose showed an inhibition of pins when
compared to vehicle animals (U=19, U’=71, p<.05).
Contact time duration was significantly lower in adults than in juveniles
[F(1,50)=22.12, p<.001] (Fig. 2.2). There was also an overall significant effect of
Fluoxetine on contact time [F(2,50)=9.15, p<.001]. However, the interaction between
independent variables was not significant [F(2,50)=.860, p>0.1]. In adults, Fluoxetine
treatment resulted in an increasing reduction of contact time in direct proportion to
increasing dosage [F(2,21) = 4.484, p<.05]. Adults given the high dose showed a
significant decrease in contact time when compared to vehicle-treated animals (p<.05).
Low dose animals showed a partial reduction, but this difference was not significant
(p>0.1).

In juveniles, contact time for neither the high nor low dose differed

significantly from vehicle-treated animals (p>0.1).
The number of contact bouts performed by juveniles was slightly affected by
drug treatment, but these changes only showed a trend [H(2)=5.7, p=.0581] (Fig. 2.2).
In adults, Fluoxetine did have an effect on contact bout frequency (p<.01). Adult
animals given the high dose engaged in fewer contact bouts than vehicle-treated
animals (U=5, U’=58, p<.01). There was no effect of contact bout frequency in low
dose animals in comparison to vehicle-treated animals (p>0.1).
There was a decrease in attacks per bout in adults when compared to juveniles
[F(1,50)=9.845, p<.01] (Fig. 2.2). There was also a significant effect of Fluoxetine
dose on the number of attacks per bout [F(2,50)=5.454, p<.01]. The interaction
between the independent variables (age and treatment) was statistically significant
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[F(2,50) = 4.599, p<.05]. In adults, there was a trend towards a decrease in attacks per
bout in response to Fluoxetine [F(2,22) = 3.295, p=.056]. In juveniles, there was an
overall effect of Fluoxetine on attacks per bout [F(2,28) = 7.984, p<.01]. In these
animals, the number of attacks per bout was significantly higher at the low dose when
compared to vehicle-treated animals (p<.05). However, high dose animals did not
perform differently from vehicle-treated animals at P-35 (p>0.1).
Animals at P-35 perform either Play-Fighting Attacks or Side Attacks whereas
P-70 animals perform only Adult Attacks (Fig. 2.3). The pattern of attack targets did
not change in P-70 animals since this behavior had already matured (100% Adult
Attacks). The target of attacks changed in a dose-specific manner in P-35 animals
[F(2,26)=6.292, p<.01]. The percentage of Play-Fighting Attacks decreased in
response to Fluoxetine treatment.

Both low and high dose juveniles performed

significantly fewer Play-Fighting Attacks than vehicle-treated animals (p<.01).
Similarly, Side Attacks were also affected by Fluoxetine [F(2,26) = 4.739, p<.05].
There was a significant increase in Side Attacks at the low dose when compared to
vehicle-treated animals (p<.01). High dose animals also showed an increase in Side
Attacks, but this difference was not statistically significant (p>0.1). All animals tested
at P-35 performed less than 5% Adult Attacks with no significant difference between
groups.
The analysis of locomotor activity was important to further determine the
selectivity of the effects of Fluoxetine on agonistic behavior. The average number of
lines crossed in a Lat-maze was not affected by Fluoxetine in juvenile animals
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[H(2)=1.66, p>0.1] (Fig. 2.4). However, Fluoxetine did have an effect in the number
of lines crossed in adults [H(2)=6.56, p<.05]. There was a significant decrease in the
number of lines crossed by animals given the high dose of Fluoxetine at P-70 when
compared to vehicle treated animals (U=6, U’=44, p<.05). Low dose animals did not
perform differently than vehicle-treated animals (U=19, U’=35, p>0.1).
Serotonin Innervation
Serotonin immunoreactive fibers as well as varicosities were seen throughout
sections in all selected areas. The density of serotonin-immunoreactive varicosities
differed between age groups, but only in specific areas (Fig. 2.5). There was no
difference

in

serotonin-immunoreactive

varicosities

within

the

ventrolateral

hypothalamus [t(9)=2.262, p>0.1] and lateral septum [t(10)=2.228, p>0.1] between P35 and P-70.

However, there was a 20% increase in the density of serotonin-

immunoreactive varicosities in adults as compared to juveniles in the anterior
hypothalamus [t(18)=2.101, p<.01] and medial amygdala [t(10)=2.228, p<.05] from P35 to P-70.
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Figure 2.1: Attacks, Pins and Attack Latencies
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Comparison of attack frequency, pin frequency and attack latency observed during a
10-minute resident/intruder test at different doses of Fluoxetine between P-35 (0
mg/kg: n=9, 10 mg/kg: n=13, 20 mg/kg, n=10) and P-75 (0 mg/kg: n=7, 10 mg/kg:
n=10, 20 mg/kg, n=9) male golden hamsters.
a denotes statistical differences between the 0 and 10 mg/kg dose of Fluoxetine, b
denotes statistical differences between the 0 and 20 mg/kg dose of Fluoxetine, and c
denotes statistical differences between the 10 and 20 mg/kg dose of Fluoxetine, with
p<0.05, at least.
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Figure 2.2: Contact Time, Contact Bouts and Attacks per Bout
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Comparison of contact time duration, frequency of contact bouts and number of
attacks per bout observed during a 10-minute resident/intruder test at different doses
of Fluoxetine between P-35 (0 mg/kg: n=9, 10 mg/kg: n=13, 20 mg/kg, n=10) and P75 (0 mg/kg: n=7, 10 mg/kg: n=10, 20 mg/kg, n=9) male golden hamsters.
a denotes statistical differences between the 0 and 10 mg/kg dose of Fluoxetine, b
denotes statistical differences between the 0 and 20 mg/kg dose of Fluoxetine, and c
denotes statistical differences between the 10 and 20 mg/kg dose of Fluoxetine, with
p<0.05, at least.
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Figure 2.3: Attack Type Maturation
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Comparison of attack targets (Play-fighting and Side Attacks) observed during a 10minute resident/intruder test at different doses of Fluoxetine in P-35 (0 mg/kg: n=9, 10
mg/kg: n=13, 20 mg/kg, n=10) male golden hamsters.
a denotes statistical differences between the 0 and 10 mg/kg dose of Fluoxetine, and b
denotes statistical differences between the 0 and 20 mg/kg dose of Fluoxetine, with
p<0.05, at least.
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Figure 2.4: Locomotor Behavior
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Comparison of activity levels observed during a 10-minute LAT maze test at different
doses of Fluoxetine between P-35 (0 mg/kg: n=9, 10 mg/kg: n=13, 20 mg/kg, n=10)
and P-70 (0 mg/kg: n=7, 10 mg/kg: n=10, 20 mg/kg, n=9) male golden hamsters.
b denotes statistical differences between the 0 and 20 mg/kg dose of Fluoxetine, and c
denotes statistical differences between the 10 and 20 mg/kg dose of Fluoxetine, with
p<0.05, at least.
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Figure 2.5: Serotonin Immunoreactivity
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Figure 2.5: Comparison of the density of serotonin-immunoreactive varicosities
within the anterior hypothalamus, lateral septum, medial amygdala, and the
posterodorsal part of the ventrolateral hypothalamus in P-35 (n=7) and P-70 (n=13)
male golden hamsters. Varicosities were counted within standard surfaces placed over
digitized images. Representative coronal sections of the areas of interest were drawn
using a camera lucida attachment on a microscope. * denotes p<0.05, ** p<0.01.
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Discussion
Offensive responses in hamsters undergo several changes during the course of
development (Wommack et al., 2003; Taravosh-Lahn & Delville, 2004; Cervantes et
al., 2005b). Based on these observations, it was hypothesized that juvenile hamsters
would be less responsive to serotonin than adults. The data partially support this
hypothesis. In adults, treatment with Fluoxetine resulted in an inhibition of offensive
responses directly proportionate to increasing doses, consistent with previous
observations in this species (Delville et al., 1996a, Ferris et al., 1997; Grimes &
Melloni, 2002). Unexpectedly, the effects of Fluoxetine on juveniles were rather
different. At elevated doses, Fluoxetine caused only a partial reduction of offensive
responses in younger animals. Interestingly, lower doses of Fluoxetine resulted in an
increase in attack frequency in juvenile hamsters.

Furthermore, the decreased

responsiveness to elevated doses of Fluoxetine was paralleled by the quantification of
serotonin innervation in the brain. Serotonin innervation increases during puberty
within neural sites associated with offensive aggression in adult hamsters (Ferris et al.,
1997; Delville et al., 2000; David et al., 2004). Consequently, our data at least
partially support the hypothesis that the decrease in attack frequency occurring during
puberty is associated with an increase in serotonin availability within the neural
network controlling offensive responding. Furthermore, these data are also consistent
with the hypothesis that a single neural circuitry, centered on the anterior
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hypothalamus, controls offensive responses in golden hamsters across peri-pubertal
development (Delville et al., 2003).
In addition, a differential response to acute doses of Fluoxetine was observed
in juvenile hamsters. Low doses enhanced offensive responses whereas high doses
resulted in a partial inhibition. In adult hamsters, treatment with Fluoxetine resulted in
an inhibition of offensive responses proportionate to increasing dosage. Treatment
with low doses of Fluoxetine led to a reduction in attacks, attacks per bout and pin
frequency and an increase in attack latency, though only pins and attack latencies were
statistically significant. At the high doses of Fluoxetine, attacks, pin frequency and
attack latencies were strongly affected and statistically significant from controls. In
contrast, the inhibition of offensive responses in juveniles was rather limited.
Treatment with high doses of Fluoxetine only reduced pin frequency and increased
attack latency, but had no significant effect on attack frequency or attacks per bout.
Moreover, low doses enhanced offensive responses. This effect was apparent with
attacks per bout and attack frequencies but not pin frequencies or attack latencies.
Together, these data show that the effects of Fluoxetine on offensive responses are
both age- and dose-specific.
The effects of Fluoxetine on attack frequency could possibly be explained
through either changes in attack repetition during contact bouts or through changes in
contact bout numbers, or a combination of both.

The overall increase in attack

frequency at low doses of Fluoxetine in juveniles was associated with an increased
repetition of attacks per bout, rather than a change in number of contact bouts. These
28

data show that low doses of Fluoxetine in juveniles selectively affected the frequency
of attacks per bout during testing. It is interesting to note that, in adults, high doses of
Fluoxetine inhibited both the overall attack frequency as well as contact bout number
and consequently attacks per bout. These data suggest that the nature of the effects of
Fluoxetine on overall attack frequency differs between low doses in juveniles and high
doses in adults.
In addition, the increased repetition of attack per bout in juveniles may be
discussed in the context of changes in the development of agonistic behavior during
puberty. In male hamsters, the repetition of attacks decreases from a peak in early
puberty as the animals play fight, to a minimum in early adulthood (Cervantes et al.,
2005b). In this context, attack repetition is an index of play fighting in hamsters.
Thus, it could be argued that in juveniles, low doses of Fluoxetine enhance playfighting characteristics of agonistic behavior based on attack frequencies and
repetitions within contact bouts.
To control for possible drug-induced locomotor deficits, animals were tested in
a Lat-maze following injections. Hamsters exhibit high levels of activity during the
dark phase and on average traveled the equivalent of 60 meters during the 10-minute
test period. There was no effect of Fluoxetine on locomotor activity in any groups
except for adult animals given the high dose.

This observation suggests that

Fluoxetine has non-specific effects at high doses in adults.

Following a similar

pattern, contact time was inhibited in adults only at the high dose. Contact time was
not affected by Fluoxetine in juveniles. Furthermore, the frequency of contact bouts
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as well as the number of attacks per bout was inhibited at the high dose of Fluoxetine
in adults. No such inhibition was seen in juveniles. These observations suggest that
the effects of high doses of Fluoxetine may not be specific to offensive responses in
adults, but instead result from a general behavioral inhibition.
During puberty, there is a gradual transition in the targets of attacks performed
by the resident (Wommack et al., 2003; Taravosh-Lahn & Delville, 2004). In juvenile
hamsters (early puberty), the majority of attacks are directed at the face and cheeks of
the intruder (Play Fighting Attacks), with a smaller percentage targeting the flanks
(Side Attacks). In adults, the majority of attacks are directed at the lower belly and
rump (Adult Attacks). At mid-puberty, a substantial portion of attacks is directed at
the flanks, while Play Fighting Attacks become rare and Adult Attacks start appearing.
Treatment with a single dose of Fluoxetine, both low and high, accelerated the
maturation of attack targets. The percentage of Side Attacks was higher in Fluoxetinetreated juveniles, while Play Fighting Attacks were reduced. In contrast, treatment
with Fluoxetine had no effect on attack targets in adult animals, as these animals only
perform Adult Attacks. At least, treatment with Fluoxetine in adults did not regress
the maturation of the targets of attacks. Moreover, the effect observed in juveniles did
not follow the same differential pattern of responsiveness observed with attack
frequencies and attack repetitions.

These data suggest that separate neural

mechanisms underlie the control of attack frequency and attack repetition from the
maturation of attack targets.
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Previous studies on the maturation of attack targets focused on stress and
cortisol in hamsters during puberty (Wommack et al., 2003; 2005). Exposure to
chronic social stress early in puberty accelerates the maturation of attack targets
(Wommack et al., 2003). As puberty is marked by increasing release of cortisol in this
species (Wommack et al., 2004; 2005), it was hypothesized that cortisol controls the
maturation of attack types. As this hypothesis was confirmed (Wommack et al.,
2005), it can now be argued that the effect of cortisol on the maturation of attack
targets is mediated through a modulation of serotonin. It is noteworthy that while it
took several days of treatment with a glucocorticosteroid to affect the maturation of
attack targets (Wommack et al., 2005), the effect was replicated by a single dose of
Fluoxetine. The possible role of glucocorticosteroids on the maturation of serotonin
systems is supported by the presence of corticosteroid receptors in the raphe nuclei
(Cintra et al., 1994; Morimoto et al., 1996) and the activation of tryptophan
hydroxylase activity by corticosterone within the area (Azmitia & McEwen, 1974).
Furthermore, as chronic social stress accelerates the maturation of attack targets, it
also increases serotonin innervation of the anterior hypothalamus (Delville et al.,
1998). Similar activation of serotonin systems has been reported in rats as acute stress
exposure enhances serotonin release in various parts of the brain (Jordan et al., 1994;
Mendlin et al., 1996; Funada & Hara, 2001; Umriukhin et al., 2002; Haller et al.,
2005). The effects of cortisol on the serotonergic system as it relates to aggression
will be examined in Chapter 5.
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The density of serotonin-immunoreactive varicosities was analyzed for several
areas involved in offensive responses and compared between juveniles and adults. In
two areas, the medial amygdala and anterior hypothalamus, the density of serotoninimmunoreactive varicosities was elevated in adults. These data are interesting for
several reasons. First, they confirm the possibility that serotonin availability increases
in selective parts of the brain during puberty, correlating with the increasing
responsiveness to high doses of Fluoxetine during that period. Second, these data
point to changes within the anterior hypothalamus and medial amygdala. The anterior
hypothalamus has been identified as a key area in the control of agonistic behavior in
hamsters (Ferris et al., 1997; 1999; Jackson et al., 2005).

Micro-injections of

serotonin receptor ligands within this area modulate offensive responses (Ferris et al.,
1999).

Activation of aggression in hamsters with pharmacological treatments

correlates with increased density of serotonin innervation of the area (Grimes &
Melloni, 2002; DeLeon et al., 2002). It is possible that the maturation of agonistic
behavior in hamsters is modulated by changes in serotonin within these areas. In
addition, these data support the possibility that the same neural network controlling
offensive responses in adults also controls offensive responses during play fighting in
juveniles (Delville et al., 2003).
The differential effects of Fluoxetine doses on attack frequency in juvenile
hamsters can also be discussed in the context of serotonin receptors. To date, several
sub-types of serotonin receptors have been involved in the control of aggression in
adult hamsters. Activation of serotonin 1A receptors inhibits offensive aggression
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(Joppa et al., 1997; Ferris et al., 1999; Knyshevski et al., 2005). In contrast, activation
of serotonin 3 receptors enhances aggression in hamsters (Ricci et al., 2005). Based
on these observations it is possible that the differential effects of Fluoxetine between
juveniles and adults, and particularly the enhanced aggression after acute treatment
with Fluoxetine, is explained by an increase in the ratio of serotonin 1a to serotonin 3
receptors in the anterior hypothalamus during puberty. This possibility will be further
examined in Chapter 3. Furthermore, the importance of these receptors as they relate
to the direct control of play-fighting behavior will be discussed in Chapter 4.
In summary, the present data partially support the hypothesis that differences
in attack frequency between adult and juvenile hamsters are related to differences in
serotonin availability. As juvenile hamsters are very active during play fighting, this
behavior is associated with decreased serotonin availability and differential response
to serotonin. In addition, our data also support the hypothesis that a single neural
circuitry based on the anterior hypothalamus controls agonistic behavior (both play
fighting and adult aggression) across puberty (Delville et al., 2003).

The data

presented in this study may also be relevant to occasional reports of undesirable
effects (increased aggression or suicide) of serotonin reuptake inhibitors in adolescents
(Constantino et al., 1997; Jick et al., 2004). It is possible that in children as in
hamsters, differential ratios of serotonin receptor subtypes across puberty may explain
these detrimental effects of serotonin reuptake inhibitors.

33

Chapter 3: Serotonin Receptors During Puberty
Introduction
The frequency of offensive responses in male hamsters decreases over the
course of development (Wommack et al., 2003). This decrease in aggression also
correlates with an increase in serotonin innervation in the anterior hypothalamus and
medial amygdala (Taravosh-Lahn et al., 2006). In adults, Fluoxetine administration
completely inhibits offensive responses, but results in only a partial inhibition of
aggression in juveniles. This data supports the role of serotonin on the inhibition of
offensive aggression in adults and points to a possible mechanism mediating juvenile
aggression. In addition, the mechanisms mediating juvenile aggression are most likely
not limited to serotonin and may also involve different serotonin receptor subtypes.
In adult hamsters, 5-HT1A receptors have been shown to correspond with an
inhibition of offensive responses (Ferris et al., 1999) while 5-HT3 receptors have been
associated with increased levels of offensive responses (Ricci et al., 2005). The
decrease of offensive responses during puberty could be mediated by an increase in 5HT1A receptors, a decrease in 5-HT3 receptors, or both.
Furthermore, data discussed in Chapter 2 show that Fluoxetine administration
in juveniles has a differential effect on offensive responses. Low doses of Fluoxetine
increase offensive responses while high doses are inhibitory. This differential effect
cannot be explained purely on the basis of increased serotonin availability during
puberty. Instead, it points to a change in the ratio of these two receptor subtypes that
have opposing actions.
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Hypothesis
It is hypothesized that serotonin receptor subtypes may differentially change
during puberty in areas associated with agonistic behaviors.

Specifically, it is

hypothesized that 5-HT1A receptor density will be lower in juveniles than in adults,
whereas 5-HT3 receptor density will be higher in juveniles than in adults.

This

hypothesis will be tested by using immunocytochemistry to compare receptor
immunoreactivity between juvenile and adults hamsters.

Methods
Animals and Treatment
Male golden hamsters were bred in a colony maintained in the laboratory and
founded with animals purchased from Harlan Sprague-Dawley (Indianapolis, IN).
Shortly after birth, litters were culled to six pups containing both males and females.
All animals were weaned on P-25 and individually housed in Plexiglass cages (8x13x5
in.), as golden hamsters are solitary animals in the wild (Gattermann et al., 2001).
Food and water were provided ad libitum. All animals used in the experiments were
housed under a reversed daylight cycle (14L:10D; lights on at 20:00).

All

experimental procedures were performed according to NIH guidelines and were
approved by the Institutional Animal Care and Use Committee of the University of
Texas at Austin, an AALAC approved facility.
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Serotonin Receptor Immunocytochemistry
Animals were sacrificed at either P-35 (n=8) or P-70 (n=8) and their brains
processed for immunocytochemistry to 5-HT1A receptors.

These animals were

perfused under anesthesia with saline followed by 4% paraformaldehyde in 0.1 M PBS
buffer. Brains were sliced into 40 µm-thick sections after brief post-fixation and
storage in 20% sucrose in PBS at 4 °C overnight. Sections were labeled with an
antibody to 5-HT1A receptors (1/2000, Chemicon, Temecula, CA) after successive
incubations in a secondary antibody (Goat anti-rabbit, biotinylated, Vector Labs,
Burlingame, CA), a tertiary complex (Vectastain ABC Elite Kit, Vector Labs), and 33’ diaminobenzidine.
A separate group of animals were sacrificed at either P-35 (n=8) or P-70
(n=8) and their brains processed for immunocytochemistry to 5-HT3 receptors. These
animals were perfused under anesthesia with saline followed by a solution of 4%
paraformaldehyde, 0.2% picric acid, and 0.4% gluteraldehyde. Brains were post-fixed
for 90 minutes in perfusion fixative and stored in 20% sucrose in PBS at 4 °C
overnight. Brains were sliced into 40 µm-thick coronal sections and were labeled with
an antibody to 5-HT3 receptors (5-HT3 receptor [AB-1] polyclonal antibody;
Oncogene, Darmstadt, Germany). 5-HT3 receptor immunoreactivity was performed
according to methods originally described by Ricci et al. in 2004.

Specifically,

sections were washed for a 10-minute period three times in 0.6% Triton-X in 0.1 M
PBS (PBSTx), incubated in 5% H202 in distilled water for 8 minutes and washed again
in 0.1M PBS. Sections were incubated in 1% sodium borohydride in distilled water
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for 5 minutes, washed in 0.1 M PBS, and incubated in a wash buffer made with 10%
normal goat serum and 8% bovine serum albumin (BSA) in 0.6% PBSTx for 90
minutes. Primary antibody was diluted into wash at a concentration of 0.1 µg/ml. The
free-floating sections were incubated overnight in a rotating incubator at 32 °C.
Following incubation, sections were washed three times for 10 minutes each with
0.6% PBSTx and incubated for 90 minutes in biotinylated secondary goat anti-rabbit
IgG (Vector Laboratories, Burlingame, CA) diluted in 0.6% PBSTx and 30% BSA.
Sections were washed in PBSTx for three 10-minute periods and incubated in an
avidin-biotin complex (Vectastain ABC Elite Kit, Vector Labs) in 30% BSA in 0.6%
PBSTx. A DAB kit (Vectastain; Vector Labs) was used to reveal the peroxidase
reaction with 0.5% 3-3’ diaminobenzidine in distilled water (Ricci, et al., 2004).
The density of 5-HT3 receptor and 5-HT1A receptor-immunoreactive fibers were
quantified with NIH Image software (version 1. 62) in various parts of the brain
associated with agonistic behavior (Delville et al., 2000; David et al., 2004), following
the thresholding method of Shipley et al. (1989) and previously adapted for the
quantification of vasopressin immunoreactivity in the brain (Bamshad, et al., 1993;
Delville et al., 1998). Images were captured via a CCD camera mounted on the
microscope at 100x and digitized, using changes in gain to normalize background
intensities to a standard grayscale value.

The areas selected for quantification

included the anterior hypothalamus just ventrolateral to the nucleus circularis (AH),
the ventrolateral hypothalamus including the medial aspects of the medial tubercular
nucleus and the ventrolateral part of the ventromedial hypothalamic nucleus (VLH),
37

the posterodorsal part of the medial amygdala (MePD), the lateral septal nucleus at the
juncture of the intermediate and ventral aspects (LS) and the suprachiasmatic nucleus
(SCN). The SCN was quantified to ascertain receptor changes in a heavily enervated
area not directly related aggression but proximate to hypothalamic nuclei. All areas
were quantified in each animal with the experimenter blind to the group condition.
Quantification of immunoreactive labeling was performed in two ways. First, an area
was quantified in all groups before continuing to the next area. Second, all areas in
each brain were quantified before continuing to the next animal. This second method
allowed for comparisons to be made across groups and areas. As data from both
quantification methods yielded the same results, only data from the second method
were reported. The values used for each animal will represent the average of several
successive sections across these areas.

Data Analysis
Two-way

ANOVAS

were

used

to

compare

serotonin

receptor

immunoreactivity across all areas quantified (independent variables: age and area).
Serotonin receptor immunoreactivity was compared between ages using separate
Student’s t-tests for each brain area.
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Results
5-HT1A Receptors
5-HT1A receptor immunoreactivity was seen throughout sections in all
selected areas. The density of 5-HT1A-immunoreactive staining differed between age
groups, but only in specific areas (Fig. 3.1). There was no difference in 5-HT1A
receptor immunoreactivity within the ventrolateral hypothalamus [t(8)=2.306, p>0.1]
and lateral septum [t(5)=2.571, p>0.1] between P-35 and P-70. However, there was an
increase of more than 30% in the density of 5-HT1A receptor-immunoreactivity in
adults as compared to juveniles in the anterior hypothalamus [t(10)=2.228, p<0.05]
and medial amygdala [t(8)=2.306, p<0.05] from P-35 to P-70.

A similar

developmental increase was seen in the suprachiasmatic nucleus between P-35 to P-70
[t(4)=2.776, p<0.05]. An overall effect of both age [F(1,45)=11.186, p<0.01] and area
[F(4,45)=11.919, p<.001] was found as well as an interaction between the independent
variables [F(4,45)=3.768, p<0.05].
5-HT3 Receptors
5-HT3 receptor labeling was also seen throughout all sections in the
areas selected for quantification. There were no significant changes between age
groups in the lateral septum [t(14)=2.144, p>0.05], ventrolateral hypothalamus
[t(14)=2.144, p>0.05], medial amygdala [t(14)=2.144, p>0.05] or suprachiasmatic
nucleus [t(14)=2.144, p>0.05] (Fig. 3.2). The increase during development seen in the
anterior hypothalamus when comparing P-35 to P-70 was a trend [t(14)=2.144,
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p=0.09]. There was no overall effect of either age or area, nor was there a significant
interaction between the two independent variables (p>0.05).
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Figure 3.1: Serotonin Receptor 1A Immunoreactivity

Comparison of the density of serotonin 1A receptor immunoreactivity within the
anterior hypothalamus, medial amygdala, posterodorsal part of the ventrolateral
hypothalamus, lateral septum, and suprachiasmatic nucleus in P-35 (n=8) and P-70
(n=8) male golden hamsters.
* denotes p<0.05
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Figure 3.2: Serotonin Receptor 3 Immunoreactivity

Comparison of the density of serotonin 3 receptor immunoreactivity within the
anterior hypothalamus, medial amygdala, posterodorsal part of the ventrolateral
hypothalamus, lateral septum, and suprachiasmatic nucleus in P-35 (n=8) and P-70
(n=8) male golden hamsters.
* denotes p<0.05
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Discussion
Serotonin type 3 receptors have been associated with enhanced aggression in
hamsters (Ricci et al, 2003; 2005) whereas the inhibitory effect of 5-HT1A receptors on
aggression has been well-defined in many species (Ferris et al, 1999; Bell and Hobson,
1994; De Boer et al., 1999; D’Eath et al., 2005). In general, most studies examining
the role of the 5-HT1A receptor on aggression have been conducted using adults. The
opposing effects of these two receptor subtypes were expected to yield inverse results
in both juveniles and adults. It was therefore hypothesized that serotonin receptor
subtypes may differentially change during puberty in areas associated with agonistic
behaviors. Specifically, it was hypothesized that 5-HT1A receptor density would be
lower in juveniles than in adults, whereas 5-HT3 receptor density would be higher in
juveniles than in adults.
During puberty, 5-HT1A receptor immunoreactivity increased in the anterior
hypothalamus and medial amygdala. These data are supported by studies comparing
5-HT1A receptor mRNA expression in non-aggressive and aggressive female prepubertal pigs (D’Eath et al., 2005). Fewer cells in the medial amygdala expressed 5HT1A receptor mRNA in aggressive animals than in non-aggressive animals, a finding
that mirrors the correlation of increased attack frequency and reduced levels of 5-HT1A
receptor immunoreactivity in the medial amygdala of hamsters. Previous data in
Chapter 2 point to similar developmental increases in serotonin innervation of the
same two areas, the anterior hypothalamus and medial amygdala (Taravosh-Lahn and
Delville, 2006). However, 5-HT1A receptor immunoreactivity in the suprachiasmatic
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nucleus, an area not directly involved in aggression, also increased during puberty. As
changes that occur during puberty are most certainly not limited to aggression, other
behaviors such as circadian rhythmicity may also be affected by the serotonergic
system (Sprouse et al., 2006). Certainly, there is involvement of the serotonergic
system within the circadian system.

Extracellular recordings of neurons in the

suprachiasmatic nucleus show a phase advance in response to fluoxetine
administration (Sprouse et al., 2006).

Furthermore, several serotonin receptor

subtypes including 1A, 2A and 7 may be involved in the modulation of circadian
rhythm phase shifting (Sprouse et al., 2005). Further studies examining differences in
circadian rhythmicity during development in this species may help elucidate the role
of serotonin and its receptors. These increases in 5-HT1A receptor immunoreactivity
during development were not found in the lateral septum or ventrolateral
hypothalamus.
5-HT3 receptor immunoreactivity did not increase during development as
hypothesized. Comparisons across all areas quantified (anterior hypothalamus, medial
amygdala, ventrolateral hypothalamus, lateral septum and suprachiasmatic nucleus)
showed no change during development. However, as specific areas had enhanced
levels of 5-HT1A receptor immunoreactivity during development, yet showed no
change in 5-HT3 receptor immunoreactivity, it could be argued that the relative ratio of
5-HT3 to 5-HT1A receptors decreases over the course of puberty.

This change in

receptor ratio could result in a decreased activation of 5-HT3 receptors over the course
of puberty. Furthermore, the binding affinity of these receptor subtypes may be
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changing during development. A higher binding affinity of serotonin 3 receptors
during adolescence when compared to adulthood may be a possible mechanism
resulting in higher frequencies of offensive aggression in younger animals. Similarly,
serotonin 3 receptors may have a differentially higher binding affinity than serotonin
1A receptors. This could also be one of the mechanisms through which serotonin
modulates offensive aggression, resulting in higher frequencies of offensive
aggression in juveniles. Studies examining differences in binding affinity for these
two receptor subtypes have only been conducted in adult animals and never in
hamsters (Jorgensen, 2007). Future studies comparing binding affinities for these two
receptor subtypes during development could verify the functionality of these
differences in immunoreactivity. Concurrently, testing the effects of these receptors’
agonists and antagonists directly on agonistic behavior would also verify the specific
roles they play in its development.

As the peak of agonistic behavior for male

hamsters occurs during adolescence (Pellis and Pellis, 1988), examining the effects of
a selective 5-HT1A receptor agonist at different doses would help elucidate the role it
plays in the development of aggression.

Furthermore, while no changes in 5-HT3

receptor immunoreactivity were shown, it is still necessary to directly test its
involvement on agonistic behavior.
Several serotonin receptor subtypes have been implicated in the modulation of
offensive aggression. It is therefore possible that future studies examining the role of
these different serotonin receptor subtypes may better describe the network as it
relates

to

serotonergic

function
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and

aggression.

Chapter 4: Serotonin receptor drug manipulation
Introduction
Data presented in Chapter 3 indicate interesting differences between the two
serotonin receptor subtypes quantified. 5-HT1A receptor immunoreactivity increases in
the anterior hypothalamus and medial amygdala during development. However, no
developmental change is observed in 5-HT3 receptor immunoreactivity. Thus, it is
possible that the ratio of 5-HT3 to 5-HT1A receptors decreases during puberty in the
anterior hypothalamus and medial amygdala. The functionality of these two receptor
subtypes has not been tested peripherally in juvenile hamsters.
The inhibitory effects of 5-HT1A receptor agonists on aggression have been
studied in adults of several species (Joppa, et al., 1997; Olivier et al., 1989,
Knyshevski, et al., 2005; Clotfelter et al., 2007).

In adult hamsters, the 5-HT1A

receptor agonist 8-OH-DPAT inhibits offensive responses when injected directly into
the anterior hypothalamus (Ferris et al., 1999). Peripheral treatment with a 5-HT3
receptor antagonist (Tropisetron) blocks offensive aggression in adult hamsters, while
treatment with a 5-HT3 receptor agonist increases the frequency of offensive
aggression (Ricci et al., 2005). Quipazine, a nonspecific serotonin receptor agonist
inhibits play behavior in juvenile rats (Normansell and Panksepp, 1985). However, it
is important to note that play behavior in rats is very different than play fighting in
juvenile hamsters, as rats have a period of play behavior non-existent in hamsters
(Pellis and Pellis, 1997).

Thus, it is necessary to examine the effects of these two

receptor subtypes on adolescent aggressive behavior.
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Data presented in Chapter 2 describe a juvenile-specific differential effect on
the frequency of offensive responses coupled with an accelerated maturation of attack
targets as a result of acute treatment with Fluoxetine. Changes in serotonin alone are
not sufficient to explain the differential effect of Fluoxetine on offensive responses. It
is hypothesized that 5-HT3 and 5-HT1A receptors mediate these behavioral changes.

Hypothesis
It is hypothesized that peripheral administration of a 5-HT1A receptor agonist
would result in an inhibition of the frequency of offensive responses and attack
repetitions as well as an acceleration of attack type maturation in juveniles. Similarly,
peripheral administration of a 5-HT3 receptor antagonist is hypothesized to result in an
inhibition of the frequency of offensive responses and attack repetition, as well as an
acceleration of attack type maturation in juveniles.

Methods
Animals and Treatment
Male golden hamsters were bred in a colony maintained in the laboratory and
founded with animals purchased from Harlan Sprague-Dawley (Indianapolis, IN).
Shortly after birth, litters were culled to six pups containing both males and females.
All animals were weaned on P-25 and individually housed in Plexiglas cages (8x13x5
in.), as golden hamsters are solitary animals in the wild (Gattermann et al., 2001).
47

Food and water were provided ad libitum. All animals used in the experiments were
housed under a reversed daylight cycle (14L:10D; lights on at 20:00).

All

experimental procedures were performed according to NIH guidelines and approved
by the Institutional Animal Care and Use Committee of the University of Texas at
Austin, an AALAC approved facility.

Drugs
Tropisetron (3-tropanylindole-3-carboxylate hydrochloride) and DPAT (8hydroxy-2-di-n-propylamino tetralin) were each purchased from Sigma Chemical
Company (St. Louis, MO, USA) and dissolved in 0.9% saline.

Experimental Design
DPAT - 5-HT1A Receptor Agonist
All animals were pre-tested for play-fighting through repeated exposure to
intruders in their home cage several times between the age of P-26 and P-30. This
prior exposure to intruders ensured that all subjects had sufficient social experience.
Only animals that engaged in play-fighting were kept for the study.

Male hamsters

were divided into three body-weight and litter balanced groups. Starting on P-33,
animals received an intraperitoneal injection of the selective 5-HT1A receptor agonist
8-OH-DPAT (0.1 mg/kg or 0.5 mg/kg in 0.9% normal saline) (Sigma) or saline
vehicle. Animals were repeat-tested at each dose every two days between P-33 and P37. The volumes injected ranged from .18 mL to .21 mL. Twenty minutes after
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injection, the animals were exposed to a smaller (10-20%) and younger (5-10 days)
same-sex conspecific intruder in their home cage for a 10-minute period. The twentyminute period between injection and behavioral testing was optimized in previous
studies (Ricci et. al., 2006). The encounters were videotaped for later review with
iMovie (Apple Computers, Cupertino, CA). Immediately after the resident-intruder
test, the animals were placed in a Lat-maze for another 10-minute period to test for
locomotor activity.
Tropisetron - 5-HT3 Receptor Antagonist
Similarly, the effects of a selective 5-HT3 antagonist Tropisetron (3Tropanylindole-3-carboxylate hydrochloride) (Sigma) were tested following the same
protocol as described above.

Briefly, animals were treated with intraperitoneal

injections of Tropisetron (0.15 mg/kg or 0.3 mg/kg in 0.9% normal saline) or saline
vehicle. The volumes injected ranged from .18 mL to .21 mL. All animals were
repeat-tested between P-33 and P-37 in the resident-intruder paradigm as described
above. Tests were performed thirty minutes following drug administration (Ricci et
al., 2005).

Locomotor behavior was tested for a 10-minute period immediately

following the resident-intruder test.
Descriptions of Agonistic Behaviors
Several behaviors were observed during resident-intruder testing.

These

behaviors included attacks, pins, contact time, contact bouts, and target of attack. All
behaviors recorded were performed by the resident animal in response to the presence
of an intruder. During the test period, the resident animal would approach and contact
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the intruder several times, each of these times being referred to as a contact bout (unit
of interaction). A contact bout was recorded for each time the resident initiated
contact with the intruder for at least 5 seconds and ended when contact ceased.
Contact time was recorded for the total duration of the testing period during which the
resident initiated and maintained contact with the intruder. An attack consisted of a
combination of approach followed immediately by an attempt to bite. Attacks per
bout were calculated by dividing the total number of attacks by the total number of
contact bouts that occurred during the testing period. Pins were recorded when the
resident would restrain the intruder on its back by pinning it with its forepaws. During
an attack, the location on the body of the intruder that the resident attempted to bite
was referred to as the target of attack.

These targets were divided into three

categories: Play-Fighting, Side and Adult Attacks. An attack initially aimed at the
cheek and face of the intruder was recorded as a Play-Fighting Attack. Attacks
targeting the flanks or dorsolateral portion of the intruder’s torso were recorded as
Side Attacks. Attacks aimed at the rump or lower belly were recorded as Adult
Attacks. The percentage of each attack type was calculated by dividing each of the
three categories of attack targets by the total number of attacks. The final bite location
was not considered the target of attack because bites are often redirected by the
defensive behavior of the intruder.
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Statistical Analysis
All behaviors were analyzed using repeated measures ANOVAs. Statistically
significant main effects were followed by paired t-tests. P-values for t-tests were twotailed and considered statistically significant if p<0.05.

Results
DPAT
Several types of behaviors were quantified during resident-intruder testing
following administration of DPAT. There was a significant main effect of dose on
attack frequency [F(2,12)=4.167, p<0.05] (Fig. 4.1).

There were no differences

between vehicle and low-dose attack frequencies (p>0.05) or low-dose and high-dose
frequencies (p>0.05). However, there was a significant decrease in attack frequency
at the high dose when compared to vehicle-treated animals (p<0.05). As hamsters
have three separate types of attack (Play-Fighting, Side and Adult Attacks) defined by
the target of attack, it is possible to determine the percentage of a specific attack type
(Wommack et. al., 2003; Taravosh-Lahn and Delville, 2004). These three different
attack types were not affected by treatment with DPAT at any dose (p>0.05) (Fig.
4.2).
The frequency of bouts during resident-intruder testing was not affected by
administration of DPAT (p>0.05).

However, treatment with DPAT did have a

significant effect on the frequency of attacks per bout [F(2, 12)=5.163, p<0.05]. At
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the highest dose, DPAT significantly reduced the frequency of attacks per bout as
compared to vehicle (p<0.05) (Fig. 4.3).
Several other behaviors related to agonistic behavior were also quantified.
Neither the frequency of pins nor flank marking was affected by the administration of
DPAT (p>0.05) (Fig. 4.5). The duration of time that the resident spent in contact with
the intruder was also unaffected by drug treatment (p>0.05) (Fig. 4.5). Frequency of
lines crossed in the Lat maze during a ten-minute period was not significantly different
between any groups (p>0.05) (Fig. 4.5).
Tropisetron
The same agonistic behaviors observed during resident-intruder testing
following DPAT administration were also quantified following treatment with
Tropisetron and subsequent behavioral testing.

Frequency of attacks were

significantly affected by treatment with Tropisetron [F(2,16)=6.655, p<0.01] (Fig.
4.6).

At the highest dose, attack frequency was significantly decreased when

compared to vehicle-treated animals (p<0.01). Percentages of all three attack types
(play-fighting, side and adult) were not significantly affected by drug treatment
(p>0.05) (Fig. 4.7).
The frequency of bouts performed during the resident-intruder tests were not
affected by Tropisetron administration (p>0.05) (Fig. 4.8). However, following a
similar pattern to DPAT administration, Tropisetron did have a significant effect on
the frequency of attacks per bout [F(2,16)=7.415, p<0.01]. At the highest dose, there
were significantly fewer attacks per bout when compared to vehicle-treated animals
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(p<0.01) (Fig. 4.8). Furthermore, attacks per bout were also significantly decreased at
the high dose when compared to low-dose animals (p<0.05).
Tropisetron administration also significantly affected the frequency of pins
during behavioral testing [F(2,16)=7.618, p<0.01] (Fig. 4.9). The high dose was not
significantly affected by drug administration as compared to vehicle (p>0.05).
However, low-dose treated animals performed significantly fewer pins than vehicletreated animals (p<0.01). Duration of contact time and frequency of flank marking
behaviors were not significantly affected by treatment with Tropisetron (p>0.05) Fig.
4.10). Frequency of lines crossed in the Lat maze during a ten-minute period was not
significantly different between any groups (p>0.05).
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Figure 4.1:

Attack Frequency following DPAT Administration

Comparison of attack frequency observed during a 10-minute resident-intruder test at
different doses of DPAT in juvenile hamsters (n=7, repeat tested).
a denotes statistical differences between the 0.0 and 0.5 mg/kg dose of DPAT, with
p<0.05, at least.
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Figure 4.2:

Attack Types following DPAT Administration

Comparison of attack types observed during a 10-minute resident-intruder test at
different doses of DPAT in juvenile hamsters (n=7, repeat tested).
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Figure 4.3: Frequency of Bouts and Attacks per Bout following DPAT
Administration

Comparison of bout frequency and attacks per bout observed during a 10-minute
resident-intruder test at different doses of DPAT in juvenile hamsters (n=7, repeat
tested).
a denotes statistical differences between the 0.0 and 0.5 mg/kg dose of DPAT, with
p<0.05, at least.
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Figure 4.4: Frequency of Pins and Flank Marks following DPAT
Administration

Comparison of pin frequency and flank marks observed during a 10-minute residentintruder test at different doses of DPAT in juvenile hamsters (n=7, repeat tested).
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Figure 4.5: Duration of Contact Time and Locomotor Activity following DPAT
Administration
A

B

A) Comparison of contact time duration spent with an intruder as observed during a
10-minute resident-intruder test at different doses of DPAT in juvenile hamsters (n=7,
repeat tested).
B) Comparison of frequency of lines crossed during a 10-minute Lat maze test at
different doses of DPAT (n=7, repeat tested).
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Figure 4.6: Attack Frequency following Tropisetron Administration

Comparison of attack frequency observed during a 10-minute resident-intruder test at
different doses of Tropisetron in juvenile hamsters (n=9, repeat tested).
a denotes statistical differences between the 0.0 and 0.3 mg/kg dose of Tropisetron,
with p<0.05, at least.
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Figure 4.7:

Attack Types following Tropisetron Administration

Comparison of attack types observed during a 10-minute resident-intruder test at
different doses of Tropisetron in juvenile hamsters (n=9, repeat tested).
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Figure 4.8: Frequency of Bouts and Attacks per Bout following Tropisetron
Administration

Comparison of bout frequency and attacks per bout observed during a 10-minute
resident-intruder test at different doses of Tropisetron in juvenile hamsters (n=9,
repeat tested).
a denotes statistical differences between the 0.0 and 0.3 mg/kg dose of Tropisetron,
b denotes statistical differences between the 0.15 and 0.3 mg/kg dose of Tropisetron,
with p<0.05, at least.
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Figure 4.9: Frequency of Pins and Flank Marks following Tropisetron
Administration

Comparison of pin frequency and flank marks observed during a 10-minute residentintruder test at different doses of Tropisetron in juvenile hamsters (n=9, repeat tested).
a denotes statistical differences between the 0.0 and 0.15 mg/kg dose of Tropisetron,
with p<0.05, at least.
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Figure 4.10: Duration of Contact Time and Locomotor Activity following
Tropisetron Administration

A) Comparison of contact time duration spent with an intruder as observed during a
10-minute resident-intruder test at different doses of Tropisetron in juvenile hamsters
(n=9, repeat tested).
B) Comparison of frequency of lines crossed during a 10-minute Lat maze test at
different doses of Tropisetron (n=9, repeat tested).
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Discussion
Activation of 5-HT1A receptors has been associated with the inhibition of
aggression in many species through the use of peripheral and central drug
administration (Deckel and Fuqua, 1998; Joppa, et al., 1997; Olivier et al., 1989,
Knyshevski, et al., 2005; Ferris et al., 1999). The role of 5-HT3 receptors in the
mediation of offensive aggression has been examined in adult hamsters; 5-HT3
receptor agonists facilitate offensive responses while 5-HT3 receptor antagonists
inhibit the behavior (Ricci et al., 2005; Rudissaar et al., 1999). As 5-HT1A receptor
immunoreactivity increases in specific brain areas during development, it is necessary
to test the function of the receptor subtype on agonistic behavior. Furthermore, the
potential change in ratio between 5-HT1A and 5-HT3 receptors that occurs during
puberty necessitates the testing of the role of 5-HT3 receptors on agonistic behavior as
well.

Due to the opposing effects of these two receptor subtypes on aggression in

adults, it was hypothesized that administration of a 5-HT1A receptor agonist and a 5HT3 receptor antagonist would both result in an inhibition of offensive responses and
attack repetition in juveniles and potentially affect the maturation of attack type as
well.
Peripheral treatment with both 5-HT3 receptor antagonist and 5-HT1A receptor
agonist resulted in similar behavioral effects in juvenile hamsters. At the high dose,
Tropisetron inhibited the frequency of offensive responses. The same effect was
observed at the high dose of DPAT. Furthermore, neither drug affected the frequency
of bouts or duration of contact time that the resident spent with the intruder. Both
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Tropisetron and DPAT administration resulted in a decrease in attacks per bout at the
highest dose only. As bout frequency did not change, this data suggests that both
drugs (high doses) had an inhibitory effect on the repetitiveness of attack frequency.
This finding is unique in that previous research with DPAT and Tropisetron do not
examine the repetitiveness of offensive aggression. Interestingly, the low dose of
Tropisetron significantly decreased the frequency of pins during resident-intruder
testing.

These data confirm the hypothesis that by blocking a receptor subtype

involved in facilitating aggression (5-HT3), offensive responses will be inhibited in
juvenile hamsters. In addition, the inhibition of offensive responses observed by
administering an agonist targeting a receptor subtype involved in the inhibition of
aggression (5-HT1A) further proves this portion of the hypothesis.
Neither DPAT nor Tropisetron had significant effects on the maturation of
attack targets. Drug-treated juvenile hamsters performed the same types of attacks as
vehicle-treated animals.

This data does not support the hypothesis that either 5-HT3

or 5-HT1A receptors mediate the maturation of attack targets. Thus it is unlikely that
the acceleration of attack type maturation seen in Fluoxetine-injected juveniles is
controlled by 5-HT3 or 5-HT1A receptor subtypes. Instead, other serotonin receptor
subtypes might be involved. Administration of 5-HT2 receptor agonists has been
shown to inhibit aggression in rats and mice and may be an alternative receptor
subtype of interest (Sanchez et al., 1993). However, many of the effects seen in rats
also include nonspecific inhibition including inactivity and social disinterest (Olivier
et al, 1995).

It is important to note that animals in both DPAT-treated and
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Tropisetron-treated groups showed no changes in Lat maze activity. This measure
ensured that the effects of drug administration were not due to nonspecific locomotor
deficits.
An alternative hypothesis would relate to the differential effects of Fluoxetine
administration on the frequency of attacks in juvenile hamsters. At the low dose,
Fluoxetine facilitated attack frequency while the high dose resulted in an inhibition of
attacks. As 5-HT3 receptors are fast acting ion channels while 5-HT1A receptors are gprotein coupled, it is possible that low doses of Fluoxetine differentially activate 5HT3 receptors faster in juveniles than in adults. In addition, it is possible that binding
affinities for these two receptor subtypes may change during development, thus
accounting for the enhanced efficacy of 5-HT3 receptors in juveniles.
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Chapter 5: Cortisol
Introduction
Activation of the hypothalamo-pituitary-adrenal axis in response to stress has
been linked to many different types of changes in the serotonergic system. These
changes are dependent upon the type and duration of the stress and are often speciesspecific. Hypothalamic serotonin levels have been shown to increase in response to
acute immobilization stress in rats (Culman et. al., 1980; Chaouloff et. al., 1989).
Similar stressors administered chronically, however, failed to cause changes in
serotonin or its metabolites in rats (De Souza and Van Loon, 1986). In hamsters,
however, chronic social subjugation results in an increase of serotoninimmunoreactive varicosities in the anterior hypothalamus (Delville et. al., 1998).
While data concerning the effects of chronic stress on serotonin are conflicting, it is
important to note that most effects shown are species and stressor-dependent. What is
known, however, is that cortisol does effect the serotonergic system and that
corticosteroid receptors have been found in the raphe nuclei (Cintra et al., 1994;
Morimoto et al., 1996).
Previous studies in hamsters have shown that 1-2 weeks of treatment with
cortisol or corticoid receptor type II agonist accelerates the maturation of agonistic
behavior, similar to exposure to chronic social stress in early puberty (Wommack and
Delville, 2007). Studies discussed in Chapter 2 showed that a single injection of
Fluoxetine is sufficient to reproduce this effect. Thus, it is possible that the effect of
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stress or cortisol on the maturation of agonistic behavior is mediated through an effect
of increased release of serotonin.

Hypothesis
It is hypothesized that cortisol treatment accelerates the development of the
serotonin system in the areas controlling offensive responses in hamsters.
Specifically, cortisol treated animals should have enhanced serotonin availability in
the anterior hypothalamus.

Methods
Animals and Treatment
Male golden hamsters were bred in a colony maintained in the laboratory and
founded with animals purchased from Harlan Sprague-Dawley (Indianapolis, IN).
Shortly after birth, litters were culled to six pups containing both males and females.
All animals were weaned on P-25 and individually housed in Plexiglas cages (8x13x5
in.), as golden hamsters are solitary animals in the wild (Gattermann et al., 2001).
Food and water were provided ad libitum. All animals used in the experiments were
housed under a reversed daylight cycle (14L:10D; lights on at 20:00).

All

experimental procedures were performed according to NIH guidelines and approved
by the Institutional Animal Care and Use Committee of the University of Texas at
Austin, an AALAC approved facility.
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Experimental Design
All animals were pre-tested for play-fighting through repeated exposure to
intruders in their home cage several times between the age of P-26 and P-30. This
prior exposure to intruders ensured that all subjects had sufficient social experience.
Only animals that engaged in play-fighting were kept for the study. Animals were
separated into treatment groups (vehicle: propylene glycol; 0 µg/100 g, 10 µg/100 g)
(Wommack and Delville, 2007). The dose of cortisol administered was chosen based
on previous studies (Wommack and Delville, 2007) and was the lowest dose of drug
that produced a behavioral effect (accelerated attack type maturation). All animals
received subcutaneous injections for several days (P-30-P-42) during the latter half of
the dark phase. After twelve days of treatment, animals were sacrificed in one of two
methods and brains were processed for either immunocytochemistry or flash frozen
for HPLC quantification.
Serotonin Immunocytochemistry
One group of animals (vehicle: n=7, cortisol: n=8) was perfused under
anesthesia with saline followed by 4% paraformaldehyde in 0.1 M PBS buffer
(wt/vol). Brains were sliced into 40 µm-thick sections after brief post-fixation and
storage in 20% sucrose in PBS (wt/vol) at 4°C overnight. Sections were labeled with
an antibody to serotonin (1/7500; Protos Biotech Corp., New York, NY), after
successive incubations in a secondary antibody (Goat anti-rabbit, biotinylated, Vector
Labs, Burlingame, CA), a tertiary complex (Vectastain ABC Elite Kit, Vector Labs),
and nickel-conjugated 3,3- diaminobenzidine tetrahydrochlorideß. The areas selected
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for quantification included the anterior hypothalamus just ventrolateral to the nucleus
circularis (AH), the ventrolateral hypothalamus including the medial aspects of the
medial tubercular nucleus and the ventrolateral part of the ventromedial hypothalamic
nucleus (VLH), the posterodorsal part of the medial amygdala (MePD), the lateral
septal nucleus at the juncture of the intermediate and ventral aspects (LS), and the
suprachiasmatic nucleus (SCN). The values used for each animal represented the
average of several successive sections across these areas. All areas were quantified
within each brain so that comparisons across areas could be made. The density of
serotonin-immunoreactive varicosities was taken from samples (150 µm circles) at the
center of these areas (Delville et al., 2000; David et al., 2004).
Cortisol Assays
A separate group of drug-treated animals were sacrificed by rapid decapitation
at either one hour (vehicle: n=3, cortisol: n=3) or twenty-four hours (vehicle: n=5,
cortisol: n=6) after the last day of drug administration. Animals sacrificed an hour
after the last injection were used to determine the immediate increase in plasma
cortisol levels while animals sacrificed a day after the last injection were used to
determine plasma cortisol levels at the time of behavioral testing.

Trunk blood

samples were collected and immediately centrifuged at 5,000 rpm for five minutes.
Serum was collected for every animal and stored at –20 °C until it was assayed using a
Cortisol Correlate-EIA kit (Assay Designs, Inc., Ann Arbor, MI). All samples were
assayed in duplicate from 5-µl aliquots. Intra-assay variability was 6.2%. Inter-assay
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variability was not calculated as all samples were quantified within a single assay.
Plasma cortisol levels were expressed as ng/ml. The antibody used had 26.7% crossreactivity with corticosterone (levels of which were shown to be under 500 pg/ml),
3.6% with progesterone, 4% with 11-deoxycortisol and less than 1% with other
endogenous steroids.
High Performance Liquid Chromatography (HPLC)
Brains from the same group of drug-treated animals used in the cortisol assay
described above (24 hours post-drug; vehicle: n=5, cortisol: n=6) were flash frozen
following rapid decapitation and stored at –80 °C.

Brains were then packed in dry

ice and shipped to the lab of Cliff Summers at the University of South Dakota. Brains
were sectioned coronally using a temperature controlled cryostat and were thawmounted on glass microscope slides. The anterior hypothalamus and medial amygdala
were microdissected using a 500 µm diameter punch.

Punched samples were

processed in buffer, centrifuged and the resulting supernatant was injected into a
chromatographic system (Carpenter, et. al., 2007). Both areas were assayed for levels
of serotonin (5-HT), 5-hydroxyindoleacetic acid (5-HIAA), dopamine (DA), and
dihydroxyphenylacetic acid (DOPAC) with an electrochemical detector installed on
the HPLC. All HPLC processing and analysis was performed courtesy of the lab of
Cliff Summers.
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Data Analysis
Serotonin immunoreactivity was compared using a 2-way ANOVA
(independent variables: treatment and area). Student’s t-tests were used to compare
immunoreactivity between treatments within each brain area. Student’s t-tests were
also used to compare cortisol levels and HPLC data between treatment groups.

Results
Cortisol Assays
Animals that were treated with cortisol for twelve days and sacrificed one hour
after the last injection had significantly higher cortisol levels than those treated with
the vehicle [t(4)=2.776, p<0.05] (Fig. 5.1). Within one hour after the last injection,
cortisol-treated animals had 200% higher levels of cortisol than vehicle-treated
animals. Animals that were treated with cortisol for twelve days and sacrificed twentyfour hours after the last injection also had significantly higher levels of cortisol than
vehicle-treated animals [t(6)=2.446, p<0.05]. After twenty-four hours, cortisol-treated
animals still had 70% higher levels of cortisol than their vehicle-treated counterparts.

Serotonin Immunocytochemistry
Serotonin-immunoreactive varicosities and fibers were seen throughout all
areas selected for quantification.

The density of serotonin-immunoreactive

varicosities did not differ between treatment groups in the anterior hypothalamus
[t(9)=2.262, p>0.1], ventrolateral hypothalamus [t(9)=2.306, p>0.1], lateral septum
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[t(9)=2.306, p>0.1], medial amygdala [t(9)=2.262, p>0.1], or suprachiasmatic nucleus
[t(8)=2.288, p>0.1] (Fig. 5.2).
HPLC
Monoamines (5-HT and DA) and their metabolites (5-HIAA and DOPAC)
quantified in the anterior hypothalamus were not significantly affected by treatment
with cortisol (Table 5.1). However, concentrations (pg/µg) of serotonin metabolite
5HIAA in the medial amygdala were significantly higher in cortisol-treated animals
than vehicle-treated animals [t(9)=2.262, p<0.05].

There were no significant

differences in levels of 5-HT, DA or DOPAC in the medial amygdala (p>0.05).
Neither the medial amygdala nor the anterior hypothalamus had significantly different
catabolite to metabolite ratios for serotonin or dopamine (p>0.05).
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Figure 5.1: Plasma Cortisol 1-hour and 24-hours Post Chronic Cortisol
Administration

Comparison of plasma cortisol levels after 10 days of treatment with vehicle (0 µg/100
g) or cortisol (10 µg/100 g). 10-Day Response animals were sampled one hour after
the last injection (vehicle: n=3, cortisol: n=3) and 10-Day Baseline animals were
sampled twenty-four hours after the last injection (vehicle: n=5, cortisol: n=6).
* denotes p<0.05
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Figure 5.2:

Serotonin Immunoreactivity

Comparison of the density of serotonin-immunoreactive varicosities within the
anterior hypothalamus, medial amygdala, posterodorsal part of the ventrolateral
hypothalamus, lateral septum and suprachiasmatic nucleus in vehicle (0 µg/100 g,
n=7) and cortisol-treated (10 µg/100 g, n=8) juvenile golden hamsters. Varicosities
were counted within standard surfaces placed over digitized images.
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Table 5.1:

Monoamine level (pg/µ
µg of protein) expressed as mean ± SEM

Monoamine level (pg/ug of protein) expressed as mean
± SEM to metabolite ratios
catabolite
Area
Treatment 5-HT
5-HIAA
DA
DOPAC
DOPAC/DA5HIAA/5HT
Anterior
VEH
16.51 ± 2.10
10.28 ± 1.29
4.38 ± 1.12
1.43 ± 0.39
0.43 ± 0.14
0.62 ± 0.03
Hypothalamus
CORT
16.28 ± 1.46
10.78 ± 1.34
2.91 ± 1.60
1.28 ± 0.35
0.50 ± 0.16
0.66 ± 0.06
P value
Medial
Amygdala
P value

NS
VEH
CORT

NS

NS

NS

NS

NS

10.84 ± 1.58
3.44 ± 0.68
2.13 ± 1.56
0.69 ± 0.51
0.46 ± 0.50
0.32 ± 0.05
13.43 ± 2.74
6.18 ± 2.28
2.56 ± 1.24
0.72 ± 0.28
0.39 ± 0.18
0.45 ± 0.09
NS

<0.05

NS

NS

NS

NS

Monoamine levels of 5-HT, 5-HIAA, DA, DOPAC, DOPAC/DA and 5HIAA/5HT in
the anterior hypothalamus and medial amygdala of vehicle (0 µg/100 g, n=5) and
cortisol-treated (10 µg/100 g, n=6) juvenile hamsters.
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Discussion
In hamsters, social subjugation during puberty results in an increase in
serotonin-immunoreactive varicosities in the anterior hypothalamus and lateral septum
(Delville et. al., 1998). Chronic stress as well as chronic treatment with cortisol
during puberty results in an increase in adult-like attack behaviors (Wommack and
Delville, 2007). Furthermore, an acute dose of Fluoxetine results in the same increase
in adult-like attack behaviors (Taravosh-Lahn and Delville, 2006).

The effects

observed in response to Fluoxetine administration occurred within one to two hours
after drug injections; however, the same effects (i.e. maturation of attack types)
observed in chronically stressed or cortisol-treated animals were observed after several
days of treatment.
It was therefore hypothesized that chronic treatment with cortisol would be
likely to increase serotonin availability as tested via immunocytochemistry and HPLC
in selected brain areas related to aggression in hamsters. This hypothesis was not
confirmed as chronic treatment with cortisol during puberty did not significantly affect
serotonin immunoreactivity in any of the brain areas selected. While hypothalamic
serotonin levels have been shown to increase in response to acute immobilization
stress in rats (Culman et. al., 1980; Chaouloff et. al., 1989), some studies report that
the same stressors administered chronically failed to cause changes in serotonin or its
metabolites in rats (De Souza and Van Loon, 1986). Different types of chronic stress
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of varying lengths from five to twenty one days had no effect on hippocampal gene
expression of serotonin receptor 1A or 2A (Ohi et al.,1989; Van Riel at al., 2003).
Serotonin, dopamine and their metabolites were assayed in the anterior
hypothalamus and medial amygdala as well. Only one measure showed a significant
difference: serotonin metabolite 5HIAA in the medial amygdala was significantly
higher in cortisol-treated animals. This finding could potentially be an artifact as the
ratio of serotonin to its metabolite was not significantly different in cortisol-treated
animals.

However, the magnitude of the difference between groups necessitates

consideration of the possible role of the medial amygdala in these behaviors. The
increase in medial amygdala 5HIAA levels in cortisol treated animals could indicate
an increase in availability of serotonin in this brain area. This hypothesis could be
confirmed through the use of in vivo microdialysis. Clarifying the role of the medial
amygdala in response to chronic cortisol treatment would provide support for its
possible role in the modulation of attack types during agonistic encounters.

In

hamsters, each attack type is targeted at a location along the intruder’s body that
corresponds to a particular scent gland. The three attack types (frontal, side and
belly/rump) correlate to three different scent glands (Harderian, flank, anogenital)
respectively. During the course of grooming, hamsters spread secretions from their
Harderian glands over their face and head (Thiesen, et al., 1976). Along the flanks are
eponymous flank glands that are also the target of side attacks. Lastly, the anogenital
region could arguably be the target of belly/rump attacks.
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This hypothesis is

supported by the medial amygdala’s role as a mediator of olfactory input from both
main and accessory olfactory bulbs.
It could be argued that treatment with cortisol was not effective as a result of
unknown factors.

However, in the experiments described, plasma samples were

collected both one hour and one day after the last injection of cortisol.

As plasma

cortisol levels were significantly elevated in cortisol-treated animals when compared
to controls, such arguments can be rejected. It is therefore likely that chronic treatment
with cortisol has no affect on serotonin availability or serotonin metabolites in the
anterior hypothalamus and medial amygdala of juvenile hamsters.

However, the

effects of cortisol on the availability of serotonin could be occurring in other brain
areas not quantified. Alternatively, cortisol’s effect on attack type maturation could
involve as yet unexamined serotonin receptor subtypes as experiments described in
Chapter 4 demonstrated that 5-HT1A and 5-HT3 receptors are unlikely to play a role in
attack type maturation. It is also important to note that while there were no changes is
testes weight between cortisol treated animals and controls, circulating testosterone
levels were not assayed.
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Chapter 6: Conclusion
Development of Agonistic Behavior During Puberty
In male golden hamsters, puberty is marked by drastic changes in social
behavior, as agonistic behavior matures from play fighting to adult aggression
(Goldman and Swanson, 1975). These behaviors, which can be studied as offensive
responses toward a smaller intruder, have unique characteristics (Delville et al., 2003).
Furthermore, peri-pubertal hamster aggression is unique in that hamsters engage in
serious play-fighting that transitions into adult aggression and lack the period of
playful play-fighting as seen in rats (Pellis and Pellis, 1997). This distinction is
important as the neural mechanisms controlling aggression are hypothesized to be the
same in juvenile and adult hamsters.
As soon as they are capable of coordinated movements, golden hamsters
engage in play fighting activity (Goldman and Swanson, 1975; Schoenfeld and
Leonard, 1985). In hamsters, play fighting is characterized by a high frequency of
attacks and bites (Goldman and Swanson, 1975; Pellis and Pellis, 1988; Wommack et
al., 2003). As the animals mature, attack frequency decreases gradually (Wommack et
al., 2003). Over the course of development, the repetition of attacks per bout also
decreases (Cervantes, et al, 2006). During fights between adults, residents typically
attack and promptly bite the intruder, then retire for a period of time until the next
attack.
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In addition, the hamsters target different parts on the body of intruders during
play fighting and adult aggression (Pellis and Pellis, 1988a; 1988b; Wommack et al.,
2003). In early puberty, as the animals play-fight, their attacks are mainly focused on
the cheeks and face of the intruders (Play Fighting Attacks). Over time, the focus of
the attacks moves gradually to the flanks (Side Attacks) followed later by the lower
belly and rump (Adult Attacks). This transition in the focus of attacks occurs around
mid-puberty, concurrent with the beginning of testes maturation and increasing serum
testosterone levels (Vomachka and Greenwald, 1979; Wommack et al., 2003).
In summary, there are two main components to changes seen in the
development of agonistic behavior in male hamsters. First, attack frequency and
repetitiveness (attacks per bout) decreases during puberty.

Second, attack types

undergo a maturation as targets of attack shift along the rostro-caudal axis of the
intruder.

These two main developmental changes in agonistic behavior will be

discussed as they relate to the studies discussed in this dissertation.

Development of Attack Frequency
Attack frequency in male golden hamsters peaks around postnatal day
35 and gradually decreases to steady, lower frequencies in adulthood (Goldman and
Swanson, 1975).

The dramatic decrease in this one aspect of hamster agonistic

behavior is most likely independent of testosterone modulation as circulating
testosterone increases during puberty (Wommack et al, 2004). Previous studies using
adult hamsters have examined the role of serotonin and its inhibitory effects on
aggression (Delville et al., 1996a; Ferris et al., 1997, 1999; Joppa et al., 1999).
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As

attack frequency decreases significantly by adulthood, it is possible that serotonin’s
inhibitory effect on adult aggression also plays a role in the overall development of
offensive aggression.

Thus it was hypothesized that the decrease in offensive

aggression that occurs during puberty is modulated by the developing serotonergic
system. Subsequently, it was hypothesized that juveniles would be less responsive to
Fluoxetine than adults.
Juveniles and adults were given acute injections of Fluoxetine and
tested for offensive aggression.

In adults, Fluoxetine completely inhibited the

frequency of attacks, confirming previous studies in adult hamsters (Ferris et al.,
1997). Fluoxetine administration in juveniles, however, only partially inhibited attack
frequency. Furthermore, this partial inhibition of attack frequency was only seen at
the highest dose of Fluoxetine. This data confirmed the hypothesis that juveniles
would be less responsive to Fluoxetine.
To ascertain developmental changes in serotonin, juvenile and adult hamsters
were sacrificed and brains were labeled with an antibody to serotonin.
Immunoreactive varicosities were quantified in the anterior hypothalamus,
ventrolateral hypothalamus, lateral septum and medial amygdala.

Significant

increases in serotonin immunoreactivity of the anterior hypothalamus and medial
amygdala were found in adults as compared to juveniles. This data confirmed that
serotonin innervation increases during development in specific limbic areas associated
with aggression.
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The behavioral effects of two serotonin receptor subtypes with opposing
actions were also examined in juveniles.

Treatment with DPAT, a 5-HT1A receptor

agonist, resulted in an inhibition of offensive responses at the highest dose. Similarly,
administration of a 5-HT3 receptor antagonist, Tropisetron, also significantly reduced
offensive responses at the highest dose. Changes in the serotonergic system that may
modulate the development of agonistic behavior in hamsters are unlikely to be limited
to serotonin availability. While the contribution of 5-HT1A and 5-HT3 receptors to the
control of aggression have been examined in adult animals, these data point to similar
functions in juveniles.

Furthermore, 5-HT1A receptor immunoreactivity increases

during development in the same areas that show increases in serotonin
immunoreactivity. These increases in the anterior hypothalamus and medial amygdala
correlate with the decrease in offensive responses that occurs during development.
The brain areas implicated in the control of adult offensive aggression have
been identified through a variety of methods. For example, areas such as the anterior
hypothalamus, ventrolateral hypothalamus, bed nucleus of the stria terminalis and
medial amygdala all show increases in c-fos immunoreactivity specifically in response
to offensive aggression (Delville et al., 2000). Direct microinjections into the anterior
hypothalamus and ventrolateral hypothalamus have also served to identify these areas
as key mediators of offensive aggression (Ferris et al., 1997, 1999; Delville et al.,
1996a, 1996b). In addition, these areas have reciprocal connections to the anterior
hypothalamus, emphasizing the importance of this area in the mediation of offensive
responses (Delville et al., 2000). While these studies have been conducted in adult
83

hamsters, there is mounting evidence that the same limbic areas involved in adult
aggression also control offensive aggression in juvenile hamsters.

Development of Attack Types
Hamsters target different parts on the body of intruders during play fighting
and adult aggression (Pellis and Pellis, 1988a; 1988b; Wommack et al., 2003). Early
in development, hamsters predominantly target the cheek and face of their intruders
(Play Fighting Attack). This type of attack gradually decreases and the target of attack
transitions to the flanks of the intruder (Side Attack). By adulthood, hamsters engage
almost entirely in attacks targeted at the rump and belly of the intruder (Adult Attack).
These targets of attack are interesting because they can be influenced by
environmental factors. Social stress and chronic Dexamethasone treatment both serve
to accelerate the maturation of these attack types, in essence resulting in animals
performing adult-like types of attacks at a younger age than controls (Wommack et
al., 2003; 2005).
Juvenile hamsters acutely treated with different doses of Fluoxetine were
tested in a resident-intruder paradigm. Surprisingly, Fluoxetine treatment resulted in
an acceleration of attack type maturation. This data is noteworthy because the effects
of acute Fluoxetine administration paralleled those of both chronically stressed and
chronically cortisol treated juvenile hamsters.

Furthermore, the time course of

Fluoxetine-treatment to behavioral change occurred within 1-2 hours while chronic
stress effects were seen only after several days of social stress.

Thus, it was

hypothesized that chronic cortisol treatment during puberty would enhance
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serotonergic immunoreactivity in brain areas associated with offensive aggression.
Furthermore, the maturation of attack types during development might not be limited
simply to the potential effects of cortisol on serotonin. Both of these possibilities were
addressed in these studies.
The direct effect of cortisol treatment on serotonin immunoreactivity was
tested in juvenile hamsters. Animals chronically treated with cortisol were sacrificed
and brains were assayed using two methods. One group of brains was labeled with an
antibody to serotonin and several brains areas were quantified for comparison between
cortisol-treated and vehicle conditions.

A second group of brains were assayed for

serotonin, dopamine and their metabolites via HPLC specifically in the anterior
hypothalamus and medial amygdala. Serum cortisol levels were assayed and were
significantly elevated in cortisol-treated animals. Serotonin immunoreactivity was not
significantly different in any brain areas quantified. The serotonin metabolite 5HIAA
was significantly elevated in the medial amygdala of cortisol-treated animals.
However, this increase is questionable as the ratio between serotonin and 5HIAA was
not significantly different in the same animals. Together, these results do not support
the hypothesis that cortisol treatment enhances serotonin activity during puberty.
In addition, the effects of 5-HT1A and 5-HT3 receptors on the maturation of
attack targets were examined.

The 5-HT1A receptor agonist DPAT had no effect on

attack type maturation in juvenile hamsters; similarly, the 5-HT3 receptor antagonist
Tropisetron also had no significant effect on attack type maturation. From these data
it is possible to conclude that neither 5-HT1A nor 5-HT3 receptors are involved in the
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development of attack types. However, the roles of other serotonin receptor subtypes
in the acceleration of attack type maturation need to be examined in future studies.

Differential Responses in Juveniles
A final point of interest in the discussion of agonistic behavior and
development involves a fortuitous finding in juveniles. As described in Chapter 2,
Fluoxetine administration did not completely inhibit offensive responses in juveniles
as it did in adults at the high dose. However, low doses of Fluoxetine in juveniles
showed a surprising increase in offensive responses as compared to vehicle-treated
animals. The linear changes in serotonin innervation alone did not account for this
effect.

This differential response leads to the hypothesis that different serotonin

receptor subtypes could play a role in mediating offensive aggression during
development.
Two serotonin receptor subtypes with opposing actions were hypothesized to
be involved in the control of offensive aggression. 5-HT1A and 5-HT3 receptors are
known modulators of offensive aggression based on studies done in adults of several
species (Deckel and Fuqua, 1998; Joppa, et al., 1997; Olivier et al., 1989, Knyshevski,
et al., 2005; Ricci et al., 2005). 5-HT1A and 5-HT3 receptor immunoreactivity were
quantified within several brain areas. As previously described in Chapter 3, 5-HT1A
receptor immunoreactivity increased in the anterior hypothalamus and medial
amygdala during development. 5-HT3 receptor immunoreactivity did not significantly
change during puberty in any of the brain areas quantified. The relative ratio of these
two opposite-acting serotonin receptor subtypes does change, however. This potential
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change in ratio could result in differential responses to serotonin.

As such, the

hypothesis that two opposing-action serotonin receptor subtypes could mediate
offensive responses is only partially confirmed.

Further studies are required to

determine potential changes in binding affinity during development as well as central
injections to directly test the function of these two receptor subtypes.

Closing Remarks
This dissertation sought to further describe and explore the mediators involved
in the development of agonistic behavior in golden hamsters. The main hypotheses
discussed in these chapters stemmed from the abundance of intermale aggression
studies conducted in adults. In golden hamsters, changes that have been described in
the development of aggressive behaviors point to possible similarities between playfighting and adult aggression.
The stark decline of attack frequencies during development implicates the
serotonergic system as a possible mediator for these changes. As the neural circuitry
involved in adult aggression has been well-defined (Delville et al., 2000), the same
limbic brain areas were examined in juveniles. Two areas of particular interest are the
anterior hypothalamus and the medial amygdala. Both areas show an increase in
serotonin immunoreactivity during development and correlate with concurrent
decreasing offensive responses. Furthermore, both areas showed enhanced 5-HT1A
receptor immunoreactivity during development. As this serotonin receptor subtype is
involved in the inhibition of offensive aggression in adults, these changes strengthen
the hypothesis that a similar neural circuitry is involved in mediating both play87

fighting and adult aggression. Further examination of the role vasopressin in the
control of play-fighting is necessary to fully understand the development of the
behaviors and the similarity between juvenile and adult agonistic behaviors.
As a result of different drug administration studies, several interesting aspects
of the development of aggressive behaviors have been observed in hamsters.
Aggressive behavior undergoes several qualitative and quantitative changes during
puberty. As attack frequency declines during development, so does the frequency of
attacks per bout. That is to say, the repetitiveness of attack behavior decreases during
development. This behavior is mediated by serotonin as Fluoxetine treatment and
DPAT administration both resulted in an inhibition at their highest tested dose.
Targets of attack also undergo changes during development. Over the course
of puberty, hamsters gradually transition from play fighting attacks to side attacks and
by adulthood engage only in adult attacks. This pattern of behavioral maturation is
accelerated by treatment with Fluoxetine. It is important to note that while acute
Fluoxetine administration and chronic social stress resulted in the same behavioral
maturation, cortisol administration had no effect on serotonin activity as measured by
the experiments previously described. However, it is clear that serotonin plays an
important role in the maturation of attack types in hamsters.
Lastly and perhaps most serendipitous of findings involved the differential
responsiveness of juvenile hamsters to Fluoxetine administration. In response to acute
treatment with Fluoxetine, juvenile hamsters engaged in significantly higher
frequencies of attacks when compared to both vehicle and high-dose animals. This
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same pattern was mirrored by the frequency of attacks per bout. Thus, serotonin is
differentially involved in the modulation of both the intensity and repetition of
offensive responses in juveniles. These findings lead to serious implications for the
administration of serotonin reuptake inhibitors in children and adolescents.

Reports

of the negative consequences of Fluoxetine treatment in juveniles are conflicting
(Tauscher-Wisniewski et al., 2007; Constantino et al., 1997; Jick et al., 2004).
However, further analysis of clinical data based on age and dose could yield to more
informative conclusions.

It is certainly possible that the human brain undergoes

certain neurochemical changes that could result in early adolescent susceptibility to
adverse drug effects. Studies done in animal models such as hamsters may elucidate
the need to address developmental neurochemical changes as they relate to potentially
unwanted behaviors.
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