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Many nontropical rodent species rely on photoperiod as
a primary cue to coordinate seasonally appropriate
changes in physiology and behavior. Among these
changes, some species of rodents demonstrate increased aggression in short, “winter-like” compared
with long “summer-like” day lengths. The precise neuroendocrine mechanisms mediating changes in aggression, however, remain largely unknown. The goal of the
present study was to examine the effects of photoperiod
and exogenous melatonin on resident-intruder aggression in male Syrian hamsters (Mesocricetus auratus). In
Experiment 1, male Syrian hamsters were housed in long
(LD 14:10) or short (LD 10:14) days for 10 weeks. In
Experiment 2, hamsters were housed in long days and
half of the animals were given daily subcutaneous melatonin injections (15 g/day in 0.1 ml saline) 2 h before
lights out for 10 consecutive days to simulate a shortday pattern of melatonin secretion, while the remaining
animals received injections of the vehicle alone. Animals
in both experiments were then tested using a residentintruder model of aggression and the number of attacks,
duration of attacks, and latency to initial attack were
recorded. In Experiment 1, short-day hamsters underwent gonadal regression and displayed increased aggression compared with long-day animals. In Experiment 2, melatonin treatment also increased aggression
compared with control hamsters without affecting circulating testosterone. Collectively, the results of the
present study demonstrate that exposure to short days
or short day-like patterns of melatonin increase aggression in male Syrian hamsters. In addition, these results
suggest that photoperiodic changes in aggression pro-
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vide an important, ecologically relevant model with
which to study the neuroendocrine mechanisms underlying aggression in rodents. © 2002 Elsevier Science (USA)
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Individuals of many nontropical rodent species undergo a variety of physiological and behavioral responses across the seasons of the year (reviewed in
Bronson and Heideman, 1994; Nelson, Badura, and
Goldman, 1990). Although a variety of environmental
factors (e.g., ambient temperature, humidity, food
availability) also fluctuate on a seasonal basis, photoperiod (day length) appears to be the primary environmental cue used by most nontropical mammalian
species to coordinate behavioral and physiological responses with the optimal time of year (Bronson, 1989).
Animals maintained in short “winter-like” days (i.e.,
⬍12 h of light/day) undergo a variety of physiological
and behavioral changes, including regression of the
reproductive system, as well as changes in body mass,
pelage, thermoregulation, and general activity (reviewed in Bartness, Bradley, Hastings, Bittman, and
Goldman, 1993). These physiological and behavioral
changes in response to changes in photoperiod are
mediated by a multisynaptic pathway that conveys
photic information received by the retina to the pineal
gland and results in changes in the pattern of secretion
of the pineal indolamine hormone, melatonin. Interruption of this pathway at any point or removal of the
pineal gland blocks physiological and behavioral responses to short day lengths (Elliot and Goldman,
1981; Tamarkin, Baird, and Almeida, 1985).
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The majority of studies examining photoperiodic
changes in mammalian physiology and behavior have
focused primarily on changes in reproduction and
energy balance (reviewed in Bronson and Heideman,
1994; Bartness and Wade, 1985). Several studies, however, have demonstrated photoperiodic changes in aggressive behavior in both male and female rodents
(Badura and Nunez, 1989; Fleming, Philips, Rydall,
and Levesque, 1988; Garrett and Campbell, 1980; Jasnow, Huhman, Bartness, and Demas, 2000). For example, male Syrian hamsters maintained in short days for
8 weeks undergo gonadal regression and subsequent
increases in aggression compared with long-day hamsters, despite basal serum concentrations of testosterone (Garrett and Campbell, 1980). Typically, serum
testosterone is reduced to ⬃0.5 ng/ml under shortday, nonbreeding conditions (Turek, Elliot, Alvis, and
Menaker, 1975). Interestingly, prolonged maintenance
in short days (⬎15 weeks) triggers gonadal recrudescence and the short-day increases in aggressive behavior largely disappear, returning to long-day levels of
aggression by 21 weeks (Garrett and Campbell, 1980).
This return to long-day levels of aggression is likely
due the development of an insensitivity of target tissue to melatonin, given that the meltonin pattern, per
se, does not change after gonadal recrudescence has
occurred. Consistent with this idea, changes in melatonin sensitivity apparently explain the reproductive
photoperiodic refractoriness that develops after prolonged exposure to short days (Freeman and Zucker,
2001). It is important, however, to note that the Garrett
and Campbell study described above used a short-day
photoperiod of light:dark (LD) 6:18. This photoperiod
is an extremely short photoperiod and one that Syrian
hamsters would not experience in their natural environment. It remains unknown how male Syrian hamsters would respond to a more natural decrease in
photoperiod. Recently, a similar pattern of aggression
was reported in Siberian hamsters (Phodopus sungorus), using more natural photoperiodic manipulations. Specifically, male Siberian hamsters housed in
short days (LD 8:16) for 10 weeks were more aggressive than long-day (LD 16:8) housed hamsters; after 20
weeks of short days, however, gonadal recrudescence
occurred and aggression was reduced to long-day levels (Jasnow et al., 2000). Surprisingly, treatment of
short-day hamsters with exogenous testosterone, comparable to long-day titers, reduced aggression to that
of long-day animals (Jasnow et al., 2000). Similar patterns of aggression have been observed in female Syrian hamsters (Fleming et al., 1988). In addition, pinealectomy eliminates the short-day increase in
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aggression in female hamsters, whereas exogenous
melatonin treatment augments aggression in long-day
animals (Fleming et al., 1988), suggesting an important
role for melatonin in mediating photoperiodic changes
in aggression in female hamsters.
In support of the hypothesis that pineal melatonin
mediates aggression in some rodent species, male
house mice treated daily with exogenous melatonin
for 5 consecutive days display significant increases
in territorial aggression compared with control mice
treated with saline (Paterson and Vickers, 1981). In
addition, pinealectomy suppresses territorial aggression in mice (Paterson and Vickers, 1981), consistent with the results reported for female Syrian
hamsters. These latter results are particularly intriguing given that house mice have traditionally
been assumed to be photoperiodically nonresponsive (Nelson, 1990). Despite the results discussed
above, the precise hormonal mechanisms underlying short-day increases in aggression in rodents remain largely unknown. Although melatonin has
been implicated as a possible mediator of short-day
increases in aggression, at least in female Syrian
hamsters, the precise role of melatonin in mediating
photoperiodic changes in aggression in male rodents is unknown. The goal of the present study was
to evaluate the effects of photoperiod and exogenous melatonin on aggression in male Syrian hamsters. In Experiment 1 we tested the hypothesis that
Syrian hamsters housed in short days show increased aggression compared with long-day animals. In Experiment 2, we tested the hypothesis that
short-day patterns of melatonin will increase aggression independent of changes in gonadal steroid
hormones. Specifically, long-day animals were
treated with exogenous melatonin to mimic shortday patterns of melatonin secretion for a period not
sufficient to trigger gonadal regression.

MATERIALS AND METHODS
Animals and Housing Conditions
Adult (⬎60 days of age) Syrian hamsters (Mesocricetus auratus) were obtained from a commercial supplier
(Charles River Laboratories) and were housed individually in polypropylene cages (40 ⫻ 20 ⫻ 20 cm) in
colony rooms with a 24 h LD 14:10 cycle (lights off
1200 h EST). Temperature was kept constant at 20 ⫾
2°C and relative humidity was maintained at 50 ⫾ 5.
Food (Purina Rat Chow) and tap water were available
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ad libitum throughout the experiment. Additional animals were used as nonaggressive intruders during
behavioral testing and were group-housed (5 animals
per cage) to keep aggression to a minimum (Brain,
1972). These animals were approximately the same
weight as long-day experimental animals (⬃150 g)
and were the same age as experimental animals and
were housed under long-day conditions. All animals
were treated in accordance with the Georgia State
University Institutional Animal Care and Use Committee.

Experiment 1: Effects of Photoperiod on
Aggression
Twenty-four hamsters were used in Experiment 1.
At the start of the experiment, all animals were housed
in a colony room with a long-day (LD 14:10) photoperiod. After 1 week, a random subset of animals (n ⫽
14) was selected and transferred to a colony room
with a short-day (LD 10:14) photoperiod. The remaining animals (n ⫽ 10) were maintained in long days for
the duration of the experiment. Mean body masses
was determined for each group after the experimental
assignment to ensure that the groups did not differ in
body mass prior to the experiment. Animals were kept
in their respective photoperiod for 10 weeks. At this
time, animals were tested using a resident–intruder
model of aggression by introducing a nonaggressive
intruder into the home cage of an experimental animal
for 5 min. Behavioral testing was conducted during
the first 2 h of the dark phase to control for circadian
rhythmicity of behavior. Intruder males were dyemarked on the tail for the purposes of identification
and each animal was used only once during the test
period to control for any experience-related changes in
the behavior of these animals. Attack latency, number
of attacks, and the total duration of attacks were recorded by two observers blind to experimental conditions. An “attack” is a combination of chasing and
biting, and was operationally defined as a rapid approach of the resident animal toward an intruder in
either a sideways or upright offensive posture in an
attempt to bite the intruder (Huhman, Bunnel,
Mougey, and Meyerhoff, 1990). After behavioral testing, animals were killed by lethal injection of sodium
pentobarbital. Paired testes were removed, cleaned of
fat and connective tissue, and weighed to the nearest
0.1 mg.

Experiment 2: Effects of Exogenous Melatonin on
Aggression
Twenty-five hamsters were used in Experiment 2.
All animals were maintained in long days as described
in Experiment 1 for the duration of the experiment. A
subset of the animals (n ⫽ 13) were randomly selected and received daily subcutaneous injections (0.1
ml/animal) of melatonin [15 g/day (Sigma Chemical, Saint Louis, MO) dissolved in a 1:10 ethanol:saline
solution (Stetson and Tay, 1985) for 10 days, while the
remaining animals (n ⫽ 12) received injections of the
vehicle alone. All injections were administered 2 h
before lights out. The melatonin injection protocol that
was used in Experiment 2 was chosen for several
reasons. First, the precise timing of melatonin injections (i.e., 2 h before lights off) has been shown to
extend the normal long-day pattern of endogenous
melatonin secretion; the resulting extended pattern of
melatonin is interpreted by hamsters as a short day
(Stetson and Tay, 1985). Thus, the pattern of melatonin
generated in experimental animals, rather than being
artificial or supraphysiological, accurately reflects typical short-day patterns. Second, melatonin treatment
was administered on a relatively short-term basis (i.e.,
10 days); this period was chosen because it is not
sufficiently prolonged to trigger gonadal regression
and unlike maintenance in short days, leaves gonadal
steroid concentrations unaffected. This allows the effects of exogenous melatonin to be tested directly,
without subsequent changes in steroid hormones. Following 10 days of injections, resident–intruder aggression was assessed as in Experiment 1. Reproductive
condition was determined by weighing the testes at
necropsy as described in Experiment 1 and measuring
serum testosterone concentrations as described below.
Blood Collection and Testosterone Assay
Blood samples were not taken from animals in Experiment 1 because the blood sampling procedure
could be perceived as stressful and thus affect subsequent behavior. In addition, many previous studies
have confirmed the significant reduction in serum testosterone concentrations in short-day rodents. In Experiment 2, animals were brought into the surgery
room individually 24 h before testing (between 1000
and 1200 h EST), lightly anesthetized with methoxyflurane vapors (Metofane, Mundelein, IL), blood samples (⬃500 l) were drawn from the retroorbital sinus,
and animals were returned to their respective housing
conditions. Blood samples were allowed to clot for 1 h,
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the clots were removed, and the samples were centrifuged (at 4°C) for 60 min at 2500 rpm. Serum aliquots
were aspirated and stored in sealable polypropylene
microcentrifuge tubes at ⫺80°C until assayed. Blood
serum testosterone concentrations were determined in
a single radioimmunoassay (RIA) from a commercially prepared kit (Diagnostic Systems Laboratories,
Webster, TX). This assay was validated for use with
Syrian hamsters by the Neuroendocrinology Core Facility at the Yerkes Regional Primate Center. The antiserum used was highly specific for testosterone;
cross-reactivity with other steroid hormones was
⬍0.01%. Intraassay variability was ⬍10% for all samples.
Statistical Analyses
The data from all dependent measures from Experiments 1 and 2 were analyzed using separate independent, two-tailed Student t-tests (Sigma Stat, Jandel
Scientific, San Rafael, CA). Differences between group
means were considered statistically significant if P ⬍
0.05. In Experiment 1, one short-day hamster was
reproductively nonresponsive (i.e., paired testes mass
was ⬎2.5 g) and, thus, this animal was removed from
the subsequent data analyses.

RESULTS
Experiment 1: Short-Day Hamsters Increased
Aggression Compared with Long-Day Animals
In Experiment 1, hamsters maintained in short days
had significantly increased body mass (143.85 ⫾ 4.86 g
in long days and 169.85 ⫾ 4.50 g in short days) (t(22)
⫽ 3.77, P ⬍ 0.05) and significantly reduced paired
testes masses (3.76 ⫾ 0.08 g in long days and 0.37 ⫾
0.04 g in short days) (t(22) ⫽ 3.39, P ⬍ 0.05) compared
with long-day animals.
Short-day hamsters displayed an increased number
of attacks compared with long-day housed animals
(t(22) ⫽ 2.69, P ⬍ 0.05) (Fig. 1a). Short-day hamsters
also displayed an increased duration of attacks
(t(22) ⫽ 2.08, P ⬍ 0.05) (Fig. 1b). Short- and long-day
hamsters did not differ in the latency to the initial
attack (P ⬎ 0.05) (Fig. 1c).
Experiment 2: Melatonin-Treated Hamsters
Increased Aggression Compared
with Control Animals
In Experiment 2, there were no significant differences between melatonin- and vehicle-treated ham-

FIG. 1. Mean (⫾ SEM) number of attacks (a), total duration of
attacks (b), and latency to initial attack (c) of hamsters housed in
either long (n ⫽ 10) or short (n ⫽ 13) days for 10 weeks. *Significant differences between pairwise means, P ⬍ 0.05.

sters in either body mass (122.62 ⫾ 1.65 g in long days
and 128.17 ⫾ 2.58 g in short days), paired testes mass
(3.21 ⫾ 0.08 g in long days and 3.27 ⫾ 0.08 g in short
days), or serum testosterone concentrations (2.78 ⫾
0.35 ng/ml in long days and 3.02 ⫾ 0.25 ng/ml in
short days) (P ⬎ 0.05 in all cases).
Melatonin-treated hamsters displayed a significantly larger number of attacks (t(24) ⫽ 2.59, P ⬍
0.05) (Fig. 2a) and a shorter latency to initial attack
compared with vehicle-treated animals (t(24) ⫽ 2.79,
P ⬍ 0.05) (Fig. 2c). There was no significant difference
in the total duration of attacks between melatonintreated and control animals (P ⬎ 0.05) (Fig. 2b).

DISCUSSION
The results of the present study demonstrate that
exogenous melatonin increases aggression in male
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FIG. 2. Mean (⫾ SEM) number of attacks (a), total duration of
attacks (b), and latency to initial attack (c) of hamsters treated with
melatonin (n ⫽ 13) or vehicle (n ⫽ 12). *Significant differences
between pairwise means, P ⬍ 0.05.

Syrian hamsters and that increased aggression is not
correlated with changes in testosterone because testosterone levels did not differ between melatonin-treated
and vehicle-treated animals. The increased aggression
observed in the present study also was not due to
differences in body mass between melatonin- and vehicle-treated animals. In addition, these results confirm a previous study demonstrating short-day increases in aggression in male Syrian hamsters. In
Experiment 1, short-day hamsters displayed gonadal
regression and presumably reduced circulating testosterone concentrations, although testosterone was not
measured directly. In addition, short-day hamsters
displayed increased aggression compared with longday animals. In Experiment 2, long-day animals
treated with exogenous melatonin to mimic short-day
patterns of the hormone also displayed increased aggression compared with vehicle-treated animals. This
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effect occurred without changes in gonad size or circulating testosterone concentrations. Taken together,
the results of the present study suggest that short-day
increases in aggression may be due, in part, to increased melatonin without concomitant changes in
circulating testosterone concentrations.
These results are consistent with previously published studies demonstrating photoperiodic changes
in aggression in male Syrian and Siberian hamsters
(Garrett and Campbell, 1980; Jasnow et al., 2000), as
well as previous reports of increased aggression in
short days in female hamsters (Fleming et al., 1988;
Badura and Nunez, 1989). Interestingly, Syrian hamsters have a reversed sexual dimorphism in aggressive
behavior relative to other commonly studied rodent
species (e.g., rats and mice), with females typically
displaying significantly more aggression than their
male counterparts except when estrogen concentrations are elevated (e.g., during estrus) (Ciacco, Lisk,
and Rueter, 1979; Marques and Valenstein, 1977). Consistent with this pattern, female Syrian hamsters maintained in short days (which reduce circulating estradiol concentrations) display significantly more
aggression compared with long-day housed animals
(Badura and Nunez, 1989; Fleming et al., 1988). Interestingly, ovariectomy of long-day animals does not
result in short-day levels of aggression, suggesting
that photoperiodic effects on aggression are not mediated by gonadal steroid hormones in female Syrian
hamsters (Fleming et al., 1988). In contrast, pinealectomy eliminates the short-day increase in aggression
in these animals, whereas exogenous melatonin treatment augments aggression in long-day animals (Fleming et al., 1988). Taken together, the present data and
previous data suggest an important role for melatonin
in mediating photoperiodic changes in aggression in
male and female hamsters.
The present results are also in accordance with findings of increased aggression during the nonbreeding
season of certain avian species when testosterone levels are basal (e.g., Logan and Wingfield, 1990; Wingfield, 1994). Importantly, these studies were conducted in the field, further supporting the ecological
relevance of the present findings. It is important to
note that, although the present data suggest that
changes in endogenous melatonin may play a role in
short-day changes in aggression, this hypothesis was
not tested directly in the present study. In principle, a
more direct test of this hypothesis could be conducted
by disrupting the actions of melatonin in short-day
housed hamsters and determining if short-day increases in aggression are maintained. Unfortunately,
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this approach is not possible because melatonin is the
primary signal of short days; disruption of this signal,
therefore, renders the animals physiologically “blind”
to short days.
One possible explanation for the present results is
that maintenance in short days (and subsequent increases in the duration of melatonin secretion) leads to
changes in the hypothalamic–pituitary–adrenal (HPA)
axis and changes in the HPA axis subsequently mediate changes in aggression. In support of this hypothesis, changes in both the size and function of the
adrenal gland are associated with changes in aggression. For example, house mice treated with melatonin
display increased territorial aggression but decreased
adrenal masses compared with saline-treated animals
(Paterson and Vickers, 1981). The increases in aggression seen in short days, however, could be blocked by
either adrenalectomy or acute reductions in glucocorticoids via injections of aminoglutethimide, a chemical
that reduces glucocorticoid secretion by disrupting
ACTH release (Paterson and Vickers, 1981). The results of the study described above suggest that the
effects of exogenous melatonin on aggression are mediated by its effects on the adrenal gland and, specifically, adrenal cortical glucocorticoids. It is important,
however, to note that the effect of glucocorticoids on
aggression reported in this study was in response to
aggression elicited by exogenous melatonin treatment
rather than short days. Although the results of the
present study in Syrian hamsters suggests that shortday increases in aggression are mediated by melatonin, the precise role of adrenal hormones in mediating
photoperiodic changes in aggression has not been
tested.
Another possible mechanism underlying increased
aggression in short-day or melatonin-treated hamsters
is via changes in the hormone vasopressin released
from the posterior pituitary. Vasopressin has been
implicated in mediating aggression in several rodent
species (Winslow, Hastings, Carter, Harbaugh, and
Insel, 1993; Goodson, 1998; Stribley and Carter, 1999;
Bester-Meredith, Young, and Marler, 1999). For example, injections of vasopressin into the anterior hypothalamus stimulate aggression, while vasopressin antagonists injected into the same brain region inhibit
aggression in Syrian hamsters (Ferris and Potegal,
1989; Potegal and Ferris, 1989; Ferris, Melloni, Koppel,
Perry, Fuller, and Delville, 1997). The effects of photoperiod on vasopressin in the central nervous system,
however, are less clear. Some studies have reported
increased vasopressin immunoreactivity in short-day
housed animals (Juszczak, Luciano, Bozena, Steger,
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Fadden, and Bartke, 1997; Bittman, Jetton, Villaba, and
DeVries 1996; Duncan, Cheng, and Heller, 1995),
while others have reported no differences or decreases
in vasopressin immunoreactivity in hamsters exposed
to short days (Albers, Rowland, and Ferris, 1991; Duncan, 1998). Siberian and Syrian hamsters, however,
display some differences in the distribution of vasopressin neurons and these differences may explain
some of the differences described above (Shi and
Bartness, 2000).
The present results demonstrating increased aggression in melatonin-treated hamsters compared with vehicle-treated control animals are particularly intriguing given that melatonin has been shown to exert a
tranquilizing or sedative effect in some species
(Romijn, 1978), and this hormone is administered clinically to induce sleep (Arendt, 1995). One interesting
hypothesis is that melatonin exerts differential physiological and behavioral effects in diurnal versus nocturnal species. For example, nocturnal animals (e.g.,
Syrian hamsters) are more active during the dark
phase (i.e., night) when circulating melatonin concentrations are at their peak, compared with the light
phase (i.e., day) when melatonin release is at its daily
nadir. In addition, overall activity of nocturnal rodents
is increased in short compared with long days (Hastings, Walker, and Herbert, 1987). Thus, increased aggression in short-day Syrian hamsters appears to be
consistent with the increase in general activity in nocturnal rodents. If the hypothesis that melatonin exerts
differential effects on nocturnal compared with diurnal animals is correct, then aggression should be reduced in diurnal rodent species (e.g., Nile grass rats
[Arvicanthus niloticus], degus [Octodon degus]) treated
with exogenous melatonin. Although this idea is intriguing, further research is needed to test it.
The adaptive significance of short-day increases in
aggression was not examined in the present study.
Increased aggression during the short days of winter,
however, likely confers an evolutionary advantage to
animals at a time when food availability is low and
competition for limited resources is relatively high.
Specifically, dominant animals may be more successful in obtaining or protecting limited resources compared with subordinate animals and, thus, may have
higher reproductive success relative to subordinate
animals. Regardless of the adaptive significance of
photoperiodic changes in aggression, the present results suggest that short-day increases in aggressive
behavior are due, at least in part, to increases in the
duration of melatonin secretion in short compared
with long days. In addition, the short-day increases in
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aggression, unlike the more commonly studied reproductive aggression, appear to be independent of circulating gonadal steroid hormones (i.e., testosterone).
These results suggest that the traditional idea that
testosterone causes aggression is too simplistic and
that a variety of neuroendocrine factors may interact
to regulate aggression in mammals. Collectively, these
results suggest that photoperiodic changes in aggression provide an important, ecologically relevant
model with which to study the neuroendocrine mechanisms underlying aggressive behavior in rodents.
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