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Summary
1. Organisms must contend with seasonal fluctuations in energy availability. To maintain a positive
energy balance year-round, a number of adaptations have evolved including seasonal changes in
reproduction, energetics and immunity. Photoperiod is the primary environmental signal most
animals use to predict seasonal events. Despite the established link between energetics and immune
function, little is known regarding how changes in energy availability affect immunity.
2. The goal of the present study was to determine the effects of food restriction on photoperiodic
changes in reproduction and immune function in the Siberian hamster (Phodopus sungorus). Adult
hamsters were housed in long or short days and were food restricted or fed ad libitum. Immune
responses were quantified by measuring specific antibody production and bacterial killing capacity.
3. Food restriction decreased body and relative reproductive masses in long-day animals. Antibody
responses, but not bacterial killing ability, were enhanced in food restricted short-day animals as
compared with ad libitum fed controls. We also found differential effects of body fat on immune
responses depending on the immune measure.
4. The effects of food restriction on immune function appear to vary based on the restriction
regimen, the response measured, and the physiological state of the organism including energy
balance, metabolic rate and reproductive status.
5. In conclusion, these results suggest that a wide range of factors can differentially affect immune
function. In addition, these effects may vary based on the specific response examined. Future studies
should include a variety of measurements to provide a more integrative and accurate picture of
reproductive, energetic, and photoperiodic effects on immune function.
Key-words: food restriction, humoral immunity, innate immunity, photoperiod, seasonality,
trade-offs

Introduction
To maximize survival, organisms must maintain a balanced
energy budget despite competing physiological functions
(Bronson & Heideman 1994). Large fluctuations in resource
availability within an environment (e.g. seasonal fluctuations),
require an organism to modify physiological responses to
maintain an adequate input of energy to the body, as well as
partition total available energy to necessary bodily functions
(e.g. thermoregulation, cellular processes, reproduction)
*Correspondence author. E-mail: dzysling@indiana.edu
†Present address. Department of Chemistry and Biochemistry,
University of Colorado at Boulder, Boulder, CO 80309, USA.

(Wade & Schneider 1992). In addition to these physiological functions, the immune system (e.g. production of
antibodies, inflammation and fever) requires energy to
maintain optimal functioning. Mounting an immune
response requires resources that may otherwise be allocated
to other physiological functions (Henken & Brandsma 1982;
Maier et al. 1994; Apanius et al. 1994; Sheldon & Verhulst
1996; Demas et al. 1997a, 1997b; Lochmiller & Deerenberg
2000). In turn, organisms must balance the regulation and
allocation of energetic resources to defence to achieve
optimal resistance (Behnke et al. 1992). Allocation strategies
may be flexible and therefore, the outcome of these balancing
mechanisms may depend on available resources and other
potential resource demands.
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The energetic costs of reproduction are well-documented
(reviewed in Bronson 1985; Wade & Schneider 1992; Bronson
1998; Schneider et al. 2002; also see Martin & Walkden-Brown
1995; Tauson 2001) and trade-offs between reproduction and
immune function have been extensively studied in relation to
these costs (Fedorka et al. 2004; Boughton et al. 2007; French
et al. 2007; reviewed in Speakman 2008). In a variety of species,
when investment in reproduction increases there is a concomitant increase in host susceptibility to parasites (Gustafsson
et al. 1994; Norris et al. 1994; Richner et al. 1995; Allander &
Bennett 1995; Nordling et al. 1998) and a decrease in immune
responses such as wound healing (French et al. 2007). In many
cases however, an inverse relationship between reproduction
and immune function is not found and instead this relationship may be positive or neutral (Nelson & Demas 1996;
Sinclair & Lochmiller 2000). A potential explanation for this
discrepancy is that physiological trade-offs are conditiondependent, such that organisms may compensate if adequate
resources or energetic stores are present (Svensson et al. 1998;
Moret & Schmidt-Hempel 2000; Råberg et al. 2000; French
et al. 2007).
The initiation of an immune response requires energetic
output such that marked reductions in energy and resource
availability without concurrent reductions in energy expenditure can lead to significant decreases in immunity (Chandra
1996; Nova et al. 2002; Bilbo & Nelson 2004). Seasonal
fluctuations in environmental conditions (e.g. temperature,
rainfall and food availability) can produce large fluctuations
in energy availability that organisms must contend with
(Bronson 1989; Goldman & Nelson 1993; Bronson & Heideman
1994). In response, many mammals occupying relatively predictable habitats have evolved to use day length (photoperiod)
to time and/or modulate energetically expensive activities,
(e.g. reproduction and specific immune parameters) to
coincide with adequate resources (Nelson et al. 1990). The
physiological signal encoding seasonality in mammals appears
to be the duration of nightly melatonin secretion (Bartness
et al 1993). Specifically, the duration of melatonin secretion is
the physiological signal that ‘codes’ or transduces day length
(Goldman & Elliot 1988; Nelson et al. 1990; Bartness et al.
1993). Thus, seasonally breeding rodents provide a useful
model to study the role of energetics and photoperiod in
mediating reproductive-immune interactions. Specifically, in
our studies we used the Siberian hamster, (Phodopus sungorus),
a seasonally breeding rodent that is reproductively active in
long ‘summer-like’ photoperiods (Fig. 1). In response to
short ‘winter-like’ photoperiods hamsters undergo gonadal
regression (Hoffman 1973; Steinlechner & Heldmaier 1982)
decreases in body mass and body fat (approximately 25%)
(Bartness & Goldman 1989), and changes in immunity,
including T-cell dependent humoral immunity, in vitro basal
lymphocyte proliferation, circulating B- and T-lymphocyte
numbers, and wound healing (Yellon et al. 1999; Drazen et al.
2000; Prendergast et al. 2001, 2002; Bilbo et al. 2002; Demas
2002; Kinsey et al. 2003).
The goal of this study was to determine the effects of
resource availability on photoperiodic changes in immunity

Fig. 1. Image of a short-day responder (upper left) and long-day
(lower right) Siberian hamster (Phodopus sungorus).

and reproductive function. Furthermore, we sought to
evaluate whether these two energetically competing functions
would vie for limited resources and if the resulting trade-off
would vary depending on photoperiodic condition. Specifically, we housed Siberian hamsters in long and short days,
experimentally reduced food availability, and assessed reproduction and immunity. We predicted that if immune responses
are energetically expensive, by imposing increased resource
demands via food restriction we would see either a decrease in
immune response or decreases in reproduction and/or body
fat due to energetic trade-offs between competing systems.
Furthermore, because short-day animals experience an
energetic bottleneck due to decreases in body mass and fat,
changes in resource ability may have a greater effect on these
animals as compared with those in long days.

Methods and materials
ANIMALS AND HOUSING CONDITIONS

Adult female (> 60 days of age) Siberian hamsters (n = 106) were
obtained from our breeding colony and housed individually in polypropylene cages (40 × 20 × 20 cm). Temperature was maintained
constant at 20 ± 2 °C and relative humidity was maintained at 50 ± 5%.
Food (Purina rat chow) and tap water were available ad libitum prior
to the experiment. Initial body weights were measured and animals
were assigned pseudo-randomly (counterbalanced for body mass) to
one of two photoperiodic conditions: long-day (LD, light:dark 16:8,
lights off at 2000 h, n = 36) or short-day (SD, light:dark 8:16, lights
off 1600 h, n = 70). A greater number of animals were housed in
short days to control for reproductive non-responders. In Siberian
hamsters and many other small rodents, a subset of short-day individuals do not respond reproductively to changes in photoperiod.
This phenomenon has been documented in both males (Lynch et al.
1989; Gorman & Zucker 1997) and females of this species (Schlatt
et al. 1993; Zysling & Demas 2007) and these individuals are referred
to as reproductive ‘non-responders’ (Puchalski & Lynch 1986).
Short-day non-responders provide a useful additional experimental
group; although they receive the short-day photoperiodic (i.e. photic)
signal, it is not appropriately transduced via a long duration
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melatonin signal (see Prendergast et al. 2001). Therefore, short-day
non-responders resemble long-day animals both physiologically and
morphologically. For example, short-day responders normally undergo
a marked decrease in body mass whereas non-responders maintain
normal long-day levels. Thus, changes in body mass were used to
initially assign short-day animals as responders and non-responders
based on previously described methods (Greives et al. 2008).

effects of energy deprivation on the tissues. All tissues were cleaned
and weighed to the nearest 0·1 mg. Gonadal weights were used to
confirm our assignment of short-day responders and non-responders
based on changes in body mass (see Zysling & Demas 2007). As
confirmed by gonadal weights, we found that a number of animals
were reproductively non-responsive to short-day photoperiods
(responders: n = 45; non-responders: n = 25).

EXPERIMENTAL PROCEDURES

ASSESSMENT OF HUMORAL IMMUNITY

All animals were maintained within their respective photoperiod
conditions for 7 weeks with ad libitum food and water. During the
last week, food consumption was assessed daily by weighing the
food blocks remaining in the hopper and mean food intake was
determined for each animal. Additionally, animals were weighed to
the nearest 0·1 g to establish a baseline body mass.
Following one week of baseline food consumption measurements
and 8 weeks of photoperiod treatment, food restriction or ad libitum
experimental manipulations began while animals were maintained
in their respective photoperiodic conditions. Food restricted animals
received 70% of their original baseline food intake between 1330 and
1630 h (i.e. a 30% food reduction), whereas ad libitum animals continued to have free access to food and water for a total of 2 weeks
until the completion of the study. Studies have shown that decreases
in food availability can lead to bouts of torpor in this species (Ruf
et al. 1993; Bae et al. 2003); however, we did not observe any animals
entering torpor during the experiment. Torpor was assessed via
behavioural observations when feeding and caring for the animals.
Torpor was not rigorously quantified, so it is not formally presented in this study. After 4 days of food restriction/ ad libitum
treatment, all animals received a single subcutaneous injection of
150 μg of keyhole limpet hemocyanin (KLH) suspended in 0·1 mL
sterile saline (Day 0) to assess humoral immune function. KLH is an
innocuous respiratory 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. inflammation or fever) (Dixon et al. 1966). Following the KLH
injection, food restriction/ad libitum treatment was continued for an
additional 10 days.

To assess humoral immunity, serum antibody concentrations for
KLH were assayed using an enzyme-linked immunosorbent assay
(ELISA). For measurement of anti-KLH IgM and IgG concentrations
(see Demas et al. 2003) microtitre plates were coated with antigen by
incubating overnight at 4 °C with 0·5 mg/mL KLH in sodium bicarbonate buffer (pH 9·6). Plates were washed with phosphate buffered
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 overnight at 4 °C to
reduce nonspecific binding, and washed again with PBS-T. Thawed
serum samples were diluted 1:20 with PBS-T, and 150 μL of each
serum dilution was added in duplicate to the wells of the antigencoated 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 (alkaline phosphataseconjugated-anti hamster IgG diluted 1:500 with PBS-T, Rockland,
Gilbertsville, PA; 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 incubated for 1 h at 37 °C.
Plates were then washed again with PBS-T and 150 μL of the enzyme
substrate p-nitrophenyl phosphate (Sigma Chemical; 0·1 mg/mL in
diethanolamine substrate buffer) was added to each well. The optical
density (OD) of each well was determined every 10 min for a total
time of 30 min using a plate reader (Bio-Rad, Benchmark; Richmond,
CA) equipped with a 405 nm wavelength filter. The mean OD for
each set of duplicate wells was calculated. To minimize inter- and
intra-assay variability, the mean OD for each sample was expressed
as a percentage of its plate positive control OD for statistical analysis.

BLOOD SAMPLING AND NECROPSY PROCEDURES

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-specific antibodies, bacterial killing ability, 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
first immunoglobulin 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. 1997a,
1997b; Drazen et al. 2000). Briefly, animals were lightly anesthetized
with either diethyl ether (Sigma, St. Louis, MO) or isoflurane
(AErrane, Baxter, Deerfield, IL) and blood samples were drawn
from the retro-orbital sinus between 0900 and 1100 h EST. Blood
samples were allowed to clot for 1 h at room temperature, the clots
were removed and the samples were centrifuged at 4 °C for 30 min at
5000 g. 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 (reproductive mass),
parametrial white adipose tissue (PWAT), inguinal WAT (IWAT),
and retroperitoneal WAT (RWAT) were removed to determine the

ASSESSMENT OF INNATE IMMUNITY

Innate immunity was assessed by performing an ex vivo bacterial
killing assay. This assay is an adaptation of a previously described
protocol (Tieleman et al. 2005). Briefly, the bacterial stock solution
was prepared by adding one pellet of lyophilized E. coli (EpowerTM
Microorganisms #0483E7, ATCC 8739, MicroBioLogics, St. Cloud,
MN) to 40 mL of 1M sterile PBS. The solution was then activated
by incubation at 37 °C for 30 min. Following incubation, the bacterial
working solution was prepared by adding 2 mL of the stock solution
to 8 mL 1M PBS. Day 10 serum samples were diluted 1:20 in CO2independent media (Gibco #18045, Carlsbad, GA) supplemented
with 2·34 mg of l-glutamine (Sigma) and 20 μL of the bacterial
working solution was added to each dilution. For the positive control,
the bacterial working solution was diluted 1:20 with media and the
negative control was media alone. The serum/bacteria mixtures and
controls were incubated at 37 °C for 30 min to induce bacterial killing.
Next, 50 μL of each sample was added to tryptic soy agar plates in
duplicate. All plates were covered and incubated upside down overnight at 37 °C. The following day, colony numbers were counted and
killing capacity was calculated as the mean number of colonies for
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each sample subtracted from the positive control mean. The resultant value was divided by the positive control mean and multiplied by
100 (i.e. % bacteria killed relative to positive control).

ASSESSMENT OF CORTISOL CONCENTRATIONS

Circulating glucocorticoids were measured as an index of metabolic
stress. In particular, cortisol was measured because it is the predominant glucocorticoid in Siberian hamsters, with concentrations ~100x
that of corticosterone (Reburn & Wynne-Edwards 1999). Serum
cortisol concentrations were determined from Day 5 samples using
an enzyme immunoassay (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 antiserum used is highly specific for cortisol; cross-reactivity
with corticosterone is 27·68% and for other steroid hormones it
is < 0·01%. The sensitivity of the assay is 56·72 pg/mL. Intra-assay
variability was 6·61% and 3·78% and inter-assay variability was 1·34%.

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-normally distributed were transformed where
appropriate. Reproductive mass was corrected for body mass by
taking 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 distributed and was arcsine square root
transformed to best meet the normality and equality of variance
assumptions of parametric tests. The arcsine transformation was
performed because the relative reproductive values are a proportion
and thus not suitable for a log transformation. Composite fat mass,
IWAT, RWAT, PWAT, cortisol concentrations, and final body weight
were also log-transformed to meet these assumptions. All differences
were assessed via a two-way (photoperiod × food treatment) analysis
of variance (anova). Short-day non-responders were analysed as a
separate group. Therefore, the model contained three photoperiod
groups (i.e. long-days, short-day non-responders, and short-day
responders) and two food treatment groups (i.e. restricted and ad
libitum). Post hoc comparisons between pairwise means were
conducted using Tukey’s honestly significant difference (HSD) tests
when the overall anova s were significant. Linear regression was used
to assess whether composite body fat co-varied significantly with antibody response, bacterial killing capacity, and relative reproductive
weight. Observations with a residual value greater than two standard
deviations from the mean were considered statistical outliers and
not used in subsequent analyses. For all statistical tests, the level of
significance (α) was set at P < 0·05 and tests were two-tailed.

Results
BODY MASS

There was a significant effect of photoperiod (F2,93 = 123·60,
P < 0·001; Table 1) and food treatment (F1,93 = 45·91,
P < 0·001) on final body mass. There was also a significant
interaction between photoperiod and treatment on final body
mass (F2,93 = 4·47, P = 0·014). Specifically, short-day responders
were significantly lighter than both long-day animals
(T = –13·95, P < 0·001) and short-day non-responders

Table 1. Effects of food restriction on mean (± SEM) serum antiKLH immunoglobulin M (IgM), final body mass, combined uterine
horn and ovary masses (reproductive mass), parametrial white
adipose tissue (PWAT), inguinal WAT (IWAT), and retroperitoneal
WAT (RWAT) in long-day (LD), short-day reproductively nonresponsive (SD-NR), and short-day reproductively responsive
(SD-R) Siberian hamsters

Final body mass
LD
SD-NR
SD-R
Reproductive mass
LD
SD-NR
SD-R
PWAT
LD
SD-NR
SD-R
IWAT
LD
SD-NR
SD-R
RWAT
LD
SD-NR
SD-R
IgM
LD
SD-NR
SD-R

Ad libitum

Food restricted

37·61 ± 0·871,2
40·93 ± 1·942
27·37 ± 0·663

34·25 ± 0·921
33·94 ± 1·611
20·85 ± 0·654

0·106 ± 0·0081
0·113 ± 0·0121
0·038 ± 0·0023

0·071 ± 0·0052
0·063 ± 0·0052
0·034 ± 0·0023

0·206 ± 0·0221
0·162 ± 0·0251
0·041 ± 0·0072,3

0·172 ± 0·0191,2
0·106 ± 0·0832
0·023 ± 0·0073

2·113 ± 0·1411,2
2·462 ± 0·1902
0·642 ± 0·0824

1·832 ± 0·0891
1·470 ± 0·2813
0·220 ± 0·0924

0·206 ± 0·0181
0·225 ± 0·0221
0·043 ± 0·0073

0·162 ± 0·0111,2
0·129 ± 0·0212
0·021 ± 0·0073

1·065 ± 0·075
1·114 ± 0·083
0·834 ± 0·065

1·046 ± 0·079
1·039 ± 0·087
0·997 ± 0·059

Groups with different numbers indicate statistically significant
differences between group means (P < 0·05); groups sharing the
same number are statistically equivalent.

(T = –12·55, P < 0·001). For both short-day responders and
non-responders, food restricted animals were significantly
lighter than those fed ad libitum (T = – 6·427, P < 0·01;
T = –3·27, P < 0·018).
Changes in body mass over the course of the experiment
were significantly affected by both photoperiod (F2,95 = 125·59,
P < 0·001; Fig. 2a) and food treatment (F1,95 = 61·9,
P < 0·001); however, there was no significant photoperiod ×
treatment interaction (F2,95 = 0·6, P = 0·415). Overall, restricted
animals lost significantly more weight during the duration
of the experiment than those fed ad libitum (T = –7·868,
P < 0·001). Furthermore, within each photoperiod group
restricted animals were lighter than ad libitum fed animals
(LD: T = – 4·34, P = 0·005; SD-NR: T = – 4·61, P = 0·001;
SD-R: T = – 4·826, P = 0·006).

BODY FAT AND RELATIVE REPRODUCTIVE MASS

Differences in fat pad masses were observed among experimental groups. Specifically, photoperiod significantly affected
IWAT (F2,95 = 106·74, P < 0·001; Table 1), RWAT (F2,96 =
90·43, P < 0·001), PWAT (F2,98 = 50·53, P < 0·001), and
composite fat mass (F2,93 = 117·83, P < 0·001, Fig. 2b). Food
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(IWAT: F2,95 = 2·97, P = 0·056; RWAT: F2,96 = 3·0, P = 0·054).
In general, photoperiod effects on body fat were due to
short-day responders having significantly lower fat pad
masses than short-day non-responders (IWAT: T = –9·41,
P < 0·001; RWAT: T = –9·864, P < 0·001; PWAT: T = – 4·496,
P = 0·003; composite fat: T = –10·11, P < 0·001) and long-day
animals (IWAT: T = –9·41, P < 0·001; RWAT: T = –8·706,
P < 0·001; PWAT: T = –7·86, P < 0·001; composite fat:
T = –10·27, P < 0·001).
Relative reproductive mass was also significantly affected
by both photoperiod (F2,94 = 25·18, P < 0·001; Fig. 2c) and
food treatment (F1,94 = 19·06, P < 0·001). Additionally, there
was a significant photoperiod × treatment interaction (F2,94 =
8·39, P < 0·001). Short-day responders displayed smaller
relative reproductive masses than both long-day animals
(T = –6·967, P < 0·001) and short-day non-responders
(T = – 4·049, P < 0·001). Furthermore, when food restricted,
relative reproductive masses were smaller in both long-day
animals (T = – 4·383, P < 0·001) and short-day non-responders
(T = –3·497, P = 0·009) as compared with photoperiodmatched, ad libitum controls. All above observations were
also true for unadjusted reproductive masses; unadjusted
reproductive mass was significantly affected by both photoperiod (F2,94 = 65·41, P < 0·001) and food treatment (F1,94 =
45·63, P < 0·001). Additionally, there was a significant
photoperiod × treatment interaction (F2,94 = 9·47, P < 0·001).
HUMORAL IMMUNITY

Photoperiod (F2,100 = 5·36, P = 0·006; Fig. 3a) and
photoperiod × food treatment (F2,100 = 3·86, P = 0·024), but
not food treatment alone (F1,100 = 2·58, P = 0·111), significantly affected IgG levels. As expected, short-day responders
had significantly lower IgG levels than long-day animals
(T = –3·258, P = 0·004). Interestingly, food restricted
short-day responders had significantly elevated IgG levels
compared with short-day responder ad libitum controls
(T = 3·077, P = 0·031). There were no significant effects of
food treatment or photoperiod × food treatment on IgM
levels (P > 0·05; Table 1); however, there was a nearly significant effect of photoperiod (F2,101 = 2·69, P = 0·073).
Fig. 2. Effects of food restriction on mean (± SEM) (a) changes in
body mass, (b) composite body fat, and (c) relative reproductive mass
in long-day (LD), short-day reproductively non-responsive (SDNR), and short-day reproductively responsive (SD-R) Siberian
hamsters. Groups with different numbers indicate statistically
significant differences between group means (P < 0·05); groups
sharing the same number are statistically equivalent.

treatment also had significant effects on all fat pads measured
(IWAT: F1,95 = 25·55, P < 0·001; RWAT: F1,96 = 22·0, P < 0·001;
PWAT: F1,98 = 5·87, P = 0·017; composite fat: F1,93 = 32·59,
P < 0·001) and significant photoperiod × treatment interactions were observed in regards to composite fat (F2,93 = 4·88,
P < 0·001) but not PWAT masses (F2,98 = 0·51, P = 0·604).
There was a trend towards photoperiod × treatment affecting
both IWAT and RWAT masses, but it was not significant

INNATE IMMUNITY

Bactericidal activity was significantly affected by photoperiod (F2,101 = 13·2, P < 0·001; Fig. 3b) but not food treatment
(F1,101 = 0·99, P = 0·322). Additionally, there was a significant
photoperiod × food treatment interaction (F2,101 = 3·82,
P = 0·025). Overall, short-day responders displayed weaker
bactericidal activity than both short-day non-responders
(T = – 4·515, P < 0·001) and long-day animals (T = – 4·122,
P < 0·001).

SERUM CORTISOL

There were significant effects of food treatment (F1,95 = 4·38,
P = 0·039; Fig. 3c) and photoperiod × food treatment
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RELATIONSHIP BETWEEN IMMUNE MEASURES AND
RELATIVE REPRODUCTIVE MASS WITH BODY FAT

When food treatment groups were combined, both IgG and
bactericidal activity were significantly and positively correlated
with composite body fat (IgG: R2 = 0·069, P = 0·006; bactericidal:
R2 = 0·107, P = 0·001). However, when food treatment groups
were analysed separately the results were different. For IgG, the
correlation with composite body fat in ad libitum fed animals was
still significant (R2 = 0·16, P = 0·002; Fig. 4a), but this relationship
disappeared in food restricted animals (R2 = 0·028, P = 0·252;
Fig. 4b). Interestingly, the results were the exact opposite for
bactericidal activity; there was a significant relationship in
food restricted animals (R2 = 0·329, P < 0·001; Fig. 4d) but not
ad libitum fed animals (R2 = 0·002, P = 0·269; Fig. 4c). When
examining the relationship between relative reproductive
mass and composite body fat, the relationship was positive
and significant when food treatment groups were combined
(R2 = 0·089, P = 0·002) and when ad libitum animals were
analysed separately (R2 = 0·129, P = 0·006). However, when
restricted animals were analysed alone, the correlation was
no longer significant (R2 = 0·037, P = 0·194).

Discussion

Fig. 3. Effects of food restriction on mean (± SEM) (a) antibody
production (anti-KLH IgG), (b) bactericidal activity, and (c) cortisol
concentrations in long-day (LD), short-day reproductively nonresponsive (SD-NR), and short-day reproductively responsive (SDR) Siberian hamsters. In figures (a) and (b) groups with different
numbers indicate statistically significant differences between group
means (P < 0.05); groups sharing the same number are statistically
equivalent. Significant differences between pair wise means in (c) are
indicated by an asterisk if P < 0.05.

(F2,95 = 4·20, P = 0·018) on serum cortisol levels. Cortisol levels
however, were unaffected by photoperiod (F2,95 = 0·88,
P = 0·417). In general, food restricted animals had lower
serum cortisol levels than ad libitum fed controls (T = –2·092,
P < 0·039). The short-day responders were the driving force
behind the above effect; restricted short-day responders had
significantly lower serum cortisol levels than those fed ad
libitum (T = –3·237, P = 0·020).

We predicted that moderate food restriction would suppress
measures of immune function and these responses would
differ depending on photoperiod, reproductive state, and/or
body condition. Consistent with previous findings we found
photoperiodic effects on immune function with long-day
animals showing higher concentrations of IgG antibodies
compared with short-day reproductive responders (also see
Yellon et al. 1999). Short-day non-responders displayed an
intermediate IgG response as compared with responders and
long-day animals. Interestingly, these results are in contrast to
those observed in non-responder males of this species
(Drazen et al. 2000). In males, non-responders display normal
short-day (i.e. reduced) IgG responses. It is possible that these
observed differences are due to the use of females in the
present study; other reports in this species have demonstrated
sex-specific effects of energy deprivation on immune function
(Martin et al. 2008). Future studies exploring sexual dimorphism in photoperiodic responsiveness are warranted.
In contrast to our predictions, food restriction did not affect
any immune measures within short-day non-responders and
long-day animals. Interestingly however, antibody responses
were enhanced in food-restricted short-day responders as
compared with ad libitum fed animals. Although these results
may seem counterintuitive, increases in immunity with food
restriction have been reported. For example, dietary restriction
enhances certain measures of immune activity and functioning
(Weindruch et al. 1986; Pahlavani 2000; Ha et al. 2001; Pahlavani
et al. 2002), including the proliferative capacity and functioning
of T- and B-cells (Nakamura et al. 1990; Kubo et al. 1992;
Conzen & Janeway 1998; Riley-Roberts et al. 1992).
At a proximate level of analysis, the effects of food restriction on
immune function may be due the mobilization of glucocorticoids.
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Fig. 4. Effects of food restriction on the relationship between composite body fat and humoral and innate immune function. Humoral
(anti-KLH IgG; ad libitum): (a) food restricted: (b) and innate (bactericidal activity; ad libitum): (c); food restricted: (d) are presented as a
function of composite body fat. In all figures long-day animals are presented as black circles, short-day non-responders are presented as black
triangles, and short-day responders are presented as black squares.

Reduced food availability can lead to increased glucocorticoid
secretion in mammals (Murphy & Wideman 1992) and numerous
studies have demonstrated that increased glucocorticoid (e.g.
cortisol) secretion can suppress specific aspects of immunity
(Demas & Nelson 1998; Shi et al. 1998; Walrand et al. 2000;
Stapleton et al. 2001; Esquifino et al. 2007). In the present
study, however, we found no effects of food restriction on
cortisol levels in short-day non-responders and long-day
animals. Furthermore, we observed decreased serum cortisol
responses concurrent with increased antibody responses in
restricted short-day responders. These results suggest that changes
in cortisol may not fully explain the effects of food restriction
on immunity and additional mechanisms may be involved.
This result, although unexpected, has been previously demonstrated; studies have shown a lack of change in glucocorticoid release in response to food restriction (Martin et al.
2006). Furthermore, increases in glucocorticoids only occur
during the early stages of restricted feeding (Stewart et al.
1988) and shortly before food-consumption/presentation
(Kreiger 1974; Honma et al. 1984). Because blood sampling
occurred approximately 4–6 h prior to food presentation in
the present study, it is possible that there was either no effect

of restriction on cortisol concentrations or we missed the initial
surge in serum levels. The observed changes (i.e. decreases) in
both body fat/mass and reproductive organs provide confirmatory support that our food restriction manipulation was
effective; however, the manipulation itself may not have been
adequately ‘stressful’ to elicit a glucocorticoid response,
although such a response was not integral to the study.
At an ultimate level of analysis, some animals may be less
prone to the effects of energetic stressors because they have
evolved to survive in the face of harsh conditions and low
resource availability by predicting (and preparing for) these
changes using photoperiod. As mentioned previously,
Siberian hamsters undergo large decreases in body mass and
food intake to decrease absolute energy requirements and
foraging time, thus limiting exposure to unfavourable conditions (Iverson & Turner 1974; Dark & Zucker 1983; Bartness
& Wade 1985). Thus, alterations in energy availability may
have little effect on immune responses in short-day responders.
In fact, previous studies in our laboratory have shown that
decreases in glucose availability via 2-deoxy-d-glucose
administration do not affect humoral immune responses in
short-day responders, whereas responses in long-day animals
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are impaired (Demas et al. 1997a, 1997b; Zysling & Demas
2007). Coupled with decreases in body mass due to food
restriction, which further decreases energy requirements, and
the lack of necessity for increased thermoregulation in the
laboratory environment, the caloric consumption per gram
body weight for a food restricted short-day responder may be
equal to or greater than its ad libitum fed counterpart (Stewart
et al. 1988). Furthermore, with the decrease in energetic
resources devoted to the quiescent gonad in non-reproductive
short-day animals, energetic trade-offs between reproduction
and other competing systems would be virtually non-existent,
thus potentially explaining the observed difference between
short-day and long-day individuals.
Interestingly, we also found differential effects of body fat
on immune responses depending on the particular arm of the
immune system measured (i.e. innate vs. humoral). Specifically, when we correlated composite body fat mass with
immune measures we found that body fat was positively
correlated with bacterial killing ability in restricted, but not
ad libitum fed, animals. This result suggests that body fat stores,
and thus energetic status, may play a role in regulating innate
immunity during times of resource limitation. In addition, these
changes may be mediated indirectly via signalling molecules
such as leptin, a hormone secreted by fat cells that is known to
alter immunological responses (Lord 2002; Demas & Sakaria
2005). The bactericidal assay measures the activity of opsonizing
proteins (complement and acute phase proteins); however,
the various costs of these components are unknown.
Unlike bacterial killing ability, antibody production was
positively correlated with composite body fat mass in ad libitum
fed, but not restricted, animals. These data suggest that the
maintenance of humoral immunity is costly and dependent
on energetic stores, but is not tightly regulated by fat mass
during food restriction per se. As described earlier, this relationship may be largely driven by the immunoenhancement
seen in short-day responders. Previous studies have demonstrated differential effects of food restriction on immune
measures (Hangalapura et al. 2005). Additionally, research
has shown that innate and cell-mediated immunity are more
sensitive than humoral immunity to changes in nutritional
status (Scrimshaw & SanGiovanni 1997; Hangalapura et al.
2003). In many cases humoral responses remain constant
over a wide range of nutritional states (Moore et al. 2003).
Our results are unique in that we link these fluctuations in
immunity to not only food intake (i.e. resources availability),
but also body fat (i.e. energetic stores). Taken together, future
studies should consider both nutritional status and body fat.
In addition, the specific energetic costs of individual immune
components should be explored.
Physiological trade-offs are characterized by flexible allocation to competing functions. One way in which this may
manifest itself is through the simultaneous up-regulation
and/or down-regulation of multiple physiological processes.
As described previously, these trade-offs may only become
apparent when resources are limited. For example, in tree
lizards, experimentally limiting resources decreases immune
responses, but only when animals were in the most costly

stage of reproduction (i.e. vitellogenesis). These results suggest
that trade-offs between immune function and reproduction
are facultative rather then obligate (French et al. 2007). In the
present study, we observed decreases in relative reproductive
mass with food restriction in long-day animals and short-day
non-responders. No differences in gonadal weights were
observed in short-day responders, which have already undergone seasonal reproductive regression. Previous studies have
shown decreases in reproductive function and morphology
with dietary restriction (Desjardins & Lopez 1983; Blank &
Dejardins 1984; Nelson et al. 1992; see Martin et al. 2008). In
female mammals, food intake plays an important role in
the timing of ovulation and other aspects of reproduction
(Leathem 1975; Frisch 1978; Widdowson 1981; Bronson &
Martstellar 1985; Holeman & Merry 1985; Bronson 1986;
Bronson & Heideman 1990). Our results suggest that,
together with decreases in body/fat masses, gonadal regression
may counteract decreases in available energy imposed by food
restriction. This, in turn, may generate a more positive energy
balance that allows these animals to maintain optimal
immune responses.
In conclusion, the effects of food restriction on immune
function appear to vary based on the restriction regimen
(i.e. amount and duration), the response measured, and the
physiological state of the organism including energy balance,
metabolic rate, and reproductive status. Specifically, here we
demonstrated that food restriction leads to decreases in body
mass and relative reproductive mass; however, antibody
responses are enhanced in short-day restricted animals as
compared with ad libitum fed controls. Furthermore, we discovered differential effects of body fat on immune responses
depending on the specific arm of the immune system examined
(i.e. humoral vs. innate), suggesting that physiological responses
to food restriction vary by both photoperiod and immune
measure. Future studies are necessary to uncover the direct
mechanisms that modulate physiological responses to energetic demands. Furthermore, quantifying the specifics costs
of immunity and understanding the regulation of dynamic
trade-offs between competing functions will enhance our
knowledge of the adaptive functions of seasonal patterns in
physiological and the resulting effects on disease states.
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