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Exogenous insulin enhances humoural
immune responses in short-day, but not long-

day, Siberian hamsters (Phodopus sungorus)
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Many animals experience marked seasonal fluctuations in environmental conditions. In response, animals
display adaptive alterations in physiology and behaviour, including seasonal changes in immune function.
During winter, animals must reallocate finite energy stores from relatively costly, less exigent systems
(e.g. reproduction and immunity) to systems critical for immediate survival (e.g. thermoregulation). Seaso-
nal changes in immunity are probably mediated by neuroendocrine factors signalling current energetic state.
One potential hormonal candidate is insulin, a metabolic hormone released in response to elevated blood
glucose levels. The aim of the present study was to explore the potential role of insulin in signalling energy
status to the immune system in a seasonally breeding animal, the Siberian hamster (Phodopus sungorus).
Specifically, exogenous insulin was administered to male hamsters housed in either long ‘summer-like’ or
short ‘winter-like’ days. Animals were then challenged with an innocuous antigen and immune responses
were measured. Insulin treatment significantly enhanced humoural immune responses in short, but not
long days. In addition, insulin treatment increased food intake and decreased blood glucose levels across
photoperiodic treatments. Collectively, these data support the hypothesis that insulin acts as an endocrine
signal integrating seasonal energetic changes and immune responses in seasonally breeding rodents.
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1. INTRODUCTION

Most non-tropical animals experience marked seasonal
fluctuations in environmental conditions, which can act
as seasonal stressors. During winter, animals typically
experience reduced food availability and low ambient
temperatures that can limit total energy budgets by
decreasing available energy or increasing energy output,
respectively. To cope with these potential seasonal stres-
sors, many small mammals have evolved mechanisms to
use photoperiodic (day length) cues to appropriately
alter energy investment into physiological systems to
match current environmental conditions. For example,
long-day, reproductively active rodents downregulate
their reproductive neuroendocrine axes and cease breed-
ing activity during the short days of winter; reproductive
activity is restored following the return of long day lengths
associated with spring and summer (Bronson &
Heideman 1994). In addition, marked seasonal changes
in foraging, food intake and body mass occur in a wide
range of vertebrate species (Bartness & Demas 2004).

A growing body of evidence suggests that immunity,
like reproduction, is energetically costly and plays a key
role in physiological trade-offs (Lochmiller & Deerenberg
2000; Demas 2004; Martin er al. 2008). If immune
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function is costly, we would predict seasonal changes in
immune function in response to changing photoperiods.
Empirical support for this hypothesis exists; long-day
breeding mammals in seasonal environments modulate
immune function during the short days of winter by alter-
ing circulating antibody responses, lymphocyte
proliferation, delayed-type hypersensitivity, wound heal-
ing and numbers of circulating leucocytes and
lymphocytes (Yellon er al. 1999; Drazen et al. 2000;
Bilbo ez al. 2002; Kinsey et al. 2003; Weil er al. 2007).
Despite these observations, considerably less is known
regarding the physiological mechanisms mediating photo-
periodic changes in immune function. Although changes
in gonadal steroid hormones (e.g. testosterone and oestra-
diol) and pineal melatonin can explain some of the
photoperiodic effects on immunity (Demas & Nelson
1998a,b; Bilbo & Nelson 2001; Drazen et al. 2001),
additional endocrine factors are probably involved,
including hormones that regulate energy balance
(Demas 2004). For example, leptin, a hormone secreted
predominantly by adipose tissue, modulates immune
responses in several rodent species (Lord er al. 1998;
Demas & Sakaria 2005). Furthermore, seasonal changes
in leptin concentrations appear to mediate, at least in
part, seasonal changes in immunity (Drazen ez al.
2001). Although leptin increases immune responses in
short-day hamsters, antibody responses are not fully
restored to normal long-day levels, suggesting that
additional endocrine factors are probably involved in
mediating this response.
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The pancreatic peptide insulin is secreted in response to
increased energy intake and regulates the storage of excess
energy. It is well known that insulin signals energy avail-
ability to peripheral tissues and the central nervous
system (Schwartz & Kahn 1999; Benoit ez al. 2004). The
role of insulin in signalling energy status to the immune
system and modulating subsequent responses, however,
remains unknown. Because insulin is secreted in response
to changes in blood glucose levels, it serves as an important
indicator of current energy availability within an animal
(Benoit ez al. 2004). Furthermore, insulin levels are corre-
lated with adiposity in most mammals studied thus far,
including Siberian hamsters (Phodopus sungorus; Bartness
et al. 1995). Therefore, insulin may serve as both an indi-
cator of short-term available energy (i.e. glucose) as well as
long-term energy stores (i.e. adiposity). Although insulin
appears to play an important role in signalling peripheral
energy stores, little is known regarding the potential role
of this hormone in regulating immune responses. Insulin
receptors are expressed by immune cells (e.g. macro-
phages, B and T lymphocytes), and stimulation of these
receptors with exogenous hormone affects glucose trans-
port and can alter immune responses (reviewed in
Wolowczuk er al. 2008). It has also been suggested that
the insulin receptor plays a critical role in the proliferation
and survival of immune cells (Knutson 1991). To our
knowledge, however, virtually nothing is known regarding
the role of insulin in regulating seasonal changes in
immune responses.

The aim of the current investigation was to test the
hypothesis that insulin plays a role in regulating seasonal
changes in immunity. Specifically, if insulin acts as a
link between energy balance and immunity, then exper-
imental increases in the insulin signal, indicating an
excess of available energy, should enhance immune func-
tion and attenuate short-day decreases in immunity. To
test this hypothesis, we housed Siberian hamsters in
either long or short days, manipulated insulin levels via
treatment with exogenous hormone and examined the
effects of these manipulations on both innate and
acquired immune responses.

2. MATERIAL AND METHODS

(a) Animals and housing conditions

Adult (greater than 60 days old) male Siberian hamsters (n =
50) were obtained from our breeding colony maintained on
long days (LL.: D 16:8) at Indiana University. Hamsters
were individually housed in polypropylene cages (23.3 x
15.3 x 15.9 cm) for one week prior to the start of the exper-
iment. Food (Purina rat chow, St Louis, MO, USA) and tap
water were provided ad libitum throughout the experiment.
Room temperature was maintained at 21 + 2°C and relative
humidity at 50 + 10%. Animals were then randomly
assigned to either long (IL: D 16:8) (z = 18) or short days
(L:D 8:16) (n=32) and initial body mass was measured.
All procedures were approved by the Bloomington
Institutional Animal Care and Use Committee (BIACUC).

(b) Responsiveness to photoperiod

Frequently, a subset of hamsters fails to show photo-respon-
siveness (i.e. do not display typical gonadal regression,
reductions in fat stores or changes in pelage density and
coloration) despite prolonged maintenance in short days;
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these animals are known as photoperiodic non-responders
(Puchalski & Lynch 1986). After eight weeks of exposure
to short-day photoperiods, 15 animals were determined to
be non-responders (defined by a less than or equal to 10%
reduction in body mass and maintenance of summer pelage
coloration) and were removed from all subsequent analyses
(Greives et al. 2008). At the conclusion of the experiment,
necropsies were performed on the remaining animals and
paired testes were weighed to confirm responsiveness
(defined as a paired gonadal mass < 0.15 g; Greives er al.
2007). One additional hamster was determined to be a
non-responder based on paired testes mass (paired testes
mass of 0.63 g) and was removed from subsequent analyses.

(c¢) Food intake and insulin administration

Weekly body masses and daily food intake were measured for
all hamsters prior to insulin treatment. Following one week of
baseline food and body mass measurements, insulin injec-
tions were initiated. Long- and short-day hamsters were
divided into one of two injection groups: control animals
received 0.1 ml of 0.9 per cent saline vehicle (long day, n = 9;
short day, n = 8), whereas experimental animals received
0.1 ml of 40 Ukg™! protamine zinc insulin (PZI) (IDEXX
Pharmaceuticals, Greensboro, NC, USA) (long day, n=9;
short day, n = 8) dissolved in saline. PZI was used because
it is a long-lasting form of insulin that has been shown to
affect energetic state in rodents, including hamsters. The
40 Ukg ™! dose was chosen based on a pilot study from our
laboratory that revealed lower doses (20 Ukg ') had no
effect on blood glucose levels or subsequent immune
measures (D. A. Zysling & G. E. Demas 2008, unpublished
data), as well as previously published research in this species
(Bartness et al. 1991). The dose of insulin was gradually
increased until over a period of 14 days to 40 Ukg ! to
avoid severe insulin-induced hypoglycaemia that could
result in death (Bartness er al. 1991; Bartness & Clein
1994; Demas & Bartness 1999). To this end, daily subcu-
taneous (s.c.) injections of PZI were administered for 24
days according to the following injection schedule: day 1:
0.625 Ukg ™ '; days 2-3: 1.25 Ukg '; day 4-6: 5Ukg ™ ';
days 7-10: 10Ukg '; days 11-14: 20 Ukg™ ! and days
15-24: 40 Ukg™ .

(d) Immunizations

Fifteen days after the first injection (i.e. once experimental
animals had reached the desired 40 Ukg ™! dose of insulin),
all hamsters received a single s.c. injection of 100 pg of the
antigen keyhole limpet haemocyanin (KLH) suspended in
0.1 ml sterile saline (day 0; Zysling ez al. 2006). The animals
were previously naive and were returned to the colony room
following injections. KLH is an innocuous respiratory
protein derived from the giant keyhole limpet (Megathura
crenulata). KLLH was used because it generates a robust anti-
genic response in rodents, but does not make the animals sick
(e.g. prolonged inflammation or fever; Dixon ez al. 1966).
Blood was drawn from the retro-orbital sinus at two different
sampling periods (days 5 and 10 post-immunization). These
sampling periods were chosen to capture basal (day 5) and
peak (day 10) immunoglobulin G (IgG) production (the
predominant Ig class present in blood) during the course of
the immune response to KLH (Demas er al. 1997a; Drazen
et al. 2000). Day 5 also corresponds to the peak of immuno-
globulin M (IgM) production, which is the initial antibody
class produced in response to an infection (Demas er al.
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1997a,b; Drazen et al. 2000). On each sampling day, animals
were brought into the surgery room, lightly anaesthetized
with isoflurane vapours (Aerrane, Henry Schein, Melville,
NY, USA), and blood samples were drawn from the retro-
orbital sinus between 1000 h and 1200 h EST. Samples
were allowed to clot for 1h, the clots were removed and
the samples were centrifuged (at 4°C) for 30 min at
2500 rpm. Serum aliquots were aspirated and stored in
sealable polypropylene microcentrifuge tubes at —80°C
until assayed for anti-KILH immunoglobulins and leptin.

(e) Blood glucose measurement

Blood glucose levels were measured 10 days after KLH injec-
tion (i.e. after 25 days of daily insulin treatment). Blood
samples were collected 1 h after insulin or vehicle adminis-
tration and blood glucose levels were determined using a
digital glucose meter (Roche Diagnostics, Indianapolis, IN,
USA). Specifically, 5wl of whole blood was transferred
onto the meter’s check strips and the readout was recorded.
The meter was previously calibrated using an internal
standard provided by the manufacturer.

(f) Antibody response to KLH

Serum samples were analysed by enzyme-linked immuno-
sorbent assay (ELISA) to determine IgM and IgG
concentrations (Klein-Schneegans er al. 1989). Microtiter
plates were coated with KLH in sodium bicarbonate buffer
(pH 9.6), incubated overnight at 4°C and washed with phos-
phate buffered saline (PBS) with 0.05 per cent Tween 20
(PBS-T; pH 7.4). Plates were then blocked with 5 per cent
non-fat dry milk in PBS and washed again with PBS-T.
Serum samples were diluted 1:20 with PBS and added to
the plate wells in duplicate. Negative control samples (i.e.
serum from KILH-naive hamsters) and positive control
samples (i.e. serum pooled from hamsters previously shown
to have significantly high anti-KILH antibody response) were
also diluted 1:20 with PBS and added to the plate wells in
duplicate. Plates were incubated at 37°C for 3h and then
washed with PBS-T. Secondary antibody was then added to
the wells and the plates were incubated for 1.5 h for day 5
(IgM) samples and 1h for day 10 (IgG) samples. Alkaline
phosphatase-conjugated anti-mouse IgM (MP Biomedicals,
Salon, OH, USA) diluted 1:500 in PBS was used for day 5
samples and alkaline phosphatase-conjugated anti-Syrian
hamster IgG (Rockland, Gilbertsville, PA, USA) was diluted
1:500 in PBS and used for day 10 samples.

Following incubation, plates were again washed with
PBS-T, and 150 pl of the enzyme substrate p-nitro-phenyl
phosphate (Sigma, St Louis, MO, USA; 1mg ml™! in
diethanolamine substrate buffer) was added to each well.
Absorbance was measured (Bio-Rad Benchmark Plate
Reader, Hercules, CA, USA) at 405 nm. The mean for
each sample was calculated and expressed as a percentage
of the positive control mean (% plate positive).

(g) Serum leptin

Insulin is known to influence serum leptin levels (Saladin
et al. 1995); therefore, we measured circulating leptin con-
centrations in the present study. Serum leptin
concentrations were determined in day 10 serum samples
(1 : 2 dilution with assay buffer) using an ELISA from a com-
mercially prepared murine kit (EZML-82K, Millipore,
St Charles, MO, USA). This assay was previously validated
for use with Siberian hamsters (French ez al. 2009). All pro-
cedures were followed as directed by the manufacturer’s
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instructions. The antiserum used was highly specific for
leptin; cross-reactivity with related hormones is less than
0.05 per cent and the sensitivity of the assay is 0.05 ngml.
Intra-assay variability was consistently low and coefficients
of variance were less than 10 per cent for all samples.

(h) Bactericidal assay

As a functional assessment of an animal’s ability to eliminate
a bacterial infection, we used an ex vivo bactericidal assay,
based on a modification (French er al. 2009) of a previously
published protocol (Matson et al. 2006). This assay quan-
tifies the relative number of Escherichia coli colony forming
units (CFUs) that grow after incubation with serum. Differ-
ences in CFU presumably represent differences in the ability
of serum proteins (i.e. complement) to kill bacterial colonies.
Briefly, E. coli (ATCC #8739, Microbiologics, St Cloud,
MN, USA) (1 pellet = 107 CFU) was added to 40 ml 1 M
sterile PBS warmed to 35-37°C, which was vortexed to
create a bacterial stock solution and activated by incubation
for 30 min at 37°C. Serum samples were diluted 1 : 40 in glu-
tamine-enriched CO,-independent media (Invitrogen Corp.,
Carlsbad, CA, USA). This dilution was validated for serum
with a dose—response curve prior to the experiment. The
stock bacteria solution (500000 CFUml™!) was diluted
with sterile 1 M PBS to create a 50 000 CFU ml ™! working
solution. To obtain estimates of bacterial numbers (i.e. posi-
tive control), the working solution was diluted 1:10 with
glutamine-enriched COs,-independent media. For each
sample, the working solution was added at a 1:10 ratio to
the diluted serum sample. The bacteria/serum cocktails
were incubated for 30 min at 37°C. All samples were vor-
texed and 50 wl was added to Petri plates in duplicate and
spread with a flame-sterilized spreader. All plates were
stored upside down overnight at 37°C. Following incubation,
bacteria colonies were counted on each plate, and duplicates
were averaged. The mean value for each sample was
expressed as a per cent of bacteria killed relative to the
control plates, in which no killing occurred.

(i) Necropsies and tissue collection

At the conclusion of the study, hamsters were euthanized via
an overdose of ketamine cocktail (20 mgml ™! ketamine and
4 mgml~ ! xylazine in 0.9% saline solution; Nelson & Demas
1996). Inguinal white adipose tissue (IWAT), retroperitoneal
WAT (RWAT), epididymal WAT (EWAT) and paired testes
were collected, cleaned of connective tissues and weighed
to the nearest 0.01 g.

(j) Statistical analyses

All data were analysed with Minitab 15 (Mintab Inc., State
College, PA, USA) using a two-way (photoperiod X treat-
ment) analysis of variance (ANOVA), except for food
consumption data, which were analysed by a repeated
measures ANOVA using JMP 7.0 (SAS, Cary, NC, USA).
Data for repeated measures analysis were taken from the
9-day period that began following the first administration
of full-dose insulin. A composite adipose tissue score was
calculated for each hamster by summing the individual
WAT pad masses (Zysling & Demas 2007).

All pair-wise comparisons of means were conducted using
Tukey’s honestly significant difference post hoc comparisons.
Differences between group means were considered signifi-
cant at p < 0.05. Datasets were analysed for normality
using the Anderson—Darling test. Bactericidal assay data
did not meet requirements for normality and were
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Figure 1. Mean (+s.e.m.) final body masses (a) and food
intake (b) in Siberian hamsters housed in either long or
short days and administered exogenous insulin (striped
bar) or vehicle (filled bar) control. Significant differences
in food intake are indicated by different letters, whereas
significant differences in final body masses are indicated by
an asterisk (*) if p < 0.05.

transformed by taking the arcsine of the square root of each
data point, a standard transformation for percentages.

3. RESULTS

(a) Body and tissue masses and food intake
Short-day hamsters had significantly lower final body
masses than long-day animals (F; 3, = 65.24, p < 0.001;
figure la); however, insulin treatment had no significant
effect on body mass (F; 3, = 0.63, p > 0.05). In addition,
short-day animals had significantly smaller IWAT (F; 3, =
65.99, p < 0.001), RWAT (F; 3, =52.87, p < 0.001) and
EWAT pad masses (F; 32 = 65.81, p < 0.001), as well as
lower composite adipose tissue scores (F} 35 = 77.46, p <
0.001; figure 2a) compared with long-day animals. Insulin
treatment had no effect on any IWAT pad masses or
composite adipose tissue scores (p > 0.05 in all cases).
Short-day hamsters had significantly regressed paired
testes when compared with long-days animals (F 3, =
494.05, p < 0.001; figure 2b). Insulin treatment had no
effect on paired testes mass (I 3, = 0.01, p > 0.05).

(b) Food intake

During the initial baseline (i.e. pre-insulin treatment)
period, short-day hamsters consumed significantly less
food than long-day animals (F; 34 = 6.34; p < 0.001;
figure 1b). During the experimental treatment period,
both photoperiod (Fy 30 =21.43, p < 0.001; figure 1b)
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Figure 2. Mean (+s.e.m.) composite white adipose tissue
masses (a) and paired testes masses (b) in Siberian hamsters
housed in either long or short days and administered exogen-
ous insulin (striped bar) or vehicle (filled bar) control.
Significant differences between pair-wise means are indicated
by an asterisk (*) if p < 0.05.

and insulin treatment (I3, = 9.89, p < 0.001) signifi-
cantly affected food consumption following KLH
exposure; short-day animals consumed less food than
long-day animals, and animals receiving insulin injections
consumed more when compared with vehicle-injected
animals. There was no significant interaction between
the two treatments (F; 3o = 0.31, p > 0.05).

(c¢) Blood glucose levels

Blood glucose levels were significantly affected by photo-
period treatment (F) 3, = 8.08, p=0.008; figure 3a);
blood glucose levels were significantly lower in short-day
hamsters compared with long-day hamsters. Insulin-
treated short-day hamsters had significantly lower blood
glucose levels when compared with insulin-treated long-
day hamsters (p=0.029); however, there was no
difference between long- and short-day hamsters treated
with saline (p > 0.05). There was also a significant main
effect of hormone treatment on glucose with lower blood
glucose levels in hamsters receiving insulin when compared
with hamsters injected with saline (F;;;=29.82, p <
0.001; figure 3a). Specifically, blood glucose levels were
lower in long-day hamsters treated with insulin when com-
pared with saline-injected long-day hamsters (p = 0.027).

(d) Immune responses
Insulin-treated hamsters displayed significantly elevated
IgG levels when compared with animals injected with
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Figure 3. Mean (+s.e.m.) blood glucose (a) and serum
leptin concentrations (b) in Siberian hamsters housed in
either long or short days and administered exogenous insulin
(striped bar) or vehicle (filled bar) control. Significant differ-
ences in blood glucose are indicated by different letters,
whereas significant differences in serum leptin concentration
are indicated by an asterisk (*) if p < 0.05.

saline (Fy3,=7.67, p=0.010; figure 4b). Specifically,
short-day animals treated with insulin showed
significantly greater IgG responses with compared with
short-day saline-treated animals (p = 0.044). A similar,
but non-significant trend, was found for serum anti-
KLH IgM levels (Iy3; =3.28, p=0.081; figure 4a).
Blood glucose levels were negatively correlated with
anti-KLH IgG (figure 5a) and anti-KLH IgM per cent
plate positive values (R?*=0.187, p=0.012; R?=0.140,
p = 0.035). There was no effect of photoperiod on either
serum anti-KLH IgG levels (p > 0.05), or serum anti-
KLH IgM levels (p > 0.05). There was no significant
interaction between photoperiod and insulin treatment
on either serum anti-KLH IgG levels (p > 0.05), or
serum anti-KLH IgM levels (p > 0.05). Neither photo-
period (Fy65=1.30, p>0.05) nor insulin treatment
(F1,65 =2.77, p > 0.05) had a significant effect on serum
bacterial killing ability (figure 5).

() Serum leptin concentrations

Serum leptin concentrations were significantly lower in
short-day animals when compared with long-day animals
(F1,26 = 23.47, p < 0.001; figure 3b); however, there were
no significant effects of insulin treatment (F¢=1.12,
p > 0.05), or an interaction between insulin and photo-
period treatments (Fy 26 = 0.10, p > 0.05; figure 35). All
other pair-wise comparisons were not statistically
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Figure 4. Mean (+s.e.m.) serum anti-KLH IgM (a) and IgG
(b) levels in Siberian hamsters housed in either long or short
days and administered exogenous insulin (striped bar) or
vehicle (filled bar) control. Significant differences between
pair-wise means are indicated by an asterisk (*) if p < 0.05.

significant (p > 0.05 in all cases). Serum leptin levels
were correlated with adipose tissue composite scores
(R?=0.435, p < 0.001), but not day 10 blood glucose
levels (R®>=0.009, p > 0.05) or anti-KLH IgG plate
positive values (R?*=0.001, p>0.05).

4. DISCUSSION

In the current study, we investigated a potential role for the
pancreatic peptide insulin in mediating seasonal energetic
trade-offs with immunity in Siberian hamsters. Specifically,
we asked: (i) whether exogenous administration of insulin
alters humoural and innate immune responses and (ii)
whether this effect is photoperiod-dependent. As expected,
short-day animals displayed gonadal regression and
marked reductions in total body fat relative to long-day
hamsters. Exogenous insulin increased KLH-specific IgG
production, but only in short-day hamsters; insulin did
not affect humoural immunity in long-day animals. Anti-
KLH IgM followed a similar, non-significant, trend. In
contrast, insulin had no effect on innate immunity (i.e.
bacterial killing ability) regardless of photoperiodic con-
dition. Serum leptin was reduced in short-day animals,
but was not altered in response to insulin treatment. The
findings from the present study support the idea that
insulin can influence immune responses in hamsters and
the effects of insulin on immunity can vary according to
photoperiodic status. In addition, these results suggest
that insulin acts as a peripheral signal of energy availability
and probably mediates, at least in part, energetic trade-offs


http://rspb.royalsocietypublishing.org/

Downloaded from rspb.royalsocietypublishing.org on June 10, 2010

2216 N. W. Garcia et al.

Insulin enhances tmmuniry in hamsters

(a) 0507
3 o
= 045 °
2 °
2 040 . *
(o}
g L]
= 0.35
)
o 030
20
T 0.254
o
g 0.20 2 °

0.15 T T T T T T T )

20 40 60 80 100 120 140 160 180
blood glucose

b
(b) 101
< 0.9 {
= 0.8
=071
S
© 0.6 A
2 05
S
£ 044
3
? 0.3 1
o 02 4

0.1 1

0 ‘ ‘
long days short days

Figure 5. (a) Pearson product-moment correlation between
blood glucose levels (day 10 sample) and IgG (R? = 0.187,
p=0.012). Mean (+s.e.m.) bacterial killing ability (b) in
Siberian hamsters housed in either long or short days and
given exogenous administration of insulin (striped bar) or
vehicle (filled bar) control.

between immunity and other physiological systems (e.g.
reproduction).

Blood glucose levels were significantly lower 1 h after
insulin injection, suggesting that hamsters are physiologi-
cally responsive to hormone. Short-day hamsters appear
to be more sensitive to the insulin signal as blood glucose
levels in short-day animals were significantly lower than
long-day animals given insulin. In contrast, there was no
significant difference in glucose levels between long-day
and short-day control hamsters. A similar pattern was
observed with food intake across experimental treat-
ments. Consistent with previous findings in this species
(Bartness et al. 1995), long-day insulin-treated hamsters
consumed significantly more food than all other groups.
In contrast, an increase in humoural immune response
was observed in insulin-treated short-day hamsters, but
not long-day hamsters. Thus, insulin-induced immuno-
enhancement was not probably a direct result of
increased food intake. These findings suggest that
insulin-induced immunoenhancement is not merely a
product of abundant energy, but is also dependent on
the photoperiodic state of the animal. Previous work in
this and other species suggested that short-, but not
long-day conditions can buffer immune suppression
from an energetic stressor, suggesting long-day hamsters
may be more sensitive to energy changes (Demas er al.
1997b; Zysling et al. 2006). However, where energy abun-
dance is concerned, this may not be the case. Under
stressful winter conditions, an animal may stand to
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profit from upregulating immunity if it receives a signal
of immediate energy.

Changes in insulin levels alter a wide range of metabolic
processes, which may alter immune responses. For
example, insulin can influence circulating levels of leptin
(Saladin er al. 1995; Warne et al. 2009) and can alter the
metabolic actions of adipocytes (Muller et al. 1997).
Leptin, in turn, can affect humoural immune responses
in a variety of mammalian species, including hamsters
(Lord er al. 1998; Drazen et al. 2001). Thus, the effects
of insulin on immunity may be indirect, via changes in
leptin levels. Serum leptin concentrations were determined
in the present study to assess whether the observed effects
on immunity are caused by altered leptin levels. Leptin
levels differed according to photoperiod treatment and,
consistent with previous studies, were significantly lower
in short-day hamsters (Drazen et al. 2000). Insulin treat-
ment, however, had no effect on serum leptin levels.
Because leptin concentrations were lower in short-day ham-
sters and insulin #ncreased antibody responses in these
animals, leptin is not probably playing a role in the photo-
period-dependent effects of insulin on humoural immunity.

Although metabolic factors other than leptin cannot be
ruled out, insulin may act directly on peripheral immune
tissues to enhance immune responses in short-day ham-
sters. Like most tissues, peripheral lymphoid tissue
possesses insulin receptors (Gavin et al. 1973). Interest-
ingly, the insulin receptor is expressed on resting
neutrophils, monocytes and B lymphocytes, but not T
lymphocytes; activation of T cells, however, results in
marked upregulation of insulin receptors on these cells
(Viardot et al. 2007). Consistent with this idea, lympho-
cyte proliferation and activation is altered by in wvizro
insulin administration (Viardot ez al. 2007), suggesting
that insulin can act directly on lymphocytes to modulate
acquired immune responses.

Alternatively, insulin may act indirectly, via the central
nervous system, to affect immunity. Such a mechanism
has been suggested as part of the effects of leptin on
humoural immunity (Demas 2002). Previous research
has demonstrated that central insulin receptor expression
is reduced under short-day conditions in the arcuate
nucleus (ARC) and short-day animals are presumably
less sensitive to the insulin signal (Tups ez al. 2006). Simi-
lar findings of short-day decreases in insulin receptors have
been reported in Japanese quail in the infundibular
nucleus, a structure homologous to the mammalian ARC
(Anraku er al. 2007). In contrast to previous findings,
short-day hamsters in the present study appear more sensi-
tive to exogenous insulin (e.g. display largest decrease in
blood glucose levels and increase in immunoglobulin
response), suggesting possible upregulation of insulin
receptors, either centrally or in peripheral tissues (e.g. lym-
phoid tissues). According to a tissue-specific analysis of the
insulin receptor expression in the mouse transcriptome, the
insulin receptor is a ubiquitous housekeeping gene: there is
no significant difference between expression in the hypo-
thalamus compared with lymphoid organs (Su er al.
2002). To our knowledge, no studies have examined
photoperiodic changes in insulin receptors on lymphoid
tissues in this or other seasonally breeding species.

Previous studies in Siberian hamsters have reported a
photoperiod-dependent decrease in immune responses.
Specifically, short-day hamsters have a lower antibody
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response than long-day animals (Drazen ez al. 2001;
Demas et al. 2002). In the current study, the expected
decrease in immune response in short-day hamsters, how-
ever, was not observed; short-day levels of anti-KLH
immunoglobulins did not differ between long- and
short-day hamsters. This is somewhat surprising given
that short-day hamsters exhibited all other typical photo-
period-induced characteristics including decreased body
mass, food intake, adipose tissue mass and gonadal
regression (Bartness 1996). Although it is not known
why immunity was not altered in short-day hamsters, it
is possible that daily injections and handling acted as
repeated stressors, potentially altering immune responses
and masking expected photoperiodic changes in
immunity. Male hamsters typically have elevated gluco-
corticoid levels in short days and exhibited greater
immune responses to restraint stress (Bilbo & Nelson
2003). Unlike the effects on antibody levels, exogenous
insulin had no effect on innate immunity as assessed by
bacterial killing ability. Innate immune responses tend
to remain uniform. Innate responses use intrinsic
microbial molecules, pathogen-associated molecular pat-
terns (PAMPs), to bind foreign molecules (Medzhitov &
Janeway 2002). Alteration in the ability to recognize
PAMPs is commonly deleterious to pathogen recognition
(Beutler 2004). Therefore, we might not expect to see a
difference in innate immunity even under conditions
where a signal of additional energy is involved.
Regardless of the precise mechanisms of action, the
present results support the idea that insulin alters
humoural immune responses, either directly or indirectly,
in Siberian hamsters. Further research is required to
determine the specific mechanisms mediating this effect.
Taken together, these results suggest that insulin serves
as an important peripheral signal linking energy avail-
ability and immunity. Exogenous insulin can enhance
immune responses in short-day animals and, like leptin,
can enhance energy availability owing to increased food
intake. These findings support the idea that reduced
energy availability can lead to changes in immunity
which, in turn, can affect disease susceptibility. In
addition, these results suggest an important role for insu-
lin in regulating energetic trade-offs among competing
physiological systems and provide an important step
towards understanding the neuroendocrine mechanisms
regulating seasonal changes in mammalian immunity.
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