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Many nontropical rodent species display seasonal confirm previous findings of increased aggression in

changes in both physiology and behavior that occur
primarily in response to changes in photoperiod. Short-
day reductions in reproduction are due, in part, to re-

short-day-housed hamsters and suggest that short-day-
induced increases in aggression are inversely related to

g

ductions in gonadal steroid hormones. In addition, go-
nadal steroids, primarily testosterone (T), have been
implicated in aggression in many mammalian species.
Some species, however, display increased aggression in
short days despite basal circulating concentrations of T.
The goal of the present studies was to test the effects of
photoperiod on aggression in male Siberian hamsters
(Phodopus sungorus) and to determine the role of T in
mediating photoperiodic changes in aggression. In Ex-
periment 1, hamsters were housed in long and short
days for either 10 or 20 weeks and aggression was
determined using a resident-intruder model. Hamsters
housed in short days for 10 weeks underwent gonadal
regression and displayed increased aggression com-
pared to long-day-housed animals. Prolonged mainte-
nance in short days (i.e., 20 weeks), however, led to
gonadal recrudescence and reduced aggression. In Ex-
periment 2, hamsters were housed in long and short
days for 10 weeks. Half of the short-day-housed animals
were implanted with capsules containing T whereas the
remaining animals received empty capsules. In addition,
half of the long-day-housed animals were castrated
whereas the remaining animals received sham surger-
ies. Short-day control hamsters displayed increased ag-
gression compared to either castrated or intact long-
day-housed animals. Short-day-housed T treated
hamsters, however, did not differ in aggression from
long-day-housed animals. Collectively, these results
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Individuals of most nontropical rodent species un-
dergo a suite of physiological and behavioral re-
sponses across the seasons of the year (reviewed in
Bronson and Heideman, 1994; Nelson, Badura, and
Goldman, 1990). Despite seasonal fluctuations in a
variety of environmental factors (e.g., ambient tem-
perature, rainfall, humidity), photoperiod (day length)
appears to be the primary environmental cue used by
most mammalian species to coordinate behavioral and
physiological responses (Bronson, 1989). Individuals
of most mammalian species undergo marked physio-
logical changes when exposed to changes in day
length. For example, animals maintained in short
“winter-like” days (i.e., ,12 h of light/day) undergo
gonadal regression (including reductions in gonado-
tropin secretion, inhibition of gonadal steroid hor-
mones, and subsequent regression of the gonads), as
well as changes in body mass, pelage color and den-
sity, thermoregulation, general activity, and behavior
(reviewed in Bartness, Bradley, Hastings, Bittman, and
Goldman, 1993). Animals maintained in short days for
prolonged periods of time (i.e., .16–20 weeks) un-
dergo spontaneous gonadal recrudescence at which
time the testes return to their long-day condition and
reproductive behavior resumes. These physiological

0018-506X/00 $35.00

Copyright © 2000 by Academic Press

All rights of reproduction in any form reserved.



changes in response to changes in photoperiod are
mediated by a multisynaptic pathway that conveys
photic information from the retina to the pineal gland

gression in some strains of mice (e.g., Selmanoff, Gold-
man, and Ginsburg, 1977) and, in some instances,
exogenous testosterone treatment reduces aggression
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and results in changes in the pattern of secretion of the
pineal indolamine, melatonin. Interruption of this
pathway at any point or removal of the pineal gland
blocks short-day patterns of melatonin secretion and
consequently gonadal regression (Elliott and Gold-
man, 1981; Tamarkin, Baird, and Almeida, 1985).

Short-day reductions in reproductive physiology
and behavior are due, in part, to reductions in gonadal
steroid hormones that accompany gonadal regression.
Plasma testosterone concentrations fall to basal levels
in animals housed in short photoperiods following
regression of the testes. In addition, changes in pho-
toperiod can alter the behavioral sensitivity to steroid
hormones. For example, in male Syrian hamsters, cas-
trated animals housed in short days are less sensitive
to the stimulatory effects of testosterone on reproduc-
tive behavior compared to long-day-housed animals
(Campbell, Finkelstein, and Turek, 1978; Morin and
Zucker, 1978). In contrast, the reduced behavioral sen-
sitivity to testosterone occurs at a time when hamsters
are most sensitive to testosterone negative feedback
on pituitary gonadotropin secretion (Tamarkin,
Hutchison, and Goldman, 1976; Ellis, Losee, and
Turek, 1979). Castration reduces aggression in males
in several vertebrate species (reviewed in Knol and
Egberink-Alink, 1989). This widely accepted relation-
ship between the presence of the testes (and normal
circulating testosterone concentrations) and aggres-
sion, however, is based primarily on studies of male–
male aggression in highly domesticated species such
as laboratory rats (Rattus norvegicus) and house mice
(Mus musculus). In these species, removal of the go-
nads results in substantial decreases in circulating tes-
tosterone and, subsequently, reduced aggression (Ed-
wards, 1969, 1970). When adult males of several
nondomesticated species are examined, however, ex-
ceptions to the relationship of low circulating testos-
terone concentrations and reduced aggression begin to
emerge (Demas, Moffatt, Drazen, and Nelson, 1999).
For example, several species of animals including
Mongolian gerbils (Meriones unguiculatus) (Christian-
son, Wallen, Brown, and Glickman, 1972), prairie
voles (Microtus ochrogaster) (Dewsbury, 1991; Demas et
al., 1999), Syrian hamsters (Mesocricetus auratus)
(Tiefer, 1970; Garrett and Campbell, 1980), and Euro-
pean starlings (Sturnus vulgaris) (Davis, 1957; Mathew-
son, 1961) do not display decreased aggression after
castration. Furthermore, there appears to be no con-
sistent correlation between testosterone levels and ag-
(Compaan, de Ruiter, Koolhaas, van Oortmerssen, and
Bohus, 1992; Logan and Carlin, 1991). Collectively,
these results suggest that testosterone may not play an
important role in the maintenance of aggression in
adult animals.

Several studies have examined the role of testoster-
one in aggression indirectly by manipulation of pho-
toperiod and, thus, gonadal steroid hormones. Inter-
estingly, “functional castration” of male Syrian
hamsters by maintaining animals in short days in-
creases aggression compared to long-day-housed ham-
sters, despite basal concentrations of testosterone. Af-
ter prolonged maintenance in short days (.15 weeks),
hamsters undergo gonadal recrudescence and the
short-day increases in aggressive behavior largely dis-
appear, returning to long-day levels of aggression by
21 weeks. In addition, males undergoing especially
rapid gonadal recrudescence display similarly rapid
decreases in aggression. These results suggest that
levels of aggressive behavior are inversely related to
serum testosterone concentrations, at least in male
Syrian hamsters (Garrett and Campbell, 1980). Sur-
prisingly, no other studies to our knowledge have
pursued these intriguing results and, thus, the precise
hormonal mechanisms underlying short-day increases
in aggression remain largely unknown.

Photoperiodic changes in aggression have been
demonstrated in females of at least one species, Syrian
hamsters (Badura and Nunez, 1989; Fleming, Phillips,
Rydall, and Levesque, 1988). Syrian hamsters display
a reversed sexual dimorphism in aggressive behavior
compared to other rodent species, with females typi-
cally displaying significantly more aggression than do
their male counterparts except when estrogen concen-
trations are elevated (e.g., during estrus) (Ciacco, Lisk,
and Reuter, 1979; Marques and Valenstein, 1977). Con-
sistent with this pattern, female Syrian hamsters main-
tained in short days (which reduces circulating estra-
diol concentrations) display significantly more
aggression compared to long-day-housed animals (Ba-
dura and Nunez, 1989; Fleming et al., 1988). Interest-
ingly, removal of the pineal gland (i.e., pinealectomy)
eliminates the short-day-induced increase in aggres-
sion in these animals, suggesting a role for melatonin
in mediating this effect. Surgical removal of the ova-
ries (i.e., ovariectomy) in long-day-housed animals,
however, does not result in short-day levels of aggres-
sion, suggesting that photoperiodic effects on aggres-
sion are not mediated by gonadal steroid hormones in



female Syrian hamsters (Fleming et al., 1988). To our
knowledge, no study has examined the role of photo-
period on aggression in males of a rodent species
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displaying the more typical male-dominant pattern of
aggression. Thus, the goal of the present study was to
extend the findings from Syrian hamsters to another
hamster species, Siberian hamsters (P. sungorus). In
addition, the present study examined the role of go-
nadal steroid hormones in mediating photoperiodic
changes in aggression by experimentally manipulat-
ing circulating testosterone concentrations. Specifi-
cally, long-day-housed animals were castrated to
mimic short-day levels of testosterone, whereas short-
day-housed animals were given exogenous testoster-
one to mimic long-day profiles.

MATERIALS AND METHODS

Animals and Housing Conditions

Adult (.60 days of age) Siberian hamsters (P. sun-
gorus) were obtained from our laboratory breeding
colony. This colony was originally derived from stock
animals supplied by Dr. Bruce Goldman (University
of Connecticut) in 1988 and interbred with wild-
trapped hamsters in 1990 from Dr. Katherine Wynne-
Edwards (Queens University). Hamsters were weaned
at 21 days of age and housed with same-sex siblings.
Two weeks before the initiation of the experiments
(before photoperiodic manipulation), animals were
housed individually in polypropylene cages (27.8 3
7.5 3 13.0 cm) in colony rooms with a 24-h LD 16:8
ycle (lights on 0300 h EST). Temperature was kept
onstant at 20°C and relative humidity was main-
ained at 50 6 5. Food (Purina Rat Chow) and tap

ater were available ad libitum throughout the exper-
ment. Additional animals were used as nonaggres-
ive intruders during behavioral testing and were
oused 8–10 per cage. Group-housed hamsters are

ypically nonaggressive. These animals were of the
ame age as experimental animals and were housed in
ong-day conditions. All animals were treated in ac-
ordance to the Georgia State University Institutional
nimal Care and Use Committee.

xperiment 1

The goal of Experiment 1 was to determine the
ffects of short-day housing on aggression in adult,
ale Siberian hamsters. Hamsters (n 5 36) were se-

ected randomly and assigned to one of two photope-
als (n 5 18) were housed in long-day photoperiodic
onditions (LD 16:8). Half of the animals from each
hotoperiod remained in their respective photoperi-
dic conditions for 10 weeks before behavioral testing,
nd their cages were not changed for 2 weeks before
ehavioral testing. The remaining short-day animals
ere maintained in their respective photoperiods for

0 weeks to allow spontaneous gonadal recrudescence
o occur in short-day-housed animals; this time has
een shown previously to be sufficient for recrudes-
ence to occur in Siberian hamsters (Bartness, Hamil-
on, Wade, and Goldman, 1989). The remaining long-
ay-housed animals served as age-matched controls.
hotoperiodic responsiveness was determined by in-
pection of pelage color (Duncan and Goldman, 1984).
nimals that did not respond to short days by the

ypical change in pelage color from summer gray to
inter white were excluded from subsequent statisti-

al analyses. Resident/intruder aggression was as-
essed by introducing a nonaggressive intruder into
he home cage of an experimental animal for 5 min.
ehavioral testing was conducted during the first 2 h
f the dark phase to control for circadian rhythmicity
f behavior. Intruder males were dye-marked on the
ail for purposes of identification. Attack latency,
umber of attacks, and total duration of attacks were
ecorded by two observers blind to experimental con-
itions. A novel pairing of animals was made for each

est and nonaggressive intruders were not used more
han once per day.

xperiment 2

The goal of Experiment 2 was to assess the role of
estosterone in photoperiod-induced changes in ag-
ression. Hamsters (n 5 32) were selected randomly
nd assigned to either long or short days. Half of the
ong-day-housed animals (n 5 8) were selected ran-
omly and castrated to remove testosterone (mimick-

ng short-day levels) while the remaining animals
n 5 8) received sham operations. All short-day-
oused animals received sham surgeries. Animals
ere anesthetized deeply using sodium pentobarbitol

50 mg/kg). Castrations were performed through bi-
ateral abdominal incisions; both testes were removed,
he abdominal wall was sutured, and the incision in
he skin was closed with 9-mm wound clips (Clay
dams, Parsipany, NJ). Nitrofurazone antibacterial
owder (Phoenix Pharmaceuticals, St. Josephs, MI)



was applied to the skin surface to prevent infection.
Animals that were sham castrated underwent a simi-
lar procedure but their testes were irrigated with sa-
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STATISTICAL ANALYSES

In Experiment 1, differences between treatment
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line and returned to the abdominal cavity before clos-
ing. Half of the short-day-housed animals (n 5 8)

ere implanted with 10-mm-long Silastic capsule im-
lants (1.47-mm inner diameter, 1.95-mm outer diam-
ter, silicone medical grade tubing, American Scien-
ific Product, McGraw Park, IL) filled with
estosterone (Sigma, St. Louis, MO) to mimic long-day
evels of testosterone. The remaining short-day-
oused animals and all of the long-day-housed ani-
als were implanted with empty Silastic capsules. For

apsule implantation, animals were anesthetized
ightly with methoxyflurane vapors (Metophane, Pit-

an-Moore Inc., Mundelein, IL). A 70% alcohol solu-
ion was applied to the intrascapular surface and a
-mm incision was made perpendicular to the mid-
ine. Capsules were implanted subcutaneously and
he incision was closed with a 9-mm wound clip.
nimals remained in their respective photoperiodic

onditions for 10 weeks before behavioral testing, and
heir cages were not changed for 2 weeks before be-
avioral testing. Resident/intruder aggression was as-
essed as in Experiment 1, and photoperiodic respon-
iveness was determined by weighing the testes at
utopsy.

lood Collection and Testosterone Assay

Following behavioral testing in Experiment 2, ani-
als were lightly anesthesized and blood samples

500 ml) were drawn into capillary tubes via retro-
rbital bleeding. Handling time was kept consistent
nd to a minimum; the time from initial removal from
he cage to the end of bleeding was less than 3 min.
he samples were allowed to clot for 1 h, then the clot
as removed and the samples were centrifuged at 4°C

or 1 h at 3500 rpm. Serum aliquots were extracted and
tored at 280°C until assayed. Serum testosterone
oncentrations were determined in a single radioim-
unoassay based on a previously reported method

Granger, Schwartz, Booth, and Arentz, 1999) adapted
o assess serum testosterone levels of Siberian ham-
ters. This assay was validated for use with this
pecies. The antiserum used was highly specific for
estosterone. Cross-reactivity with other steroid hor-

ones was ,0.01%. Assay sensitivity was 0.18 ng/ml
nd the intra-assay coefficient of variation was 3.5%.
means were assessed using a one-way between-
groups analysis of variance (ANOVA) (Sigma Stat,
Jandel Inc., San Rafael, CA). Because aggression did
not differ significantly between hamsters housed in
long days for either 10 or 20 weeks, the data for all
animals from both time points were collapsed into a
single statistical analysis. In Experiment 2, differences
between experimental conditions were assessed via a
2 (photoperiod) 3 2 (gonadal status) between-groups
ANOVA. Post hoc comparisons between pairwise
means were conducted using Tukey–HSD tests. In all
cases differences between group means were consid-
ered statistically significant at P , 0.05.

RESULTS

In Experiment 1, there was a significant effect of
photoperiod on body mass (F 2,35 5 25.31, P , 0.05).
Hamsters maintained in short days for 10 weeks
weighed significantly less than long-day-housed ham-
sters (P , 0.05) or hamsters housed in short days for
0 weeks (P , 0.05). In addition, there was a signif-
cant effect of photoperiod on testes mass (F 2,35 5

287.27, P , 0.05). Paired testes mass also was signif-
cantly smaller in hamsters housed in short days for 10

eeks compared to animals housed in long days (P ,
.05) or in short days for 20 weeks (P , 0.05) (Fig. 1).
There was a significant effect of photoperiod on the

number of attacks (F 2,35 5 6.10, P , 0.05). Hamsters
oused in short days for 10 weeks exhibited a signif-

cantly greater number of attacks than long-day-
oused animals (P , 0.05) (Fig. 2). In addition, there
as a significant effect of photoperiod on initial la-

ency to attack (F 2,35 5 3.91, P , 0.05). Latency to
nitial attack was significantly shorter in short-day-
oused animals compared to long-day-housed ani-
als (P , 0.05). There was a main effect of photope-

iod on the duration of attacks (F 2,35 5 9.43, P ,
0.05). Hamsters housed in short days for 10 weeks
displayed significantly longer duration of attacks com-
pared to long-day-housed hamsters (P , 0.05) (Fig.
). Animals maintained in short days for 20 weeks (i.e.,
hotorefractory) displayed levels of aggression in be-

ween that of long-day-housed and 10-week short-
ay-housed hamsters although levels of aggression
ere not statistically different than either long-day or
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10-week short-day-housed animals in all parameters
measured (Fig. 2).

In Experiment 2, there was a significant interaction
between hormonal treatment and photoperiod on the
number of attacks (F 1,31 5 3.56, P , 0.05). Short-day-

oused sham-operated hamsters displayed a signifi-
antly greater number of attacks compared to short-
ay-housed, testosterone-treated and all long-day-
oused animals (P , 0.05 in all cases) (Fig. 3).
nterestingly, long-day-housed castrated hamsters dis-
layed significantly longer duration of attack com-
ared to long-day testosterone-treated hamsters (P ,
.05) and short-day testosterone-treated hamsters
P , 0.05). In addition, short-day sham-operated
amsters were not different from long-day castrates in

otal duration of attack. Finally, the latency to initial
ttack was significantly shorter in short-day-housed,
ham-operated animals compared to short-day-
oused, testosterone-treated hamsters (P , 0.05) and

FIG. 1. Mean (6SEM) body mass (a) and testes mass (b) of animals
housed in long days (LD) (n 5 18), short days for 10 weeks (SD-10)
n 5 9), and short days for 20 weeks (SD-20) (n 5 9). Significant
ifferences between pairwise means are indicated by an asterisk (*)
P , 0.05).
astrated animals, regardless of photoperiod, and con-
entrations did not differ significantly between long-
ay-housed sham-operated and short-day-housed tes-

osterone-treated animals (P . 0.05), (Fig. 4).

DISCUSSION

The present data suggest that short day lengths
increase aggression in male Siberian hamsters and that

FIG. 2. Mean (6SEM) number of attacks (a), total (6SEM) dura-
tion of attacks (b), and mean (6SEM) latency to initial attack(s) (c)
of animals housed in long days (LD) (n 5 18), short days for 10

eeks (SD-10) (n 5 9), and short days for 20 weeks (SD-20) (n 5 9).
Significant differences between pairwise means are indicated by an
asterisk (*) (P , 0.05).



reported similar increases in aggression in animals
housed under short photoperiods in both male (Gar-
rett and Campbell, 1980) and female Syrian hamsters

a
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increased aggression is inversely related to circulating
concentrations of testosterone. In Experiment 1, short-
day, photoresponsive animals displayed a greater
number of attacks, longer duration of attack, and a
shorter latency to attack than long-day-housed ani-
mals. Short-day photorefractory animals displayed a
pattern of aggression in between that of long-day and
short-day photoresponsive animals. These data sug-
gest that short photoperiods enhance aggression in
male Siberian hamsters. A number of studies have

FIG. 3. Mean (6SEM) number of attacks (a), total (6SEM) dura-
tion of attacks (b), and mean (6SEM) latency to initial attack (c) of
animals housed in long days receiving sham castrations (LD/T1)
(n 5 8), long-day castrated animals (LD/T) (n 5 8), short-day
animals receiving empty capsules (SD/T2) (n 5 8), and short-day
nimals receiving testosterone (SD/T1) (n 5 8). An asterisk (*)

indicates a significant difference from both LD/T1 and SD/T1 (P
, 0.05). A plus (1) indicates a significant difference from both
LD/T2 and SD/T2 (P , 0.05).
(Fleming et al., 1988; Badura and Nunez, 1989).
In Experiment 2, short-day-housed animals receiv-

ing empty capsules displayed more aggressive be-
havior than short-day-housed, testosterone-treated
hamsters and long-day-housed, intact animals. Inter-
estingly, when short-day-housed animals were given
testosterone via subcutaneous capsules, levels of ag-
gression were returned to those of long-day-housed
intact animals. Taken together, the data from Experi-
ments 1 and 2 suggest that the short-day-induced
increases in aggression appear to be inversely related
to circulating testosterone concentrations. These data
are in contrast with traditional literature suggesting a
positive correlation between levels of aggression and
levels of circulating testosterone (reviewed in Knol
and Egberink-Alink, 1989). The present results, how-
ever, are consistent with the sparse literature suggest-
ing that there are photoperiodic-mediated increases in
aggression in hamsters (Garrett and Campbell, 1980;
Fleming et al., 1988; Badura and Nunez, 1989) and that
testosterone may not necessarily contribute to high
levels of aggression in adult animals (Demas et al.,
1999). It is important to note that the inverse relation-
ship between circulating testosterone levels and ag-
gression does not appear to be a direct one. For exam-

FIG. 4. Mean (6SEM) serum testosterone (T) concentration of
animals housed in long days receiving sham castrations (LD/T1),
long-day castrated animals (LD/T2), short-day animals receiving
empty capsules (SD/T2), and short-day animals receiving testos-
terone (SD/T1). Significant differences between pairwise means are
indicated by an asterisk (*) (P , 0.05).



ple, if testosterone is the primary factor determining
aggression, then long-day castrated animals would
display comparable levels of aggression to short-day

man, Jetton, Villalba, and Devries, 1996; Duncan,
Cheng, and Heller, 1995), whereas others have shown
no differences or decreases in vasopressin in animals
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intact animals. This did not occur in the present study,
suggesting that factors in addition to testosterone play
a role in mediating short-day increases in aggression.

One possible explanation for the increased aggres-
sion observed in hamsters housed in short photoperi-
ods is the size difference between short-day-housed
hamsters and nonaggressive intruder animals. For ex-
ample, previous research has demonstrated that larger
animals are typically more dominant and, thus, dem-
onstrate more aggressive behavior than smaller, less
dominant animals (Drickamer and Vandenbergh,
1973; Payne and Swanson, 1970). This explanation,
however, is unlikely in the present studies because
hamsters housed in short days had decreased body
mass and, thus, should display less aggression com-
pared to long-day-housed animals.

Another, more interesting explanation for our re-
sults is that exposure to short photoperiods increases
androgen receptor sensitivity to testosterone. It is im-
portant to note that although testosterone in short-
day, gonadally regressed hamsters is at basal levels,
testosterone is not completely absent. A small amount
of testosterone is secreted by the gonads in short-day
hamsters; in addition, other sources of androgen se-
cretion (e.g., the adrenal glands) are present. Thus, it is
possible that small amounts of testosterone may actu-
ally lead to basal or even increased behavioral effects
due to increased sensitivity of steroid receptors. It is
unlikely that increased steroid receptor sensitivity ex-
plains the short-day-induced increased aggression ob-
served in the present study because exogenous testos-
terone reduces aggression in short-day animals.

Vasopressin is another hormone that is involved in
mediating aggression in several species (Winslow,
Hastings, Carter, Harbaugh, and Insel, 1993; Goodson,
1998; Stribley and Carter, 1999; Bester-Meredeth,
Young, and Marler, 1999) and is likely involved in the
short-day-induced increased aggression observed in
the present study. Injection of vasopressin into the
medial preoptic area of Syrian hamsters stimulates
aggression, whereas vasopressin antagonists injected
into the same nuclei reduce aggression (Ferris and
Potegal, 1989; Potegal and Ferris, 1989; Ferris, Melloni,
Koppel, Perry, Fuller, and Delville, 1997). It is unclear,
however, how photoperiod affects vasopressin levels
within the central nervous system. Some studies have
shown increased vasopressin immunoreactivity in
species exposed to short photoperiods (Jusczak, Lu-
ciano, Bozena, Steger, Fadden, and Bartke, 1997; Bitt-
exposed to short photoperiods (Albers, Rowland, and
Ferris, 1991; Duncan, 1998). It is possible that photo-
period alters the sensitivity of vasopressin receptors
rather than vasopressin itself. Therefore, even if vaso-
pressin levels are not increased during short photope-
riods, an increased number of vasopressin receptors or
increased receptor sensitivity may explain short-day-
induced increases in aggression observed in previous
studies and in the present study.

Short-day-induced increases in aggression in Sibe-
rian hamsters also may be due to the increased dura-
tion of melatonin secretion. Ambient photoperiodic
information is transduced by the pineal gland into a
melatonin signal with peak concentrations of the hor-
mone occurring during the dark and basal levels oc-
curring during the light portion of the day. Mainte-
nance of animals in short days (i.e., long nights)
results in a prolonged duration of melatonin secretion.
Although melatonin has traditionally been considered
primarily a reproductive hormone, it regulates a wide
range of seemingly unrelated physiological, morpho-
logical, and behavioral processes (reviewed in Bart-
ness et al., 1993). For example, melatonin appears to

ediate the short-day-induced increases in agonistic
ehavior seen in female Syrian hamsters (Fleming et
l., 1988; Badura and Nunez, 1989). Female hamsters
oused in short days display increased aggressive
ehavior compared with long-day-housed hamsters;
his short-day-induced increase can be blocked by pi-
ealectomy (Fleming et al., 1988; Badura and Nunez,
989). Furthermore, long-day-housed hamsters
reated with exogenous melatonin to mimic short-day
evels also display increased aggression (Fleming et al.,
988). It is not clear, however, whether the relation-
hip is as simple as increased duration of melatonin
ecretion leading to increased aggression. For exam-
le, both previous research (Garrett and Campbell,
980), and the present data demonstrate that the in-
reases in aggression in short-day-housed hamsters
re reversed after prolonged exposure to short days
i.e., when animals become refractory). It is important
o note that this “return” to long-day-like levels of
ggression occurs despite continued short-day pat-
erns of melatonin secretion. Although the absolute
uration of melatonin secretion, and not sensitivity to

he hormone, is responsible for the initial gonadal
egression, these results suggest that melatonin sensi-
ivity, rather than the absolute duration of melatonin



secretion, mediate photoperiodic changes in aggres-
sion in hamsters.

At an ultimate level of analysis, increased aggres-

Bittman, E. L., Jetton, A. E., Villalba, C., and Devries, G. J. (1996).
Effects of photoperiod and androgen on pituitary function and
neuropeptide staining in Siberian hamsters. Am. J Physiol. 271,
R64–72.
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sive behavior in short days may confer an evolution-
ary advantage at a time when food availability is
presumably low and competition for limited available
resources is extremely high. For most nontropical ro-
dents the reduced day length of winter is accompa-
nied by reduced ambient temperature and food avail-
ability as well as increased thermogenic demand.
Thus, in the field short-day increases in aggression
would occur at a time during harsh environmental
conditions and limited resources. Specifically, more
dominant animals may be more successful in procur-
ing necessary resources to sustain life and, thus, en-
sure future reproductive success. Regardless of the
adaptive significance of short-day-induced aggres-
sion, the current data suggest that short-day increases
in aggression are inversely related to levels of circu-
lating testosterone.

ACKNOWLEDGMENTS

The authors thank Mary Karom for performing the testosterone
radioimmunoassay and Debbie Drazen and Stephanie Plunkett for
providing helpful comments on the manuscript, as well as Pat
Hicks, David Marshall, and Charlie Smeeten for expert animal care.
This research was supported by NIH Award NS 10596 to GED, NIH
NS 34896 to KLH, and NIMH K02 MH00841, NIH R01 DK 35254 to
TJB. This material is based upon work supported, in part, by the
STC program of the NSF under agreement #IBN-9876754.

REFERENCES

Albers, H. E., Rowland, C. M., and Ferris, C. F. (1991). Arginine–
vasopressin immunoreactivity is not altered by photoperiod or
gonadal hormones in the Syrian hamster (Mesocricetus auratus).
Brain Res. 539, 137–142.

Badura, L. L., and Nunez, A. A. (1989). Photoperiodic modulation of
sexual and aggressive behavior in female golden hamsters (Me-
socricetus auratus): Role of the pineal gland. Horm. Behav. 23,
27–42.

Bartness, T. J., Hamilton, J. M., Wade, G. N., and Goldman, B. D.
(1989). Regional differences in fat pad responses to short days in
Siberian hamsters. Am. J. Physiol. 257, R1533–R1540.

Bartness, T. J., Bradley, J., Hastings, M. H., Bittman, E. L., and
Goldman, B. D. (1993). The timed infusion paradigm for melato-
nin delivery: What has it taught us about the melatonin signal, its
reception, and the photoperiodic control of seasonal responses?
J. Pineal Res. 15, 161–190.

Bester-Meredith, J. K., Young, L. J., and Marler, C. A. (1999). Species
differences in paternal behavior and aggression in Peromyscus and
their associations with vasopressin immunoreactivity and recep-
tors. Horm. Behav. 36, 25–38, doi: 10.1006/hbeh.1999.1522.
ronson, F. H. (1989). Mammalian Reproductive Biology. University of
Chicago Press, Chicago.

ronson, F. H., and Heideman, P. D. (1994). Seasonal regulation of
reproduction in mammals. In E. Knobil, and J. D. Neill (Eds.), The
Physiology of Reproduction, Vol. 2, 2nd ed., pp. 541–584. Raven
Press, New York.

ampbell, C. S., Finkelstein, J. S., and Turek, F. W. (1978). The
interaction of photoperiod and testosterone on the development
of copulatory behavior in castrated male hamsters. Physiol. Behav.
21, 409–415.

iacco, L. A., Lisk, R. D., and Rueter, L. A. (1979). Prelordotic
behavior in the hamster: A hormonally modulated transition from
aggression to sexual receptivity. J Comp. Physiol. Psychol. 93, 771–
780.

Christianson, T., Wallen, K., Brown, B., and Glickman, S. E. (1972).
Effects of castration, blindness, and anosmia on social activity in
the male Mongolian gerbil (Meriones unguiculatus). Physiol. Behav.
10, 989–994.

Compaan, J. C., de Ruiter, A. J., Koolhaas, J. M., van Oortmerssen,
G. A., and Bohus, B. (1992). Differential effects of neonatal testos-
terone treatment on aggression in two selection lines of mice.
Physiol. Behav. 51, 7–10.

Davis, D. E. (1957). Aggressive behavior in castrated starlings. Sci-
ence 130, 253.

Demas, G. E., Moffatt, C. A., Drazen, D. L., and Nelson, R. J. (1999).
Castration does not inhibit aggressive behavior in adult male
prairie voles. Physiol. Behav. 6, 59–61.

Dewsbury, D. A. (1991). Individual attributes generate contrasting
degrees of sociality in voles. In R. H. Tamarin, R. S. Ostfeld, S. R.
Pugh, and G. Bujalska (Eds.), Social Systems and Population Cycles
in Voles, pp. 1–9. Birkhauser Verlag, Boston.

Drickamer, L. C., and Vandenbergh, J. G. (1973). Predictors of social
dominance in the adult female golden hamster (Mesocricetus au-
ratus). Anim. Behav. 21, 564–570.

Duncan, M. J., and Goldman, B. D. (1984). Hormonal regulation of
the annual pelage color cycle in Djungarian hamster, Phodopus
sungorus: I. Role of the gonads and pituitary. J Exp. Zool. 230,
88–95.

Duncan, M. J., Cheng, X., and Heller, K. S. (1995). Photoperiodic
exposure and time of day modulate the expression of arginine
vasopressin mRNA and vasoactive intestinal peptide mRNA in
the suprachiasmatic nuclei of Siberian hamsters. Brain Res. Mol.
Brain Res. 32, 181–186.

Duncan, M. J. (1998). Photoperiodic regulation of hypothalamic
neuropeptide messenger RNA expression: Effect of pinealectomy
and neuroanatomical location. Brain Res. Mol. Brain Res. 57, 142–
148.

dwards, D. A. (1969). Early androgen stimulation and aggressive
behavior in male and female mice. Physiol. Behav. 4, 333–338.

dwards, D. A. (1970). Post-neonatal androgenization and adult
aggressive behavior in female mice. Physiol. Behav. 5, 465–467.

llis, G. B., Losee, S. H., and Turek, F. W. (1979). Prolonged expo-
sure of castrated male hamsters to a nonstimulatory photoperiod:
Spontaneous change in sensitivity of the hypothalamic–pituitary
axis to testosterone feedback. Endocrinology 104, 631–635.

lliott, J. A., and Goldman, B. D. (1981). Seasonal reproduction:
Photoperiodism and biological clocks. In N. T. Adler (Ed.), Neu-



ronedocinology of Reproduction: Physiology and Behavior, pp. 377–
423. Plenum Press, New York.

Elliott, A. S., and Nunez, A. A. (1992). Photoperiod modulates the
effects of steroids on sociosexual behaviors of hamsters. Physiol.

G

G

J

K

L

reproductive behavior during autumn in mockingbirds (Mimus
polyglottos). Horm. Behav. 25, 229–241.

Mathewson, S. F. (1961). Gonadotrophic hormones affect aggressive
behavior in starlings. Science 134, 1522–1523.

N

S

T

110 Jasnow et al.
Behav. 51, 1189–1193.
Ferris, C. F., and Potegal, M. (1989). Vasopressin receptor blockade

in the anterior hypothalamus suppresses aggression in Syrian
hamsters. Physiol. Behav. 44, 235–239.

Ferris, C. F., Melloni, R. H., Jr., Koppel, G., Perry, K. W., Fuller,
R. W., and Delville, Y. (1997). Vasopressin/serotonin interactions
in the anterior hypothalamus control aggressive behavior in
golden hamsters. J Neurosci. 17, 4331–4340.

Fleming, A. S., Phillips, A., Rydall, A., and Levesque, L. (1988).
Effects of photoperiod, the pineal gland and the gonads on ago-
nistic behavior in female golden hamsters (Mesocricetus auratus).
Physiol. Behav. 44, 227–234.

Garrett, J. W., and Campbell, C. S. (1980). Changes in social behavior
of the male golden hamster accompanying photoperiodic changes
in reproduction. Horm. Behav. 14, 303–319.
oodson, J. L. (1998). Vasotocin and vasoactive intestinal polypep-
tide modulate aggression in a territorial songbird, the violet-eared
waxbill (Estrildidae: Uraeginthus granatina). Gen. Comp. Endocrinol.
111, 233–244.
ranger, D. A., Schwartz, E. B., Booth, A., and Arentz, M. (1999).
Salivary testosterone determination in studies of child health
and development, Horm. Behav. 35, 18–27, doi: 10.1006/
hbeh.1998.1492.

uszczak, M., Luciano, D., Bozena, S., Steger, R. W., Fadden, C.,
and Bartke, A. (1997). Neurophypophyseal vasopressin in the
Syrian hamster: Response to short photoperiod, pinealectomy,
melatonin treatment, or osmotic stimulation. Brain Res. Bull. 42,
221–225.

nol, B. W., and Egberink-Alink, S. T. (1989). Androgens, progesta-
gens and agonistic behaviour: A review. Vet. Q. 11, 94–101.

ogan, C. A., and Carlin, C. A. (1991). Testosterone stimulates
Marques, D. M., and Valenstein, E. S. (1977). Individual differences
in aggressiveness of female hamsters: Response to intact and
castrated males and to females. Anim. Behav. 25, 131–139.

Morin, L. P., and Zucker, I. (1978). Photoperiodic regulation of
copulatory behavor in the male hamster, J. Endocrinol. 77, 249–
258.
elson, R. J., Badura, L. L., and Goldman, B. D. (1990). Mechanisms
of seasonal cycles of behavior. Ann. Rev. Psychol. 41, 8–109.

Payne, A. P., and Swanson, H. H. (1970). Agonsitic behavior be-
tween pairs of hamsters of the same and opposite sex in a neutral
observation area. Behavior 36, 259–269.

Potegal, M., and Ferris, C. F. (1989). Intraspecific aggression in male
hamsters is inhibited by intrahypothalamic vasopressin-receptor
antagonist. Aggress. Behav. 15, 311–320.

Selmanoff, M. K., Goldman, B. D., and Ginsburg, B. E. (1977). Serum
testosterone, agonistic behavior, and dominance in inbred strains
of mice. Horm. Behav. 8, 107–119.

tribley, J. M., and Carter, C. S. (1999). Developmental exposure to
vasopressin increases aggression in adult prairie voles. Proc. Natl.
Acad. Sci. USA 96, 12601–12604.

amarkin, L., Hutchison, J. S., and Goldman, B. D. (1976). Regula-
tion of serum gonadotropins by photoperiod and testicular hor-
mone in the Syrian hamster. Endocrinology 99, 1528–1533.

Tamarkin, L., Baird, C. J., and Almeida, O. F. (1985). Melatonin: A
coordinating signal for mammalian reproduction? Science 227,
714–720.

Tiefer, L. (1970). Gonadal hormones and mating behavior in the
adult golden hamster. Horm. Behav. 1, 189–202.

Winslow, J. T., Hastings, N., Carter, C. S., Harbaugh, C. R., and
Insel, T. R. (1993). A role for central vasopressin in pair bonding
in monogamous prairie voles. Nature 365, 545–548.


	MATERIALS AND METHODS
	STATISTICAL ANALYSES
	RESULTS
	FIG. 1

	DISCUSSION
	FIG. 2
	FIG. 3
	FIG. 4

	ACKNOWLEDGMENTS
	REFERENCES

