
J Comp Physiol B (2007) 177:339–347 

DOI 10.1007/s00360-006-0133-4

ORIGINAL PAPER

Metabolic stress suppresses humoral immune function 
in long-day, but not short-day, Siberian hamsters 
(Phodopus sungorus)

Devin A. Zysling · Gregory E. Demas 

Received: 26 September 2006 / Revised: 6 November 2006 / Published online: 6 December 2006
©  Springer-Verlag 2006

Abstract Individuals of many species experience
marked seasonal variation in environmental conditions
and must adapt to potentially large Xuctuations in
energy availability and expenditure. Seasonal changes
in immunity have likely evolved as an adaptive mecha-
nism to cope with seasonal stressors. In addition, these
changes may be constrained by seasonal Xuctuations in
energy availability. The goal of this study was to assess
the role of energetic trade-oVs associated with seasonal
variation in immunity. In addition to body fat stores,
metabolic fuels (e.g., glucose) may aVect immune func-
tion in seasonally breeding rodents. In this study we
experimentally reduced energy availability via injec-
tions of the metabolic inhibitor 2-deoxy-D-glucose (2-
DG) in long- and short-day housed Siberian hamsters
(Phodopus sungorus) and then examined antigen-spe-
ciWc antibody production. Metabolic stress decreased
antibody response compared with control animals in
long days. In contrast, no diVerence was observed
between treatment groups in short days. These data
suggest that reductions in energy availability suppress
immunity and short days buVer organisms against
glucoprivation-induced immunosuppression.
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Abbreviations
2-DG 2-Deoxy-D-glucose
IgM Immunoglobulin M
IgG Immunoglobulin G
KLH Keyhole limpet hemocyanin
PWAT Parametrial white adipose tissue
IWAT Inguinal white adipose tissue
RWAT Retroperitoneal white adipose tissue
ELISA Enzyme-linked immunosorbent assay
EIA Enzyme immunoassay
PBS-T Phosphate buVered saline with Tween-20
OD Optical density
ANOVA Analysis of variance
PVN Paraventricular nucleus
AVP Arginine vasopressin
CRH Corticotropin-releasing hormone

Introduction

Individuals of most species are faced with marked sea-
sonal Xuctuations in environmental conditions (e.g.,
temperature, rainfall, food availability) and must adapt
to large Xuctuations in energy availability (Bronson
1989; Goldman and Nelson 1993; Bronson and Heid-
eman 1994). Many non-tropical mammalian and avian
species use photoperiodic (day length) information to
phase energetically expensive activities (e.g., reproduc-
tion and immune function) to coincide with times of
adequate resources (Nelson et al. 1990). The use of
photoperiod to time life history events energetically
prepares organisms for the upcoming season and is
advantageous when factors are highly predictable from
year to year (Goldman and Nelson 1993; Bronson and
Heideman 1994).
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Studies of seasonal changes in mammalian physi-
ology have generally focused on reproductive func-
tion due to its high energetic costs and implications
for Wtness (Bronson 1989); however many other
physiological processes display seasonal Xuctuations.
For example, many animals exhibit changes in
metabolism, pelage, body mass, and thermoregula-
tion (Heldmaier et al. 1989; MoVatt et al. 1993; Ruby
and Zucker 1992). Furthermore, in numerous species
seasonal Xuctuations in disease and mortality exist
(John 1994; Lochmiller et al. 1994; Demas and Nel-
son 1996; Dowell et al. 2003; Hosseini et al. 2004;
Altizer et al. 2006). Although some of this can be
explained by seasonal changes in pathogen preva-
lence, opportunistic infections are also likely to over-
whelm defenses when allocation of limited energy to
immunity is decreased (Lochmiller et al. 1994; Nel-
son and Demas 1996; Lochmiller and Deerenberg
2000; Mann et al. 2000).

Seasonally breeding rodents provide an ideal model
with which to study the role of energetics in the regula-
tion of immunity. Rodents exposed to short “winter-
like” days under laboratory conditions display pro-
nounced changes in immunity, including T-cell depen-
dent humoral immunity, in vitro basal lymphocyte
proliferation, circulating B- and T-lymphocyte num-
bers and wound healing (Yellon et al. 1999; Drazen
et al. 2000; Prendergast et al. 2001, 2002; Bilbo et al.
2002; Demas et al. 2002; Kinsey et al. 2003).

Reduced energy availability is an environmental
variable that can act as a seasonal stressor and lead to
suppressed immune function due to competition for
resources among competing functions (Sheldon and
Verhulst 1996; Demas 2004). Numerous empirical
studies have demonstrated that energy reserves play
an important role in regulating immune function in
vertebrate species. SpeciWcally, reduction of total
body fat in long-day (LD) animals suppresses
humoral immune function in both Siberian hamsters
and prairie voles (Microtus ochrogaster) (Demas
et al. 2003a). In addition to body fat, metabolic fuels
such as glucose aVect immune function in seasonally
breeding rodents. Reduction in glucose availability
inhibits splenic T-lymphocytes (Lysle et al. 1988) and
mitogen-induced splenic proliferation in long-day
housed deer mice (Peromyscus maniculatus) (Demas
et al. 1997). Although energetics can aVect immune
function (Henken and Brandsma 1982; Demas et al.
1997; Demas et al. 2003a) few studies have examined
the role of energetics in seasonal changes in immu-
nity.

In theory, seasonal Xuctuations in immune
response and body mass have evolved as adaptive

mechanisms to cope with seasonal stressors; further-
more, these changes may be constrained by seasonal
Xuctuations in energy availability. The goal of the
present study was to assess the role of energetic trade-
oVs associated with seasonal variation in immune
response. SpeciWcally, we experimentally reduced
energy availability in the form of glucose via the met-
abolic inhibitor 2-deoxy-D-glucose (2-DG) in long-
and short-day housed Siberian hamsters (Phodopus
sungorus). 2-DG is a non-metabolizable glucose ana-
log, which causes a transient disruption of glycolysis,
interfering with the cellular utilization of glucose and
results in a state of glucoprivation (Horton et al.
1973). We then examined antigen-speciWc antibody
production and cortisol levels.

We predicted that if animals are using photoperiod
as a signal for forthcoming energy availability and
consequently adjusting responses appropriately, then
short-day animals will demonstrate a reduced antibody
response as opposed to long-day animals. Additionally,
if antibody production is indeed energetically costly as
predicted, this response will be further attenuated in
gluco-deprived individuals relative to control ani-
mals. Furthermore, the magnitude of the response
may diVer depending on photoperiodic condition.
These results would suggest that variation in immune
responsiveness may be constrained by seasonal Xuctu-
ations in energy availability and may also be a func-
tion of energy conserving strategies in response to
these Xuctuations.

Methods

Animals and housing

Adult female (>60 days of age) Siberian hamsters
(n = 60) were obtained from our breeding colony and
housed individually in polypropylene cages
(40 £ 20 £ 20 cm). Temperature was held constant at
20 § 2°C and relative humidity was maintained at
50 § 10%. Food (Purina rat chow) and tap water were
available ad libitum during the entire course of the
experiment. Animals were weighed and pseudo-ran-
domly (counterbalanced for body mass) assigned to
one of two photoperiodic conditions: long-day
(light:dark 16:8, n = 20) or short-day (light:dark 8:16,
n = 40). A greater number of animals were housed in
short days to control for reproductive non-responders
(described below).

All animals were maintained within their respective
photoperiod conditions for 8 weeks with ad libitum
food and water. After 8 weeks animals were weighed
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to the nearest 0.1 g daily for 2 days to establish a base-
line (pre-2-DG) body mass. Food consumption was
also assessed daily by weighing the food pellets remain-
ing in the hopper and an average food intake was
determined for each animal.

Experimental methods

Within each photoperiodic condition animals were fur-
ther divided into one of two groups that received either
control injections of saline or 2-DG. Following two
days of baseline measurements, saline or 2-DG injec-
tions began while animals were still maintained in their
photoperiodic conditions. 2-DG treated animals
received a 0.1 ml injection of 2-DG at a concentration
of 750 mg/kg dissolved in 0.9% sterile saline (Demas
et al. 1997). This dose has been previously validated in
rodent species and is signiWcantly lower than doses
used to induce torpor (2,500 mg/kg) (Dark et al. 1994).
Control animals received a 0.1 ml injection of 0.9%
sterile saline. Injections were administered every other
day for 12 days, for a total of six injections. During this
period animals were weighed to the nearest 0.1 g daily
and food intake was monitored.

Following the Wrst day of 2-DG or saline injection,
all animals received a single subcutaneous injection of
100 �g of keyhole limpet hemocyanin (KLH) sus-
pended in 0.1 ml sterile saline (day 0) in order to assess
humoral immune function. KLH is an innocuous respi-
ratory protein derived from the giant keyhole limpet
(Megathura crenulata). KLH generates a robust, non-
replicating antigenic response in rodents, but does not
make the animals sick (e.g., inXammation or fever)
(Dixon et al. 1966).

Blood sampling and necropsies

On days 5 and 10 post KLH injection a blood sample
was drawn from all animals via the retro-orbital sinus
for later measurement of KLH-speciWc antibodies and
serum cortisol concentrations. These sampling periods
were chosen to capture peak immunoglobulin M (IgM;
day 5) and IgG (day 10) levels. IgM is the Wrst immuno-
globulin class produced following an immune challenge
and IgG is the predominant immunoglobulin class
present in the blood during the course of the immune
response (Demas et al. 1997; Drazen et al. 2000).
BrieXy, animals were lightly anesthetized with anhy-
drous diethyl ether (Sigma, St Louis, MO) and blood
samples (»500 �l) were drawn from the retro-orbital
sinus between 1,000 and 1,200 h EST. Blood samples
were allowed to clot for 1 h, the clots were removed
and the samples centrifuged at 4°C for 30 min at

2,500 rpm. Serum aliquots were aspirated and stored in
sealable polypropylene microcentrifuge tubes at
¡80°C until assayed. Animals were euthanized and
necropsies were performed at the completion of the
study (day 11). Uterine horns and ovaries (reproduc-
tive mass), parametrial white adipose tissue (PWAT),
inguinal WAT (IWAT), and retroperitoneal WAT
(RWAT) were removed to determine the eVects of
energy deprivation on these tissues. All tissues were
cleaned of connective tissues and weighed to the near-
est 0.1 mg.

Following necropsies, as expected, a subset of short-
day individuals did not reproductively respond to
changes in photoperiod. This phenomenon has been
previously documented in males of this species (Lynch
et al. 1989; Gorman and Zucker 1997) and these indi-
viduals are referred to as reproductive “non-respond-
ers” (Puchalski and Lynch 1986). Based on our
Wndings, short-day animals were further divided into
reproductive responders (n = 26) and non-responders
(n = 14). To accomplish this we Wrst calculated relative
reproductive mass by correcting reproductive mass for
body mass (ratio of the combined uterine and ovarian
masses divided by body mass) and found the 95% con-
Wdence interval for saline injected long-day animals.
Any short-day animal falling below this lower bound
was labeled a short-day responder (SD-R); anything
above the lower bound was labeled a short-day non-
responder (SD-NR).

Assessment of humoral immunity

To assess humoral immunity, serum antibody concen-
trations for KLH were assayed using an enzyme-linked
immunosorbent assay (ELISA). For measurement of
anti-KLH IgM and IgG concentrations (see Demas
et al. 2003a) microtiter plates were coated with antigen
by incubating overnight at 4°C with 0.5 mg/ml KLH in
sodium bicarbonate buVer (pH 9.6). Plates were
washed with phosphate buVered saline (PBS) (pH 7.4)
containing 0.05% Tween 20 (PBS-T) at pH 7.4, then
blocked with 5% non-fat dry milk in PBS-T overnight
at 4°C to reduce non-speciWc binding, and washed
again with PBS-T. Thawed serum samples were diluted
1:20 with PBS-T, and 150 �l of each serum dilution was
added in duplicate to the wells of the antigen-coated
plates. Positive control samples (pooled sera from
hamsters previously determined to have high levels of
anti-KLH antibody, similarly diluted with PBS-T) and
negative control samples (pooled sera from KLH-naïve
hamsters, similarly diluted with PBS-T) were added in
duplicate. Plates were sealed, incubated at 37°C for 3 h,
and then washed with PBS-T. Secondary antibody
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(alkaline phosphatase-conjugated-anti mouse IgG
diluted 1:2,000 with PBS-T, Cappel, Durham, NC;
alkaline phosphatase-conjugated-anti mouse IgM
diluted 1:500 with PBS-T, Cappel, Durham, NC) was
added to the wells, and the plates were sealed and incu-
bated for 1 h at 37°C. Plates were then washed again
with PBS-T and 150 �l of the enzyme substrate p-nitro-
phenyl phosphate (Sigma Chemical, St Louis, MO;
1 mg/ml in diethanolamine substrate buVer) was added
to each well. Plates were protected from light during
the enzyme-substrate reaction, which was terminated
after 30 min by adding 50 �l of 1.5 M NaOH to each
well. The optical density (OD) of each well was deter-
mined using a plate reader (Bio-Rad, Benchmark;
Richmond, CA) equipped with a 405 nm wavelength
Wlter, and the mean OD for each set of duplicate wells
was calculated. To minimize inter- and intra-assay vari-
ability, the mean OD for each sample will be expressed
as a ratio of its plate positive control OD for statistical
analysis.

Assessment of cortisol levels

Circulating glucocorticoids were measured as an index
of metabolic-induced stress. In particular, cortisol was
measured because it is the predominant glucocorticoid
in Siberian hamsters, with concentrations »100£ that of
corticosterone (Reburn and Wynne-Edwards 1999).
Serum cortisol concentrations were determined in mul-
tiple enzyme immunoassays (EIA) from a commercially
prepared kit (Correlate-EIA™, Assay Designs, Ann
Arbor, MI). This assay was previously validated for use
with Siberian hamsters (Demas et al. 2004). The antise-
rum used is highly speciWc for cortisol; cross-reactivity
with corticosterone is 27.68 and <0.01% for other ste-
roid hormones. The sensitivity of the assay is 56.72 pg/
ml. Intra-assay variability was 2.24 and 3.35% for day 5
samples, and 1.41 and 2.95% for day 10 samples.

Statistical analyses

All statistical tests were performed using Minitab 14
(State College, PA). Data were checked for normality
and homogeneity of variance and those data non-nor-
mally distributed were transformed where appropriate.
Reproductive mass was corrected for body mass by tak-
ing the ratio of the combined uterine and ovarian masses
divided by body mass (i.e., relative reproductive mass).
The relative reproductive mass was not normally distrib-
uted and was square root transformed to best meet the
normality and equality of variance assumptions of para-
metric tests. Cortisol concentrations at day 10 were also
log-transformed to meet these assumptions. All diVer-

ences except for repeated measures of cortisol were
assessed via a two-way (photoperiod £ treatment)
ANOVA. Photoperiod was deWned as long-day, short-
day responder, or short-day non-responder. Treatment
was deWned as 2-DG or saline injection. Post hoc com-
parisons between pair-wise means were conducted using
Tukey’s honestly signiWcant diVerence (HSD) tests when
the overall ANOVAs were signiWcant. DiVerences in
cortisol levels between measurement time points were
identiWed by use of a repeated-measures ANOVA with
time as the within-subjects variable. For all statistical
tests, the level of signiWcance (�) was set at P < 0.05 and
tests were two-tailed.

Results

Body mass

There was a signiWcant eVect of photoperiod
(F2,54 = 7.28, P = 0.002; Fig. 1a) but not 2-DG treat-
ment (F1,54 = 0.002, P = 0.893) on Wnal body mass.
There was no signiWcant interaction between photope-
riod and treatment on Wnal body mass (F2,54 = 1.32,
P = 0.274). SpeciWcally, long-day animals were signiW-
cantly heavier than short-day responders (T = ¡3.790,
P = 0.001; Fig. 1a); short-day responders injected with
2-DG were signiWcantly lighter than both long-day, 2-
DG injected (T = ¡3.434, P = 0.013) and long-day,
saline injected (T = ¡3.071, P = 0.037) animals.

There were no signiWcant eVects of photoperiod
(F2,54 = 0.79, P = 0.457) or photoperiod £ treatment
(F2,54 = 0.47, P = 0.676) on the amount of weight
change during the experiment. There was a trend
towards treatment aVecting body mass change
(F1,54 = 3.49, P = 0.067) but it was not signiWcant.

Food intake

There was a signiWcant eVect of photoperiod
(F2,54 = 4.08, P = 0.022; Fig. 1b) but not 2-DG treat-
ment (F1,54 = 0.25, P = 0.616) on food intake. There
was no signiWcant interaction between photoperiod
and treatment on food intake (F2,54 = 1.47, P = 0.239).
SpeciWcally, short-day responders ate signiWcantly less
than long-day animals (T = ¡2.680, P = 0.025).

Relative reproductive mass and fat pads

Relative reproductive mass was signiWcantly aVected by
photoperiod (F2,54 = 22.61, P < 0.001; Fig. 1c) but not 2-
DG treatment (F1,54 = 0.80, P = 0.375). There was also a
signiWcant eVect of photoperiod £ treatment on relative
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reproductive mass (F2,54 = 4.01, P = 0.024). Short-day
responders had smaller relative reproductive masses
than both long-day (T = ¡5.411, P < 0.001; Fig. 1c) and
short-day non-responder (T = 5.871, P < 0.001) animals.
Furthermore, long-day 2-DG injected animals had

smaller relative reproductive masses than long-day
saline injected animals (T = ¡2.88, P = 0.05).

DiVerences in fat pad masses were also observed. Pho-
toperiod signiWcantly aVected PWAT (F2,54 = 3.99,
P = 0.024; Table 1), IWAT (F2,54 = 6.52, P = 0.003), total
fat (F2,54 = 6.59, P = 0.003), but not RWAT (F2,54 = 1.73,
P = 0.186). There were no signiWcant eVects of 2-DG
treatment or photoperiod £ treatment on any of the
above variables (P > 0.05), except a trend towards
photoperiod £ treatment aVecting RWAT mass
(F2,54 = 2.72, P = 0.075). Most photoperiodic eVects on
body fat were due to long-day animals having signiWcantly
higher fat pad masses than short-day responders (PWAT
T = ¡2.793, P = 0.019; IWAT T = ¡3.458, P = 0.003; total
fat T = ¡3.490, P = 0.003; Table 1). Short-day responders
also had signiWcantly diVerent fat pad masses than short-
day non-responders in terms of IWAT (T = ¡2.573,
P = 0.033) and total fat mass (T = ¡2.553, P = 0.036).

Immune measures

There were signiWcant eVects of 2-DG treatment
(F2,54 = 12.43, P = 0.001; Fig. 2a), but not photoperiod

Fig. 1 EVects of 2-DG treatment on mean (§SEM) (a) Wnal body
mass, (b) food intake and (c) relative reproductive mass in long-
day (LD), short-day reproductively responsive (SD-R), and
short-day reproductively non-responsive (SD-NR) Siberian ham-
sters. In Wgure (a) and (c) groups with diVerent letters indicate sta-
tistically signiWcant diVerences between group means (P < 0.05);
group sharing the same letter are statistically equivalent. SigniW-
cant diVerence between pair-wise means in (b) are indicated by
an asterisk if P < 0.05
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Table 1 EVects of 2-DG treatment on mean (§SEM) parametri-
al white adipose tissue (PWAT), inguinal WAT (PWAT), retro-
peritoneal WAT (WAT), total body fat (composite of WAT), and
serum day 5 and 10 cortisol concentrations in long-day (LD),
short-day reproductively responsive (SD-R), and short-day
reproductively non-responsive (SD-NR) Siberian hamsters

Groups with diVerent letters indicate statistically signiWcant
diVerences between group means (P < 0.05); group sharing the
same letter are statistically equivalent

Control 2-DG

PWAT
LD 0.405 § 0.051a 0.277 § 0.032a

SD-R 0.161 § 0.064a,b 0.244 § 0.038a

SD-NR 0.260 § 0.074a 0.223 § 0.041a

IWAT
LD 2.078 § 0.249c 1.654 § 0.223c

SD-R 0.990 § 0.196c,d 1.276 § 0.186c

SD-NR 1.320 § 0.318c 1.128 § 0.069c

RWAT
LD 0.225 § 0.018 0.158 § 0.021
SD-R 0.121 § 0.028 0.170 § 0.032
SD-NR 0.171 § 0.039 0.113 § 0.016

Total body fat
LD 2.708 § 0.282e 2.089 § 0.262e

SD-R 1.217 § 0.276e,f 1.690 § 0.216e

SD-NR 1.751 § 0.422e 1.465 § 0.084e

Day 5 cortisol
LD 84.991 § 6.561 92.757 § 8.749
SD-R 96.799 § 7.786 88.473 § 5.611
SD-NR 91.549 § 6.018 96.169 § 10.901

Day 10 cortisol
LD 94.998 § 4.813 98.142 § 5.941
SD-R 87.537 § 4.230 86.145 § 7.097
SD-NR 89.151 § 8.281 87.246 § 5.992
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(F1,54 = 2.33, P = 0.107), or photoperiod £ treatment
(F2,54 = 1.53, P = 0.226) on IgG levels. When short-day
non-responders are excluded from the analyses, there is a
nearly signiWcant eVect of photoperiod (F1,42 = 3.84,
P = 0.057). Saline injected animals had higher IgG
responses that 2-DG injected animals (T = ¡3.525,
P < 0.001; Fig. 2a). In addition, long-day saline injected
animals had higher IgG responses than both long-day 2-
DG injected (T = ¡3.540, P = 0.01) and short-day
responder 2-DG injected (T = ¡4.298, P = 0.001) animals.
There were no signiWcant diVerences in IgG levels
between short-day responder 2-DG injected and short-
day responder saline injected animals (T = ¡2.136,
P = 0.285) or short-day non-responder 2-DG injected and
short-day non-responder saline injected animals
(T = ¡0.761, P = 0.973). There were no signiWcant eVects
of photoperiod (F2,54 = 0.37, P = 0.690; Fig. 2b), treatment
(F1,54 = 2.07, P = 0.156), or photoperiod £ treatment
(F2,54 = 2.12, P = 0.129) on IgM levels.

Serum cortisol

There were no signiWcant eVects of photoperiod (day 5
F2,53 = 0.22, P = 0.802, Table 1; day 10 F2,53 = 1.97,
P = 0.150; Table 1), treatment (day 5 F1,53 = 0.05,
P = 0.831; day 10 F1,53 = 0.01, P = 0.907) or
photoperiod £ treatment (day 5 F2,53 = 0.73, P = 0.486;
day 10 F2,53 = 0.15, P = 0.864) on plasma cortisol levels
at either time point.

Discussion

We asked if metabolic stress would suppress humoral
immune function and whether these responses would
diVer depending on photoperiodic condition. Consistent
with previous Wndings (Yellon et al. 1999), there
appeared to be a photoperiodic eVect on immune func-
tion with long-day animals tending to have a higher con-
centration of IgG antibodies compared with short-day
reproductive responders. In addition, short-day respond-
ers had signiWcantly lower body mass and fat pad masses
than long-day animals. 2-DG-induced glucoprivation led
to a reduction in both IgG antibody production and rela-
tive reproductive mass in long-day animals. In short-day
responders and short-day non-responders however, there
was a buVering of immune suppression following 2-DG
administration. One possibility is that this response was
due to a “Xoor eVect” in which the decreased immune
function in response to short days could not be depressed
further by 2-DG. This is unlikely for several reasons.
First, it has been demonstrated that other types of stres-
sors can push immune function lower than normal short-
day values (Demas et al. 2003b). Secondly, short-day
induced buVering against 2-DG induced immunosup-
pression has been observed in deer mice, a species that
shows short day immunoenhancement (Demas et al.
1997). Lastly, a similar result was found in a previous
pilot study in our lab (Zysling et al. unpublished), sug-
gesting that variation in immune responsiveness across
seasons may be a function of energy conserving strategies
in response to seasonal energetic Xuctuations or stressors.

The physiological mechanisms regulating this buVer-
ing eVect are currently unknown. One possible explana-
tion is the diVerential secretion pattern and/or response
to the pineal hormone melatonin. Melatonin is an
indoleamine hormone that is rhythmically synthesized
and secreted almost exclusively by the pineal gland at
the onset of darkness and is suppressed during daylight
hours (Cassone 1990). Thus, the duration of melatonin
secretion codes for day length (i.e., a short- or long-day)
(Goldman and Elliot 1988; Bartness et al. 1993) and
mediates many physiological adaptations in short days

Fig. 2 EVect of 2-DG treatment on mean (§SEM) (a) serum anti-
KLH immunoglobulin G (IgG) and (b) serum anti-KLH immuno-
globulin M (IgM) in long-day (LD), short-day reproductively
responsive (SD-R), and short-day reproductively non-responsive
(SD-NR) Siberian hamsters. Groups with diVerent letters indicate
statistically signiWcant diVerences between group means (P < 0.05);
group sharing the same letter are statistically equivalent
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including reproductive regression, decreased body
mass, and fat storage (Bartness and Goldman 1989).

Exogenous administration of melatonin is generally
immunoenhancing (Caroleo et al. 1992; Maestroni 1993;
Demas and Nelson 1998; Drazen et al. 2001). It is there-
fore possible that melatonin may be modulating diVer-
ences in immune eVects between long- and short-day
hamsters by attenuating the eVects of glucoprivation on
immunity in short days, a time of increased duration of
secretion. One potential diYculty with this explanation is
that, although both short-day groups (i.e., responders and
non-responders) display a buVering eVect, short-day non-
responders generally display a melatonin signal duration
in short days that is not diVerent than the normal long day
pattern (MargraV et al. 1991). Furthermore, short-day
non-responders are reproductively responsive to exoge-
nous short-day-like melatonin, therefore post-pineal
mechanisms function normally (Puchalski and Lynch
1988). One interesting, and previously unexplored, expla-
nation may lie in the peak rather than the duration of mel-
atonin secretion. In Siberian hamsters, the peak
amplitude of melatonin is twice as high under short days
as long days (HoVman et al. 1985; Ribelayga et al. 2000).
DiVerences in immune function may be driven by peak
amplitude or a combination of peak amplitude and dura-
tion of secretion. To our knowledge, it is currently
unknown whether short-day non-responders display a
peak melatonin concentration like that of short-day
responders or long-day animals. In order to test this possi-
bility, melatonin rhythms in short-day non-responders,
speciWcally the peak amplitude, need to be determined.

Another possibility is that the buVering eVect is medi-
ated by photoperiod independent of melatonin secretion.
Pre-pineal mechanisms are likely candidates as we would
expect these circuits to be operating similarly in short-day
responders and non-responders. For example, the parav-
entricular nucleus (PVN), which is part of the photoperi-
odic circuit, responds to physiological stressors by
increasing the synthesis of hormones involved in modulat-
ing aspects of immune function and the release of gluco-
corticoids, such as arginine vasopressin (AVP) and
corticotropin-releasing hormone (CRH) (Yates et al.
1971; Motawei et al. 1999). The PVN plays a critical role
in the neuroendocrine response to hypoglycemia (Evans
et al. 2001). Furthermore, glucocorticoids (e.g., cortisol)
have also been demonstrated to have immunomodulatory
eVects (Dhabhar 2000) and, although we did not detect an
increase in cortisol with 2-DG injection, 2-DG induced
glucoprivation is a known stimulus for secretion of gluco-
corticoids (Weidenfeld et al. 1994; Demas et al. 1997).
The lack oV an eVect of 2-DG on cortisol in the present
study was unexpected, especially given previous reports
as well as the immunosuppressive eVects in the present

study. It is possible that we did not sample close enough
to the injection time point to capture the cortisol peak.
Furthermore, there may be eVects farther upstream in the
system (e.g., levels of CRH or changes in receptor densi-
ties) that were not assessed in the current study.

Although gonadal steroid hormones, such as testoster-
one and estradiol have been demonstrated to modulate
many aspects of immunity in male and female Siberian
hamsters (Bilbo and Nelson 2003) we found that short-
day non-responders maintain reproductive mass and pre-
sumably, elevated steroid hormone concentrations. It is
therefore likely that the buVering eVect observed in both
short-day responders and non-responders is independent
of steroid hormones. Interestingly, we found a decrease
in relative reproductive mass in long-day animals; this
eVect was not seen in short-day non-responders. These
results suggest that there may be energetic constraints
and/or trade-oVs between reproduction and immunity
that are photoperiod dependent.

Finally, we found a decrease in both body and fat
pad mass in short-day responders compared with long-
day animals. Short-day Siberian hamsters undergo a
reduction in body mass primarily due to reductions in
body fat (Bartness and Goldman 1989). This decrease
in body mass is presumed to decrease absolute energy
requirements and foraging time, thus limiting exposure
to unfavorable climatic conditions (Iverson and Turner
1974; Dark and Zucker 1983; Bartness and Wade
1985). In our study there was no eVect of 2-DG treat-
ment on body mass, fat pad mass or food intake in any
group and the buVering of immune changes were seen
in both short-day responders and non-responders.
Short-day responders lose body/fat pad mass whereas
non-responders maintain their mass so it is unlikely
that these factors alone regulate this eVect. In examin-
ing the strength of the response in both groups, how-
ever, it appears that the buVering eVect is more
pronounced in short-day non-responders. Short-day
non-responders may be better able to maintain
immune function in the face of an energetic challenge
due to an increased availability of resources, suggesting
that factors such as fat pad mass may play an important
role in Wne tuning immune responses.

In summary, our data indicate that, although
immune function is compromised during metabolic
stress in long days, short day lengths appear to buVer
organisms against this eVect. These results are likely
due to diVerential responsiveness of long- and short-
day hamsters to metabolic stress; however, the mecha-
nisms regulating these diVerences are currently
unknown. Regardless of the precise mechanisms,
changes in immunity have likely evolved as an adaptive
mechanism to cope with seasonal stressors such as
123
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decreased food availability and lowered temperatures.
These changes are likely constrained and modulated by
seasonal Xuctuations in energy availability; future stud-
ies will address the speciWc physiological mechanisms
underlying these responses. Collectively, these data
provide support for the ideas that energetic trade-oVs
play a role in mediating seasonal variation in immune
function.

Acknowledgments We thank Melissa-Ann L. Scotti, Timothy J.
Greives, Andrew Garst, and Emily Chester for their assistance
and two anonymous reviewers for helpful suggestions on this
manuscript. This work was supported in part by NIH T32 Train-
ing Grant HD049336, a Faculty Research Support Program
Grant, and the Center for the Integrative Study of Animal Behav-
ior (CISAB). All procedures were approved by the Bloomington
Institutional Animal Care and Use Committee.

References

Altizer S, Dobson A, Hosseini P, Hudson P, Pascual M, Rohani P
(2006) Seasonality and the dynamics of infectious disease.
Ecol Lett 9:467–484

Bartness TJ, Goldman BD (1989) Mammalian pineal melatonin:
a clock for all seasons. Experientia 45:939–945

Bartness TJ, Wade GN (1985) Photoperiodic control of seasonal
body weight cycles in hamsters. Neurosci Biobehav Rev
9:599–612

Bartness TJ, Powers JB, Hastings MH, Bittman EL, Goldman
BD (1993) The timed infusion paradigm for melatonin deliv-
ery: what it has taught us about the melatonin signal, its
reception, the photoperiodic control of seasonal responses. J
Pineal Res 15:161–190

Bilbo SD, Nelson RJ (2003) Sex diVerences in photoperiodic and
stress-induced enhancement of immune function in Siberian
hamsters. Brain Behav Immun 17:462–472

Bilbo SD, Drazen DL, Quan N, He L, Nelson RJ (2002) Short day
lengths attenuate the symptoms of infection in Siberian ham-
sters. Proc R Soc Lond B Biol Sci 269:447–454

Bronson FH (1989) Mammalian reproductive biology. University
of Chicago Press, Chicago

Bronson FH, Heideman PD (1994) Seasonal regulation of repro-
duction in mammals. In: Knobil E, Neill JD (eds) The physi-
ology of reproduction, 2nd edn. Raven, New York, pp 541–
584

Caroleo MC, Frasca D, Nistico G, Doria G (1992) Melatonin as
an immunomodulator in immunodeWcient mice. Immuno-
pharmacology 23:81–89

Cassone VM (1990) Melatonin: time in a bottle. Oxf Rev Reprod
Biol 12:319–367

Dark J, Zucker I (1983) Short photoperiods reduce winter energy
requirements of the Meadow vole (Microtus pennsylvani-
cus). Physiol Behav 31:699–702

Dark J, Miller DR, Zucker I (1994) Reduced glucose availability
induces torpor in Siberian hamster. Am J Physiol 267:R496–
R501

Demas GE (2004) The energetics of immunity: a neuroendocrine
link between energy balance and immune function. Horm
Behav 45:173–180

Demas GE, Nelson RJ (1996) The eVects of photoperiod and
temperature on immune function of adult male deer mice
(Peromyscus maniculatus). J Biol Rhythms 11:94–102

Demas GE, Nelson RJ (1998) Exogenous melatonin enhances
cell-mediated, but not humoral, immune function in deer
mice (Perimyscus maiculatus). J Comp Physiol A 179:819–
825

Demas GE, DeVries AC, Nelson RJ (1997) EVects of photope-
riod and 2-deoxy-D-glucose-induced metabolic stress on im-
mune function in female deer mice. Am J Physiol 272:610–
616

Demas GE, Drazen DL, Jasnow AM, Bartness TJ, Nelson RJ
(2002) Sympathoadrenal system diVerentially aVects photo-
periodic changes in humoral immunity of Siberian hamsters
(Phodopus sungorus). J Neuroendocrinol 14:29–35

Demas GE, Drazen DL, Nelson RJ (2003a) Reductions in total
body fat decrease humoral immunity. Proc R Soc Lond B
Biol Sci 270:905–911

Demas GE, Bartness TJ, Nelson RJ, Drazen DL (2003b) Photo-
period modulates the eVects of norepinephrine on lympho-
cyte proliferation in Siberian hamsters. Am J Physiol
285:R873–R879

Demas GE, Johnson C, Polacek KM (2004) Social interactions
diVerentially aVect reproductive and immune responses of
Siberian hamsters. Physiol Behav 83:73–79

Dhabhar FS (2000) Acute stress enhances while chronic stress
suppresses skin immunity. The role of stress hormones and
leukocyte traYcking. Ann N Y Acad Sci 917:876–893

Dixon F, Jacot-Guillarmod H, McConahey PJ (1966) The anti-
body responses of rabbits and rats to hemocyanin. J Immu-
nol 97:350–355

Dowell SF, Whitney CG, Rose CE, Schuchat A (2003) Seasonal
patterns of invasive pneumococcal disease. Emerg Infect Dis
9:573–579

Drazen DL, Nelson RJ, Bartness TJ, Demas GE (2000) Sympat-
hoadrenal regulation of photoperiodic changes in immune
function in Siberian hamsters. Society for Neuroscience,
New Orleans

Drazen DL, Demas GE, Nelson RJ (2001) Leptin eVects on im-
mune function and energy balance are photoperiod-depen-
dent in Siberian hamsters (Phodopus sungorus).
Endocrinology 142:2768–2775

Evans SB, Wilkinson CW, Bentson K, Gronbeck P, Zavosh A,
Figlewicz DP (2001) PVN activation is suppressed by repeat-
ed hypoglycemia but not antecedent corticosterone in the
rat. Am J Physiol Regul Integr Comp Physiol 281:R1426–
R1436

Goldman BD, Elliot RJ (1988) Photoperiodism and seasonality
in hamsters: role of the pineal gland. In: Stetson MH (ed)
Processing of environmental information in vertebrates.
Springer, Berlin Heidelberg New York, pp 203–218

Goldman BD, Nelson RJ (1993) Melatonin and seasonality in
mammals. In: Yu HS, Reiter RJ (eds) Melatonin: biosynthe-
sis, physiological eVects and clinical applications. CRC, New
York

Gorman MR, Zucker I (1997) Environmental induction of photo-
responsiveness in the Siberian hamster (Photopus sungorus).
Am J Physiol Reg I 41:R887–R895

Heldmaier G, Steinlechner S, Ruf T, Wiesinger H, Klingenspor K
(1989) Photoperiod and thermoregulation in vertebrates:
body temperature rhythms and thermogenic acclimation. J
Biol Rhythms 4:351–365

Henken AM, Brandsma HA (1982) The eVects of environmental
temperature on immune response and metabolism of the
young chicken. Poult Sci 61:1667–1677

HoVman K, Illnerova H, Vanecek J (1985) Comparison of pineal
melatonin rhythms in young adult and old Djungarian ham-
sters (Phodopus sungorus) under long and short photoperi-
ods. Neurosci Lett 56:39–43
123



J Comp Physiol B (2007) 177:339–347 347
Horton RW, Meldrum BS, Bachelard HS (1973) Enzymic and
cerebral metabolic eVects of 2-deoxy-D-glucose. J Neuro-
chem 21:507–520

Hosseini PR, Dhondt AA, Dobson A (2004) Seasonal and wild-
life disease: how seasonal birth, aggregation, and variation in
immunity eVect the dynamics of Mycoplasma gallisepticum
in house Wnches. Proc R Soc Lond B Biol Sci 271:2569–2577

Iverson SL, Turner BN (1974) Winter weight dynamics in Micro-
tus pennsylvanicus. Ecology 55:1030–1040

John JL (1994) The avian spleen: a neglected organ. Q Rev Biol
69:327–351

Kinsey SG, Prendergast BJ, Nelson RJ (2003) Photoperiod and
stress aVect wound healing in Siberian hamsters. Physiol Be-
hav 78:205–211

Lochmiller RL, Deerenberg C (2000) Trade-oVs in evolutionary
immunology: just what is the cost of immunity? Oikos 88:87–
98

Lochmiller RL, Vesty MR, McMurray ST (1994) Temporal vari-
ation in humoral and cell-mediated immune response in
Sigmodon hispidus population. Ecology 75:236–245

Lynch GR, Lynch CB, Kliman RM (1989) Genetic analysis of
photoresponsiveness in the Djungarian hamster, Phodopus
sungorus. J Comp Physiol A 164:475–481

Lysle DT, Cunnick JE, Wu R, Caggiula AR, Wood PG, Rabin BS
(1988) 2-Deoxy-D-glucose modulation of T-lymphocyte
reactivity: diVerential eVects on lymphoid compartments.
Brain Behav Immun 2:212–221

Maestroni GJ (1993) The immunoendocrine role of melatonin. J
Pineal Res 14:1–10

MargraV RR, Zlomanczuk P, Liskin LA, Lynch GR (1991) Circa-
dian diVerences in neuronal activity of the suprachiasmatic
nucleus in brain slices prepared from photo-responsive and
photo-non-responsive Djungarian hamsters. Brain Res
544:42–48

Mann DR, Akinbami MA, Gould KG, Ansari AA (2000) Sea-
sonal variations in cytokine expression and cell-mediated
immunity in male rhesus monkeys. Cell Immunol 200:105–
115

MoVatt CA, DeVries AC, Nelson RJ (1993) Winter adaptations
of male deer mice and prairie voles that vary in reproductive
responsiveness to photoperiod. J Biol Rhythms 8:221–232

Motawei K, Pyner S, Ranson RN, Kamel M, Coote JH (1999)
Terminals of paraventricular spinal neurons are closely asso-
ciated with adrenal medullary sympathetic preganglion neu-
rons: immunocytochemical evidence for vasopressin as a

possible neurotransmitter in this pathway. Exp Brain Res
126:68–76

Nelson RJ, Demas GE (1996) Seasonal changes in immune func-
tion. Q Rev Biol 71:511–48

Nelson RJ, Badura LL, Goldman BD (1990) Mechanisms of sea-
sonal cycles of behavior. Ann Rev Psychol 41:81–109

Prendergast BJ, Kreigsfeld LJ, Nelson RJ (2001) Photoperiodic
polyphenisms in rodents: neuroendocrine mechanisms,
costs, and functions. Q Rev Biol 76:293–325

Prendergast BJ, Wynne-Edwards KE, Yellon SM, Nelson RJ
(2002) Photorefractoriness of immune function in male Sibe-
rian hamsters (Phodopus sungorus). J Neuroendocrinol
14:318–329

Puchalski W, Lynch RG (1986) Evidence for diVerences in the
circadian organization of hamsters exposed to short day pho-
toperiod. J Comp Physiol A 159:7–11

Puchalski W, Lynch RG (1988) Daily melatonin injections aVect
the expression of circadian rhythmicity in Djungarian ham-
sters kept under a long-day photoperiod. Neuroendocrinol-
ogy 48:280–286

Reburn CJ, Wynne-Edwards KE (1999) Cortisol and prolactin
concentrations during repeated blood sample collection
from freely moving, mouse-sized animals (Phodopus spp.).
Comp Med 50:184–198

Ribelayga C, Pevet P, Simonneaux V (2000) HIOMT drives
photoperiodic changes in the amplitude of the melatonin
peak of the Siberian hamster. Am J Physiol Reg I
278:R1339–R1345

Ruby NF, Zucker I (1992) Daily torpor in the absence of the su-
perchiasmatic nucleus in the Siberian hamster. Am J Physiol
A 263:R353–R362

Sheldon BC, Verhulst S (1996) Ecological immunology: costly
parasite defenses and trade-oVs in evolutionary psychology.
Trends Ecol Evol 11:317–321

Weindenfeld J, Corcos AP, Wohlman A, Feldman S (1994) Char-
acterization of the 2-deoxyglucose eVect on the adrenocorti-
cal axis. Endocrinology 134:1924–1931

Yates FE, Russell SM, Dallman MF, Hodge GA, McCann SM,
Dhariwal AP (1971) Potentiation by vasopressin of cortico-
tropin release induced by corticotropin-releasing factor.
Endocrinology 88:3–15

Yellon SM, Teasly LA, Fagoagal OR, Nguyen HC, Truong HN,
Cannerella L (1999) Role of photoperiod and the pineal
gland in T-cell dependent humoral immune reactivity in the
Siberian hamster. J Pineal Res 29:86–93
123


	Metabolic stress suppresses humoral immune function in long-day, but not short-day, Siberian hamsters (Phodopus sungorus)
	Abstract
	Introduction
	Methods
	Animals and housing
	Experimental methods
	Blood sampling and necropsies
	Assessment of humoral immunity
	Assessment of cortisol levels
	Statistical analyses

	Results
	Body mass
	Food intake
	Relative reproductive mass and fat pads
	Immune measures
	Serum cortisol

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


