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Abstract

Many nontropical animals display physiological and behavioural changes in response to seasonal envi-
ronmental cues including photoperiod (day length). Male Siberian hamsters (Phodopus sungorus) housed
in short photoperiod undergo testicular regression accompanied by reduced circulating testosterone and
decreased reproductive behaviour. By contrast to the majority of small mammals studied, aggressive
behaviour is elevated in short-day Siberian hamsters when blood testosterone concentrations are not
detectable. Because gonadal steroid hormones influence neuronal nitric oxide synthase (nNOS), and this
enzyme has been implicated in aggressive behaviour, we hypothesized that nNOS expression would be
decreased in short-day male Siberian hamsters and negatively correlated with the display of territorial
aggression. Adult male Siberian hamsters were individually housed in either long (LD 16 : 8 h) or short
(LD 8 : 16 h) photoperiods for 10 weeks. Hamsters were assigned to one of two categories by assessing
testicular volume and plasma testosterone values: (i) photoperiodic responsive (i.e. regressed testes and
low testosterone concentrations) or (ii) photoperiodic nonresponsive (i.e. testes size and circulating
testosterone concentrations equivalent to hamsters maintained in long days). At week 10, aggression
was assessed using a resident—intruder test. Latency to initial attack, frequency of attacks and duration
of total attacks were recorded during a 10-min aggression trial. Brains were collected immediately after
behavioural testing and stained for nNOS expression using immunohistochemistry. All short day-housed
hamsters were significantly more aggressive than long-day animals, regardless of gonadal size or tes-
tosterone concentrations. Short-day animals, both reproductively responsive and nonresponsive morphs,
also had significantly less nNOS-immunoreactive cells in the anterior and basolateral amygdaloid areas
and paraventricular nuclei compared to long-day hamsters. Together, these results suggest that seasonal
aggression in male Siberian hamsters is regulated by photoperiod, through mechanisms that are likely
independent from gonadal steroid hormones.

Many nontropical animals display seasonal morphological,
physiological and behavioural changes in response to environ-
mental factors; one of the most salient seasonal cues is
photoperiod, or day length (1, 2). Individuals of many
mammalian species undergo marked seasonal adaptations
when exposed to changes in day length under laboratory
conditions. For example, rodents maintained in short, winter-
like photoperiods (e.g. < 12 h of light/day) display decreased
body mass, changes in pelage colour, gonadal regression
(including reduction of gonadotropin and gonadal steroid

hormone secretion, which in turn affects reproductive activity),
changes in general locomotor activity and several other
behavioural adjustments (3). These changes are primarily due
to the seasonal changes in the pattern of pineal melatonin
secretion, which is directly correlated to the prevailing photo-
period (4). Presumably, these morphological, physiological and
behavioural responses to the seasons help individuals cope with
the changing environment and are adaptive.

Siberian hamsters (Phodopus sungorus) show robust
seasonal adjustments mediated by photoperiod. Hamsters
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housed in short photoperiods (< 13 h light/day) for
prolonged periods display coat colour changes from the
summer black-brown to ‘winter-white’, and also reduce
general locomotor activities and body mass, as well as
gonadal size and function (5). As the gonads undergo
regression, plasma concentrations of gonadal steroid hor-
mones fall to undetectable levels (3). In most rodent species
studied to date, reduction in circulating testosterone con-
centrations result in reduced mating and aggressive behav-
iours (6, 7). However, both Syrian (Mesocricetus auratus)
and Siberian hamsters display increased aggressive beha-
viour in short photoperiods despite low circulating gonadal
steroids (8-10).

Another factor that has an important role in regulating
aggression is neuronal nitric oxide synthase (nNOS or NOS-1;
11). nNOS produces the neurotransmitter, nitric oxide (NO),
as a byproduct of the conversion of arginine into citrulline in
the central and peripheral nervous systems (12, 13). Nitric
oxide from neurones appears to be involved in regulating some
aggressive behaviours. For example, male mice with targeted
disruption of the nNOS gene (nNOS-/-) display sustained
aggressive behaviour and persistent sexual behaviour (11, 14).
Pharmacological treatment with 7-nitroindazole (7-NI), a
selective nNOS inhibitor, also elevates aggression in wild-type
mice, suggesting that the aggressive behaviour in nNOS—/—
mice is caused by loss of NO from neuronal sources, rather
than developmental abnormalities (15). Such aggressive
behaviour in nNOS—-/— mice is due, in part, to selective
decrement in serotonin (5-HT) turnover and deficiency of
serotonin receptors 5-HT;o and 5-HT;p function in brain
regions regulating emotion (16). However, inappropriate
aggressive behaviour has been observed only in male nNOS—/—
mice; female nNOS—/— mice display little or no aggression and
a decrease in maternal aggression (11, 17). Castration and
testosterone replacement studies have shown that testosterone
is necessary, but not sufficient, to provoke elevated aggressive
behaviour in nNOS—/— mice (18). Furthermore, nNOS
expression and enzymatic activities in the hypothalamus and
amygdala are negatively correlated with blood testosterone
concentrations (19). Together, these data for nNOS—/— mice
are consistent with the well documented relationship between
androgens and aggression (7).

Siberian hamsters, unlike inbred strains of mice and rats
that are not reproductively responsive to photoperiod,
provide a naturalistic model for the study of seasonal
fluctuations in aggressive behaviours, as well as the neuro-
endocrine mechanisms underlying these behavioural changes.
Although the photoperiodic effect on aggression in hamsters
has been previously reported (8, 10), to our knowledge, no
study has examined the role of photoperiod on neuronal
nitric oxide synthase and aggression. An additional advant-
age to studying Siberian hamsters is the natural variation in
reproductive responsiveness to photoperiod (i.e. within a
population of individuals, a small subset of animals remains
reproductively unresponsive to photoperiod changes) (20-22).
The neuroendocrine mechanisms by which such individuals
maintain reproductive function despite the inhibitory short-
day signals vary among species. Individuals of some species
(e.g. Siberian hamsters) differ in aspects of the circadian
pacemaker, whereas individuals of other species (e.g. deer
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mice) display alterations in target site responsiveness to
melatonin (22). Despite their potential value in testing the
neuroendocrine regulation of behaviour, the behavioural
characteristics of nonresponsive animals are often over-
looked.

Thus, the goal of the present study was to examine how
photoperiod may affect the nNOS pathway and its regulation
of aggression in Siberian hamsters. We manipulated photo-
period, assessed aggressive behaviour using a resident—
intruder model, and measured nNOS expression in the
anterior (AA) and basolateral amygdaloid area (BLA), as
well as the paraventricular nucleus (PVN). The basolateral
amygdaloid area was chosen because this nucleus has been
reported to mediate intermale aggression (23). The PVN was
chosen because it contains a large number of vasopressinergic
neurones and is also an integral part of the hypothalamic-
pituitary-adrenal (HPA) neuroendocrine axis; both of these
systems have been implicated in aggression in rodents (24).
Finally, The AA was used as a control area because this brain
region had not been previously associated with aggressive
behaviours in Siberian hamsters (17). We hypothesized that,
because Siberian hamsters display photoperiodic variation in
aggression and because NO mediates aggression in mice,
photoperiodic changes in aggression may be modulated by
the nNOS pathway. Specifically, we predicted that aggressive
behaviour in short-day Siberian hamsters would be negatively
correlated with nNOS expression in select brain regions
regulating aggression.

Materials and methods

Animals and housing

Adult (> 60 days of age) male Siberian hamsters (P. sungorus) were
obtained from our laboratory breeding colony at The Ohio State Univer-
sity. Animals were weaned at 21 days of age and housed with same-sex
siblings in polypropylene cages (28 x 17 x 12 cm) with a 16 : 8 h light/dark
cycle (lights on 22.00 h EST). Ambient temperature of the room was
22 £ 2°C and relative humidity was maintained at 50 + 5%. Food
(LabDiet 5001; PMI Nutrition, Brentwood, MO, USA) and water were
provided ad libitum, and cotton nesting material was available in the cage
throughout the experiment. Two weeks before the experiment, hamsters
were housed individually in a colony room with a long photoperiod (LD
16 : 8 h). Additional hamsters used as nonaggressive intruders during the
behavioural testing were group-housed siblings (three to five per cage),
because group-housed hamsters are generally not aggressive (25). These
animals were the same age as experimental animals and were housed in
long-day conditions (LD 16 : 8 h). All animals were treated in accordance
with the Institutional Laboratory Animal Care and Use Committee of The
Ohio State University.

Photoperiod manipulation

Siberian hamsters (n = 24) were randomly assigned into either short days
(n = 14) (LD 8 : 16 h, lights on 06.00 hours EST) or the long-day control
group (n = 10) (LD 16 : 8 h) for 10 weeks. Such light/dark cycle schedules
are effective in inducing photoperiod responses in Siberian hamsters, and
8 weeks is sufficient to induce seasonal adaptations in this species (5, 26).
Photoperiodic responsiveness was evaluated based on changes in body mass
and estimated testicular size at week 10. The testicular size was estimated by
measuring the length and width of the testes through the abdominal skin.
Actual testis mass was also measured postmortem for confirmation. Short-day
hamsters that did not show significant reduction of body mass and testicular
size were categorized as nonresponders and separated from responders during
the subsequent statistical analysis.
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Testosterone radioimmunoassay (RIA)

One day before behavioural testing, animals were lightly anaesthetized and
blood samples (100 pl) were drawn from the retro-orbital sinus. The blood
samples were centrifuged at 4 °C for 30 min at 2500 r.p.m and the supernatant
was collected and stored at —74 °C until assayed. Testosterone concentrations
were determined in duplicate in a single assay using an '2°I RIA kit (Diagnostic
Systems Laboratories, Inc., Webster, TX, USA). All of the instructions
provided by the manufacturer were followed. The lower limit of the assay was
0.05 ng/ml and the intra-assay coefficient of variation was < 10.0%.

Behavioural testing

Aggressive behaviour was assessed using a resident-intruder model (27).
During the first 2 h after lights were extinguished, a group-housed nonaggres-
sive intruder was introduced into the home cage of the experimental animal for
10 min, while agonistic behaviour was videotaped. A small patch of skin on the
dorsal surface of intruder animals was shaved for purposes of identification.
The bedding in the home cages remained unchanged for 10 days before testing
to maintain the territorial defensiveness of the experimental animal. An
observer who was uninformed about the experimental treatment groups scored
for latency to first attack, total number of attacks and duration of attacks.

Immunohistochemistry

Immediately following the aggressive encounter, hamsters were deeply anaes-
thetized with an overdose of sodium pentobarbital. Hamsters were perfused with
0.9% saline, followed by 4% paraformaldehyde in phosphate-buffered saline
(PBS) (0.1 m, pH = 7.4). Following the perfusion, the brains were collected,
postfixed over night at 4 °C, placed in 20% glucose in PBS cryoprotectant at
4 °C for 2 days, and then frozen in crushed dry ice and stored in —74 °C until
staining. Free floating sections were stained using the avidin—biotin peroxidase
system. The brains were sliced into 40-pm sections using a cryostat, washed in
anti-nNOS PBS (10 mm, pH = 7.4), incubated with 3% hydrogen peroxide,
washed in PBS with 0.2% Triton X-100 (PBS-X), blocked with 5% normal goat
serum in PBS-X, and incubated overnight at 4 °C with rabbit anti-nNOS (C-
terminal) antibodies (10 : 1000) (ImmunoStar, Inc., Hudson, WI, USA). After
washes in PBS-X, the sections were exposed to secondary antibodies (1 : 500)
and avidin—biotin complex with VECTASTAIN Elite ABC Kit (Rabbit IgG)
and visualized using VECTOR VIP Substrate Kit (VECTOR Laboratories,
Burlingame, CA, USA). The sections were mounted on slides, coverslipped and
sealed with Permount (Fisher Scientific, Pittsburgh, PA, USA).

Cell counting

Consecutive alternating frontal brain sections were taken from each animal starting
from the merging point of the anterior commissure. Sections containing anterior
amygdaloid area (AA), basolateral amygdaloid area (BLA) and paraventricular
nucleus (PVN) were identified according to the mouse atlas by Franklin and
Paxinos (28), and nNOS-immunoreactive (nNOS-ir) cells within these areas were
counted at x 200 magnification under bright-field microscopy. Quantification of
nNOS-immunoreactive cells was performed by an individual who was uninformed
about experimental treatments; a random sample of cells were recounted by a
second uniformed individual, and cell numbers varied by < 2%.

Statistical analysis

Differences between treatment means were analysed using separate one-way
analysis of variance for behavioural and immunohistochemical data (StatView
5, SAS Institute, Cary, NC, USA). Post-hoc comparisons were conducted using
Fisher’s PLSD test. Correlations between nNOS-immunoreactive cell counts
and behavioural data were also calculated. In all cases, mean differences and
other results were considered statistically significant at P < 0.05.

Results

Of all the hamsters housed in the short-day condition, 50%
(n = 7) were nonresponsive in terms of changes in body mass,
testicular mass and plasma testosterone concentrations.
Short-day responders weighed significantly less than short-
day nonresponders (P < 0.0001) or long-day hamsters

(P < 0.0001), whereas short-day nonresponders had similar
body mass to long-day animals (P > 0.05) (Fig. 1A). Short-
day responders also had smaller testes than nonresponders
(P < 0.0001) or long-day hamsters (P < 0.0001); again,
nonresponders had similar testicular masses to long-day
animals (P > 0.05) (Fig. 1B). Short-day responders had
lower plasma testosterone concentrations compared to non-
responders (P < 0.05) or long-day animals (P < 0.05);
nonresponders had similar plasma testosterone concentra-
tions compared to long-day animals (P > 0.05) (Fig. 1c).
Long-day hamsters were significantly less aggressive and
were slower to initiate the first attack than short-day
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Fic. 1. Mean + SEM body mass (A), testes mass (B) and plasma testosterone
concentration (C) of adult male Siberian hamsters housed in either long-day
(LD 16 : 8 h) or short-day (LD 8 : 16 h) conditions after 10 weeks. LD, Long-
day; SDN, short-day nonresponders; SDR, short-day responders. Significant
differences between pair-wise means are indicated by an asterisk (*P < 0.05).
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responders (P < 0.01) or nonresponders (P < 0.05). Short-
day responders and nonresponders were equally aggressive
and required less time to initiate the first attack (P > 0.05)
(Fig. 2a). Long-day hamsters attacked significantly less
frequently than short-day responders (P < 0.05) or non-
responders (P < 0.01); whereas short-day responders and
nonresponders did not differ in attack frequency (P > 0.05)
(Fig. 2b). There was a marginal effect of photoperiod on
duration of attacks [F(2,20) = 3.39, P = 0.054] (Fig. 2c).
Long-day hamsters had significantly more nNOS-ir cells in
the AA than short-day responders (P < 0.005) or nonre-

(A) 3507

300 T
2501

[J w
B spN
B sor

Latency to attack (s
- o
o (9] o
o o o
1 1 1

w1
o
1

—

B) 60 7
50
40 7
30 1

20 7

Frequency of attacks

60

40

Duration of attacks (s)

20 7

0

Fic. 2. Mean = SEM latency to initial attack (A), frequency of attacks (B) and
total duration of attacks (c) of adult male Siberian hamsters housed in either
LD 16 : 8 hor LD 8 : 16 h after 10 weeks tested in resident-intruder model.
LD, Long-day; SDN, short-day nonresponders; SDR, short-day responders.
Significant differences between pair-wise means are indicated by an asterisk
(*P < 0.05).
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sponders (P < 0.005); short-day responders and nonrespond-
ers did not differ on this parameter (P > 0.05). Long-day
hamsters had more nNOS-ir cells in the PVN than short-day
nonresponders (P < 0.05) and a marginal difference to short-
day responders (P = 0.06). There was no effect of photope-
riod on nNOS-ir cell counts in the BLA [F(2,20) = 2.809,
P = 0.08] (Fig. 3). However, when short-day responder and
nonresponder groups are pooled together, long-day hamsters
had significantly more nNOS-ir cells in both the PVN
(P < 0.05) and BLA (P < 0.05). Latency to first attack
significantly correlated with nNOS-ir cell counts in the AA
(r=10.6, P < 0.005), BLA (R = 0.59, P < 0.005) and PVN
(r =047, P < 0.05). In addition, there was a significant
correlation between latency to first attack and total nNOS-ir
cell counts in these areas (r = 0.64, P < 0.005) (Fig. 4).

Discussion

The results of the present study support the hypothesis that
photoperiod affects nNOS expression, thereby suggesting a
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Fic. 3. Mean = SEM number of neuronal nitric oxide synthase (nNOS)-
immunoreactive cells in anterior amygdaloid area (AA), basolateral amy-
gdaloid area (BLA) and paraventricular nucleus (PVN) of adult male
Siberian hamsters housed in either long-day (LD 16 : 8 h) or short-day (LD
8 : 16 h) conditions after 10 weeks. LD, Long-day; SDN, short-day non-
responders; SDR, short-day responders. Significant differences between pair-
wise means are indicated by an asterisk (¥*P < 0.05).
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Fic. 4. Linear regression of latency to initial attack and total number of
neuronal nitric oxide synthase (nNOS)-immunoreactive cells in AA, BLA
and PVN of adult male Siberian hamsters housed in either LD 16 : 8 h or
LD 8 : 16 h after 10 weeks. LD, Long-day; SDN, short-day nonresponders;
SDR, short-day responders. r = 0.64, P < 0.005.
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potential involvement of nNOS in short-day aggression in
Siberian hamsters. Short-day hamsters were more aggressive
and had fewer nNOS-ir cells in the anterior and basolateral
amygdaloid areas and paraventricular nucleus compared to
long-day animals. These results confirm and extend previous
studies reporting that short photoperiod increases aggression
in hamsters (8-10). The reduction of nNOS expression in the
BLA and PVN in the short photoperiod suggests the
potential involvement of nNOS in photoperiod-induced
aggression. The reduction of nNOS expression in the AA, a
control region not previously associated with aggression,
although not examined in this species in such a context, at
least suggests that short photoperiods in general decrease
nNOS expression in these areas. This general reduction of
nNOS expression in short photoperiod also correlates with
increased aggressive behaviour, which is consistent with
previous findings that nNOS negatively regulates aggressive
behaviour (15). However, there were no differences in
aggressive behaviour or nNOS expression between short-
day reproductively responsive and nonresponsive animals,
which suggests that photoperiodic differences in nNOS
expression are independent of gonadal steroid hormones,
and likely to be a direct result of short photoperiod operating
through melatonin-evoked changes. Together, these results
support the hypothesis that photoperiod affects nNOS
expression, which may be related to the short-day evoked
aggression previously reported in Siberian hamsters.

The evidence suggesting that testosterone regulates aggres-
sive behaviour is pervasive in behavioural endocrinology.
Thus, it is notable that short-day aggression in hamsters is
independent from testosterone, and possibly regulated
directly by photoperiod via melatonin. However, several
studies suggest that aggression can be induced with short-
term melatonin injections mimicking short photoperiods
in house mice (Mus musculus) (29), Syrian hamsters
(Mesocricetus auratus) (30), and Siberian hamsters (31).
These studies also suggest the involvement of adrenal
hormones in melatonin-induced aggression through the
HPA axis. Melatonin-induced aggression can be attenuated
by adrenalectomy in Siberian hamsters (31), which strongly
suggests the involvement of the HPA axis and adrenal
hormones in short-day aggression. One of the adrenal
androgens, dehydroepiandrosterone (DHEA), has been pro-
posed to play an important role in territorial aggression
during the nonbreeding season in song birds (Melospiza
melodia morphna) (32) and spotted antbirds (Hylophylax n.
naevioides) (33). These birds display territorial aggression
throughout the nonbreeding season, during which they
secrete virtually no gonadal steroids; DHEA concentrations
are positively correlated with aggression in birds, and may
serve as a source of androgen (33). DHEA can be metabo-
lized into testosterone or aromatized into oestradiol in the
brain, and therefore is potentially capable of activating
aggressive behaviour. More recently, it has been demonstra-
ted that DHEA can stimulate nitric oxide release from
endothelial cells via cell-surface receptors (34), suggesting a
potentially important role for this hormone in the regulation
of aggression by NO. DHEA concentrations are unaffected
by castration in Syrian hamsters (35), which suggest that
DHEA is a potential source of androgen for gonadally

regressed short-day hamsters. Collectively, these data suggest
a potential mechanism to explain short-day aggression in
Siberian hamsters through DHEA.

The literature generally supports the hypothesis that
nNOS is regulated by steroid hormones (36). Typically,
testosterone down-regulates nNOS through androgen recep-
tors (37), whereas oestradiol up-regulates nNOS through
oestrogen receptors (38). However, the lack of difference in
nNOS expression between short-day responders and nonre-
sponders, which had low and high testosterone concentra-
tions, respectively, again supports a photoperiodic effect that
is independent of gonadal steroids. One previous study has
suggested that androgenic effects in the medial amygdaloid
area are photoperiod-dependent in Siberian hamsters (39),
and nNOS expression in the anterior and basolateral
amygdaloid areas and paraventricular nucleus may be
regulated through similar mechanisms. Photoperiod may
affect nNOS expression in the limbic system directly or
potentially through the HPA axis. Adrenalectomy blocks the
reduction of nNOS activity in the paraventricular nucleus in
rats under food deprivation (40), suggesting a regulatory
function of adrenal steroids (i.e. glucocorticoids, DHEA) on
nNOS. Short-day Siberian hamsters have higher plasma
glucocorticoids concentrations than long-day hamsters (41).
Considered together, these data suggest a potential pathway
regulating nNOS expression that is independent of gonadal
steroid hormones.

The gonadal steroid-independent aggression in short days
suggests that such aggression is probably unrelated to
reproductive behaviour. Competition for mates is not likely
to be an important selective pressure outside of the breeding
season for Siberian hamsters, given that they are not
monogamous. However, competing for scarce food and other
resources in winter is critical for survival, and more dominant
animals may better secure the necessary resources to survive
and therefore ensure future reproductive success. Regulation
through the HPA axis might also mean that short-day
aggression is related to winter stressors, and may reflect the
environmental selection pressures confronting individuals of
this species in their tundra habitat. Regardless of the adaptive
significance of such short-day mediated aggression, the
current data suggest a photoperiodic effect on nNOS expres-
sion in anterior and basolateral amygdaloid areas and the
paraventricular nucleus. Importantly, nNOS expression cor-
relates with seasonal aggression, and this relationship is likely
to be independent of gonadal steroid hormones. Collectively,
these results suggest that seasonal changes in agonistic
behaviour are regulated, at least in part, by changes in
neuronal nitric oxide with specific brain regions in Siberian
hamsters, and possibly other seasonally breeding species as
well.
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