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Abstract
Influenza virus infection is a significant public health problem; however factors affecting the
incidence and severity of disease have not been fully elucidated. The present study sought to
examine the role of sex and stress in mediating susceptibility to an influenza viral infection in
mice. Male and female mice underwent repeated cycles of restraint (RST) stress, followed by an
influenza A/PR8 virus infection. Following these manipulations, levels of circulating
corticosterone, lung proinflammatory cytokine gene expression and sickness behavior were
examined. The data indicate sex differences in several aspects of the response to the A/PR8 virus
infection. The kinetics of lung interleukin-1β mRNA expression were faster in infected males
compared to females, while circulating corticosterone levels were elevated in infected females, but
not in males. Anorexia and reduced saccharin consumption began earlier and symptoms were
more pronounced in infected males than in females. In addition, RST modulated the response to
the A/PR8 virus infection. Proinflammatory cytokine gene expression in response to infection was
enhanced and sickness behavior was modulated by RST in both males and females. These data
suggest that males mount more vigorous immune and behavioral responses to influenza viral
infection compared to females, and stress exacerbates the response in both males and females. In
conclusion, complex interactions between biological and behavioral factors are involved in
mediating individual differences in health and disease. Additional studies may help uncover some
of the factors contributing to the individual differences in susceptibility to influenza infection.
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Introduction
Influenza viral infection is one of the major causes of morbidity and mortality in humans.
Although substantial research efforts have focused on understanding the pathophysiology of
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influenza viral infection, it remains a major public health hazard as new and highly virulent
strains continue to emerge. This was dramatically illustrated with the world-wide outbreak
of the 2009 H1N1swine-origin influenza pandemic. Those who tend to suffer the most are
persons with weakened immune systems including children, the elderly or those with a
compromised immune system (Bender and Small, 1993; Ludwig et al., 2003; Webby and
Webster, 2003). In the case of the 2009 influenza A pandemic strain, pregnant women,
young people without pre-existing immunity to swine-type influenza and those persons with
underlying medical conditions were most severely affected (CDC, 2010). The mechanisms
involved in the response to influenza viral infection have been studied extensively using a
murine model of influenza virus infection. In this model, intranasal administration of
influenza virus resulted in viral replication in the epithelium of both the upper and lower
respiratory tract. Viral replication in the respiratory epithelium stimulated the secretion of
proinflammatory cytokines and host factors designed to enhance cellular resistance to
infection (Konstantinos and Sheridan, 2001). In addition, murine influenza viral infection
activated the hypothalamus-pituitary-adrenal axis (Hermann et al., 1994) and induced
sickness behavior (Avitsur et al., 2009).

Studies have revealed significant differences in disease resistance between males and
females. Accumulating evidence indicated that males are more susceptible to infectious
diseases, whereas females are more vulnerable to autoimmune disorders (Han 2001; Bucher
2002). Behavioral and environmental factors such as mating competition and nutrition were
implicated in the unequal susceptibility of males and females to infectious disease (Zuk and
McKean 1996). Several reports further attributed these sex differences to variations in the
organism’s response to an immune challenge since females mount more vigorous humoral
immune responses, while males usually show enhanced cellular immune activity (Alexander
and Stimson, 1988; Barna et al., 1996; Knoblich et al., 1983). Along these lines, sex
differences were reported in morbidity and mortality from influenza viral infection. During
the 1918 influenza pandemic, more men in the United States died from viral infection than
did women; however, underlying pathologies, such as the tuberculosis infection most
prevalent in the male population at that time, may have played a significant role in driving
influenza-related death during that pandemic (Noymer, 2010). More recently, two studies
have reported a higher proportion of severely infected women versus men during the 2009
H1N1 swine-origin pandemic (Chitnis, et al. 2010; Koegelenberg, et. al. 2010). These
studies showed that females were more likely to be hospitalized with severe respiratory
infection than were infected males. Conversely, a report from Argentina details higher
mortality in older men during the 2009 H1N1 pandemic versus women (Roriz-Cruz, et. al
2010). As with any epidemiological study, factors in addition to sex that were not
considered in the analysis may play a critical role in determining susceptibility to severe
influenza infection.

Sex differences were also documented in the behavioral symptoms of diseases. Illness is
typically accompanied by behavioral symptoms such as reduced locomotion and exploratory
activity, anorexia and anhedonia (Avitsur and Yirmiya, 1999; Dantzer et al., 2007). Sickness
behavior may be a strategy important for the survival of the individual, in that it promotes
energy conservation and reduces the risk of encountering predators (Hart, 1988; Kent, et al.,
1992). Proinflammatory cytokines secreted as a part of the inflammatory process have been
implicated in mediating sickness behavior (Dantzer et al., 2007). Interestingly, studies have
shown that the kinetics and severity of several aspects of sickness behavior were enhanced
in female compared to male rats (Avitsur et al., 1995; Avitsur and Yirmiya, 1999; Yee and
Prendergast, 2010, Yirmiya et al., 1995).

A variety of psychosocial and physiological factors have been shown to affect susceptibility
to viral infection (Avitsur et al., 2006; Meagher et al., 2010). One of the key factors
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implicated in modulating disease severity is the exposure to chronic stressors. Studies have
shown that chronic stress increased susceptibility and frequency of disease, prolonged
healing times, and increased incidence of secondary health complications associated with
viral infection (Bailey et al., 2003). Specifically, studies have demonstrated that chronic
stress significantly altered the pathophysiology of influenza viral infection resulting in
enhanced viral replication in the lungs of infected mice (Sheridan et al., 1998). Interestingly,
reports indicated that males and females also differ in their physiological response to stress
(reviewed by Kajantie and Phillips 2006). This raised the possibility that sex differences in
the prevalence of disease could at least in part be explained by sex differences in the nature
of the physiological response to stress. Indeed, earlier studies from our lab suggested sex
differences in the effects of neonatal stress on the response to an influenza viral infection
(Avitsur et al., 2006; 2009). These studies indicated that males and females differ in the
kinetics and degree of the hormonal, immune and behavioral response to the virus and its
modulation by neonatal stress.

The present study sought to examine more thoroughly the differences in the responses of
males and females to an influenza viral infection. In addition, since stress modulated various
aspects of the response to infection, and males and females differ in their response to stress,
the interaction between sex and stress in modulating the response to an influenza viral
infection was examined. Three aspects of the response to viral infection were assessed. First,
following infection or injury proinflammatory cytokines (interleukin (IL)-1, IL-6, and tumor
necrosis factor (TNF)-α) were secreted from activated immune cells and played an important
role in modulating the acute phase response (Julkunen et al., 2001). Thus, in the present
study lung proinflammatory cytokines gene expression was determined. Second, studies
have shown that the hypothalamic pituitary (HPA) axis played an important role in
mediating the response to infection and stress. Thus, levels of the HPA hormone
corticosterone were measured. Third, the secretion of proinflammatory cytokines during an
immune response was associated with the induction of sickness behavior (Dantzer et al.,
2007). Thus, in the present study aspects of the behavioral response to infection were
assessed.

Materials And Methods
Animals

Subjects were male and female C57BL/6 mice (Charles River Inc., Wilmington, MA), aged
6-8 weeks. Animals were housed in an American Association for the Accreditation of
Laboratory Animal Care (AAALAC) accredited facility. Males and females were housed in
separate rooms. Mice were given free access to food and water and were maintained on a
12-hour light/dark cycle (lights on at 6 AM). Animal care procedures were approved by the
Ohio State University Institutional Laboratory Animal Care And Use Committee
(ILACUC).

Restraint stress (RST)
Individual mice were placed in well-ventilated 50-ml centrifuge tubes at 5:00 PM and
removed at 9:00 AM (Hermann et al., 1994). To control for the lack of food and water
during the time of RST, control mice were food and water-deprived (FWD) at the time of
RST.

Measurement of Plasma Corticosterone
Plasma was frozen at −70°C until analysis. Corticosterone was quantified using the DA rat
corticosterone kit (ICN Biomedicals, Costa Mesa, CA) according to the manufacturer’s
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instructions. Intra-assay and inter-assay variability for the kit are 7%. The detection limit of
the assay was 25 ng/ml.

RNA Isolation and Real Time PCR
RNA was harvested from the lungs using the Trizol extraction method (GibcoBRL,
Rockville, MD). Reverse transcription was carried out with a commercially available
Promega kit (Madison, WI). Real Time PCR was carried out using a 7000 Sequence
Detecting System as previously described (Ghoshal et al., 2001).

Primer Design and Concentration
Primers and probes specific for the indicated cytokines were developed using Primer
Express Software from PE Biosystems (Foster City, CA.). The final concentration for the
PCR reaction is 900 nM for the primers and 100 nM for the probe. Cytokine probes are
labeled at the 5′ end with the reporter dye 6-carboxy-fluorescein (FAM) and the quencher
dye 6-carboxy-tetramethyl-rhodamine (TAMRA) at the 3′ end. The 18S probe is labeled at
the 5′ end with VIC and TAMRA at the 3′ end. Labeled probes are synthesized by PE
Biosystems.

Virus and Infection
Influenza A/PR8 virus was grown in the allantoic fluid of embryonic eggs and the viral titer
was determined by hemagglutination assay. Mice were infected intranasally with 0.05 ml of
0.064 HAU influenza A/PR8 virus diluted in saline. Prior to infection, mice were
anesthetized by an intramuscular injection of a Ketamine/Xylazine solution (62.4/3.52 mg/
kg) diluted in saline. Sham infected mice were anesthetized as described and administered
with 0.05 ml of sterile saline intranasally.

Procedure
Experiment 1—Male and female mice underwent four overnight FWD or RST cycles. On
the morning after the third cycle mice of each group (male/female; FWD/RST) were
randomly assigned into non-infected (NI) and infected (INF) sub groups. NI mice underwent
sham infection and INF mice were infected with influenza virus as described. Mice from all
groups were sacrificed on days 5 or 9 post infection (pi) (n=5-8/group/day). Mice were
decapitated and trunk blood was collected into heparinized tubes to assess plasma
corticosterone levels. Lungs were collected from all mice to assess cytokine gene
expression. Since there were no significant differences between NI controls of the same sex
and stress treatment sacrificed on different days, data from these groups were collapsed.

Experiment 2—Illness and the secretion of proinflammatory cytokines are typically
accompanied by behavioral symptoms such as reduced locomotion and exploratory activity,
anorexia and anhedonia (Avitsur and Yirmiya, 1999; Dantzer et al., 2007). In the following
experiment, sex and stress effects on sickness behavior were examined. Specifically,
anorexia (body weight and food consumption) and anhedonia (preference for sweetened
solution) were assessed in male and female mice following influenza viral infection and
RST stress.

Male and female mice were individually housed at least 24 hours before the beginning of
measurements during which they received a short exposure to saccharine solution (3M,
Sigma, St. Louis, MO). Baseline measurements began four days prior to influenza infection.
Mice were weighed, returned to their home cages and provided with weighed food, water
and saccharine bottles. Mice, food pellets and drinking bottles were weighed again 24 hr
later. Following baseline measurements, mice underwent three overnight FWD or RST
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cycles. On the morning after the third cycle mice were assigned into NI and INF sub groups.
NI mice underwent sham infection and INF mice were infected with influenza virus as
described (n=8-12/group). Following infection animals were weighed and returned to their
home cage. Twentyfour hours after infection measurements resumed. Mice were weighed,
and provided with weighed food, water and saccharine bottles. Similar to the baseline
measurements, food and drinking bottles were weighed again every 24 hr for 9 days after
infection. Occasionally food pellets were dropped by the animals or a bottle leaked; when
this occurred, data for that measurement that day were discarded.

Statistical analysis
Experiment 1—Cytokine mRNA levels are expressed as the fold increase in expression of
non-infected controls of the same sex and stress group. Cytokine mRNA, and plasma
corticosterone levels were analyzed using a three-factor ANOVA with stress (FWD/RST),
sex (male/female) and infection (NI/INF day 5/INF day 9) as between subject factors. In
cases were significant interaction between at least two factors were revealed unpaired means
comparisons were used to assess differences between experimental groups. Differences were
considered significant at p<0.05.

Experiment 2—To control for individual differences in baseline measurements, data are
presented as “difference from baseline” measurements. The effect of RST stress on body
weight change prior to infection was examined by subtracting body weights measured after
three cycles of FWD/RST from weights measured before the stress. The effect of influenza
virus infection on body weight change was examined by subtracting weights measured on
each day post infection from weights measured on the day of infection. Average food and
fluid consumption of the three baseline days was calculated. Daily food and fluid
consumption were subtracted from these average baseline measures. Data describing water
consumption are not presented since mice consumed small amounts of water in the presence
of the sweet solutions and no differences between experimental groups in water
consumption was detected.

The effect of RST on body weight change prior to infection was analyzed using a two-way
ANOVA with stress (FWD/RST) and sex (male/female) as between subject factors.
Infection-induced changes in body weight, food and saccharin consumption data were
analyzed using a repeated-measures three factor ANOVA with stress (FWD/RST), sex
(male/female) and infection (NI/INF) as between subject factors. In cases were significant
interactions between at least two factors were revealed unpaired means comparisons were
used to assess differences between experimental groups. Differences were considered
significant at p<0.05.

Results
Experiment 1

Corticosterone—ANOVA revealed a significant main effect for infection (F(2,87)=3.7,
p<0.05) and sex (F(1,87)=19.8, p<0.0001), and an interaction between the effects of
infection and sex (F(2,87)=3.4, p<0.05) on circulating corticosterone levels. Corticosterone
levels were elevated in infected RST females on day 5 pi, and in infected RST males on day
9 pi, compared to the corresponding NI group. Levels of corticosterone in infected females
were significantly higher compared to infected males (Fig. 1A).

Interleukin-6 gene expression—ANOVA performed on levels of interleukin (IL)-6
gene expression revealed a significant main effect for stress, sex (F(1,87)=11.2, 4,
respectively, p<0.005) and infection (F(2,87)=17.3, p<0.0001), an interaction between the
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effects of infection and stress, between the effects of infection and sex and between sex and
stress, and an interaction between the effects of sex, stress and infection (F(2,87)=7.5, 4.6, 4,
5.5, respectively, p<0.05).

Unpaired comparisons revealed that levels of IL-6 mRNA were significantly elevated in
infected males and females (day 5 and 9 pi) compared to NI. In addition, in RST females,
levels of IL-6 mRNA on day 5 pi were significantly higher that that on day 9 pi.
Furthermore, RST significantly increased IL-6 mRNA levels compared to FWD. This effect
was evident on day 5 pi in females, and on day 9 pi in males (Fig. 1B).

Interleukin-1α gene expression—ANOVA performed on levels of IL-1α gene
expression revealed an interaction between sex and stress, and between infection and stress
(F(2,87)=8.9 and 3.3 respectively, p<0.05). Unpaired comparisons revealed that in females
RST elevated IL-1α expression compared to FWD-infected as well as NI on day 5 pi. RST
had no effect on IL-1α gene expression in males (Fig. 1C).

Interleukin-1β gene expression—ANOVA on levels of IL-1β gene expression revealed
a significant main effect for stress (F(1,82)=11.5, p<0.005) and infection (F(2,82)=11.9,
p<0.0001), as well as an interaction between stress and infection (F(2,82)=7, p<0.005).
Unpaired comparisons revealed that infection significantly elevated IL-1β gene expression
in FWD males on days 5 and 9 pi, and in FWD females on day 9 pi compared to the
corresponding NI group. In addition, in RST females infection elevated IL-1β gene
expression on day 5 pi compared to NI, and RST significantly elevated IL-1β mRNA in
females on day 5 pi compared to FWD (Fig. 1D).

Experiment 2
Body weight—ANOVA performed on body weight changes following three cycles of
FWD/RST (prior to infection) revealed a significant main effect for stress (F(1,76) =
172.146, p<.0001), indicating that RST mice lost more weight compared to FWD mice (Fig.
2A). ANOVA performed on body weight change following infection revealed a significant
main effect for stress and infection (F(1,504)= 221.8, 35.1, respectively, p<0.0001), an
interaction between the effects of stress and time of measurement, infection and time of
measurement, sex and time of measurement (F(7,504)= 33.4, 34.1, 4.7, respectively,
p<0.0001), and between sex, stress and time of measurement (F(7,504)= 2.4, p<0.05) (Fig
2B and 2C).

Unpaired comparisons revealed a gradual weight gain on days 3-9 pi in RST males and
females compared to FWD, probably compensating for body weight loss during RST. A/
PR8 viral infection induced a significant body weight loss in all groups. In FWD males and
females and in RST males infection-induced body weight loss was evident on days 7-9 pi. In
RST females, the kinetics of the effect was faster as infection-induced body weight loss was
evident beginning on day 3 pi and continued throughout all days of measurement.

Food consumption—ANOVA revealed a significant main effect for stress, infection and
sex (F(1,364)= 35.2, 24.2, 7.1, respectively, p<0.05) an interaction between the effects of
stress and time of measurement, infection and time of measurement, sex and time of
measurement (F(7,364)= 15, 57.9, 7.2, respectively, p<0.05), and between sex, infection and
time of measurement (F(7,364)= 2.4, p<0.05) on food consumption.

Unpaired comparisons revealed that food consumption was increased by RST, and
decreased by infection in a sex depended manner. In FWD animals, infection induced
anorexia on days 7-8 pi in females and on days 6-9 in males. In RST mice, infection induced
anorexia on day 8 pi in females and on days 5 and 7-9 in males. In addition, significant sex
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differences in food consumption were noted on days 4 and 6 pi. On these days, infected
FWD females consumed more food compared the corresponding male group (Fig. 3).

Saccharin consumption—ANOVA revealed a significant interaction between the
effects of stress and time of measurement and infection and time of measurement
(F(7,322)=2.7, 7.7, respectively, p<0.05), and between sex, infection and time of
measurement (F(7,322)= 2.3, p<0.05).

Unpaired comparisons revealed that saccharin consumption was increased by RST, and
decreased by infection in a sex dependent manner. In FWD animals, infection reduced
saccharin consumption on day 8 pi in females and on days 4-9 in males. In RST mice,
infection reduced saccharin consumption on days 7-9 in males, while it had no effect in
females. In addition, there were significant sex differences in saccharine consumption. In
NI-RST mice, males consumed less saccharin compared to females on days 2 and 4-8 pi. In
INF-FWD, males consumed less saccharin compared to females on days 2-5 and 8 pi. On
day 9 pi, INF-RST males consumed less saccharin compared to the corresponding female
group (Fig. 4).

Discussion
It is well recognized that susceptibility to infectious diseases is modulated by complex
interactions between environmental and biological factors. The present study sought to
examine the role of sex and stress in mediating the response to an influenza A/PR8 viral
infection. Male and female mice underwent repeated cycles of RST stress, followed by A/
PR8 viral infection. Following these manipulations, the hormonal, immune and behavioral
responses to infection were examined.

Male and female mice were infected with a low dose of A/PR8 virus. This infectious dose of
A/PR8 virus was found to induce a mild increase in lung proinflammatory cytokine
expression and circulating corticosterone levels. In addition, it induced moderate symptoms
of sickness behavior peaking around day 7-8 post infection (Avitsur et al., 2006, 2009). Sex
differences were revealed in several aspects of the response to the A/PR8 virus. First, the
kinetics of lung IL-1β mRNA expression was faster in FWD infected males compared to
females. Increased expression of IL-1β appeared in infected males on day 5 pi and remained
elevated on day 9 pi while in infected females the increase in IL-1β appeared later - on day 9
pi. Second, male showed faster kinetics and augmented behavioral response to infection.
The data revealed that anorexia and reduced saccharin consumption began earlier and
symptoms were more pronounced in infected males than in females. Furthermore,
circulating corticosterone levels were elevated in infected females, but not in males (Avitsur
and Yirmiya, 1999; Yee and Prendergast, 2010). The low corticosterone response in males
may have been due to the attenuated infection model used in this study. This mild infection
may have been insufficient to induce a notable corticosterone response in males.
Alternatively, corticosterone secretion may have peaked in males at different time point than
those measured in this study (Avitsur et al., 2006). To sum up, males mount a faster IL-1β
response to the viral infection, accompanied by more severe behavioral symptoms and
blunted corticosterone response compared to females. To the best of our knowledge, most
studies of the mechanism of the host response to influenza virus infection were conducted
on males (Bonneau et al., 2007; Sheridan et al., 1998). Only recently, have we begun to
examine the response of infected females and to compare selected aspects of the response to
males (Avitsur et al., 2006; 2009). Accumulating data suggested that the kinetics and
severity of the response of females differ significantly from males. These findings may have
important implication for the understanding of health and disease in women.
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Although the association between the behavioral, immune and endocrine responses to
infection was not examined directly in this study, a possible link may be suggested. Studies
have shown that proinflammatory cytokines secretion at early stages of the inflammatory
process induced symptoms of sickness behavior (Dantzer 2006, Dantzer et al., 2007).
Accordingly, it may be suggested that the enhanced IL-1β response observed in infected
males was involved in the augmented behavioral response to infection. Furthermore, it was
demonstrated that corticosterone down-regulated the effects of proinflammatory cytokines
and suppressed sickness behavior (Dantzer 2006, Johnson et al., 1996). Thus, the increase in
infection-induced corticosterone levels demonstrated in females may have suppressed the
behavioral symptoms of infection.

In the present study, mice underwent repeated overnight RST stress prior to infection,
allowing the examination of the effects of stress on the response to an influenza viral
infection. The results indicated that the response to the infection was altered by RST in a
sex-dependent manner. Expression of proinflammatory cytokines in the lungs was
augmented by RST in both infected males and females, however this effect was more
pronounced in females compared to males. Specifically, in infected males and females RST
elevated lung IL-6 expression. RST-induced increase in IL-6 was evident in infected males
later (day 9 pi) than in females (day 5 pi). In addition, expression of lung IL-1α and IL-1β
was elevated by RST in infected females but not in males.

The current findings indicate that RST had no effect on circulating corticosterone levels of
influenza infected animals. The lack of corticosterone response to RST was probably
because several days had elapsed between the end of stress and hormone measurements, as
stress-induced increase in corticosterone secretion was found to cease earlier (Sheridan et
al., 1998).

The data further showed that the kinetics and severity of influenza virus-induced sickness
behavior were modulated by sex and RST. Prior to infection, repeated cycles of RST
induced a significant body weight loss. Following termination of stress a gradual weight
gain accompanied by an increase in food and saccharin consumption was observed. The
recovery process from stress altered some of the symptoms of sickness behavior in infected
animals. Interestingly, whilst some of the symptoms appeared enhanced in RST mice, other
symptoms were attenuated by RST. For instance, in infected males, anorexia was evident
earlier in the RST group and lasted longer (day 5-9 pi) than in FWD group (day 6-8 pi). In
females, on the other hand, anorexia appeared later in RST (day 8 pi) than in FWD mice
(day 7-8 pi). Together these data demonstrated that RST enhanced the hormonal and
cytokine response to influenza virus infection and modulated the behavioral symptoms of
illness.

Studies have shown that variations in the timing of experimental stressors relative to the
inflammatory response can influence the impact on immunity. Stress initiated prior to and
continued after the immunological challenge will most likely be immunosuppressive. The
onset of a stressor after the inflammatory response has begun was less likely to be
immunomodulatory (Dobbs et al., 1993; Hermann et al., 1995). In the present study, stress
began prior to immune challenge and terminated soon after infection. Thus, animals
developed an inflammatory response to infection while recovering from stress. The data
indicated that many aspects of the response to infection were altered in animals recovering
from a stressor. The multifaceted mechanisms involved in mediating the interactions
between inflammatory and neuroendocrine factors triggered by stress recovery and influenza
infection are yet to be determined.
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Health and well-being are influenced by a complex interaction between environmental
demands and the individual’s capacity to cope with these demands. Understanding the origin
and underlying mechanisms of individual differences in diseases vulnerability is one of the
major challenges of current medical research. Accumulating studies, including the present
report, indicated that whether one is male or female is an important factor in mediating the
response to stress and infectious disease. Although sex differences in morbidity have been
reported widely, health research has frequently overlooked sex differences and even fully
omitted one sex, usually females (Lahelma et al., 1999). Studies on women’s health have
generally focused on problems which concern exclusively or disproportionally women, such
as reproductive health (Lahelma et al., 1999). In recent years, an increasing number of
health studies has compared disease susceptibility of males and females, and begun to reveal
the causes and mechanisms of these sex differences. It is now becoming apparent that sex
differences in health are the result of complex interactions between biological,
psychological, behavioral and social factors (Lahelma et al., 1999). Additional studies are
needed in order to elucidate the characteristics of these interactions and their implications
for the development of individual differences in health and disease.

Research Highlights for Avitsur et al., “ Sex Differences In The Response
To Influenza Virus Infection: Modulation By Stress”

• IL-1β mRNA was expressed in lungs of A/PR8 infected males earlier than in
females

• Circulating corticosterone was elevated in A/PR8 infected females, but not in
males.

• Sickness behavior was more severe in A/PR8 infected males than in females.

• Stress enhanced proinflammatory cytokine expression in A/PR8 infected mice.

• Stress altered the kinetics of sickness behavior in A/PR8 infected mice.
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Fig. 1.
Effect of food and water deprivation (FWD) or restraint stress (RST) on influenza virus-
induced corticosterone secretion (A), lung gene expression of IL-6 (B) IL-1α (C) and IL-1β
(D) in non-infected (NI) and influenza A/PR8 virus infected (INF) male and female mice.
Circulating corticosterone levels were determined using RIA on days 5 (Day 5) and 9 (Day
9) post infection. Changes in gene expression were assessed using real-time PCR. The fold-
increase in gene expression levels were determined by comparing the levels of cytokine
expression to lungs harvested from sham-infected controls of the same group. Data are
presented as mean ± SEM.
* Significantly different from corresponding NI group (same sex and stress manipulation)
(p<0.05).
+ Significantly different from corresponding FWD group (same sex and day of infection)
(p<0.05).
# Significantly different from corresponding female group (same stress manipulation and
day of infection) (p<0.05).
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Fig. 2.
(A) Body weight change in response to three overnight food and water deprivation (FWD)
or restraint stress (RST) cycles in male and female mice. Animals were weighed prior to the
beginning of the experiment, and again after three nights of FWD or RST (prior to
infection). “Body weight change” was calculated by subtracting weights measured after
three cycles of FWD/RST from weights measured before the stress. Data are presented as
mean ± SEM body weight change. (B-C) Body weight change following influenza A/PR8
viral infection in animals recovering from FWD/RST. Following RST stress mice typically
show a gradual increase in body weight. Thus, Animals were weighed on the day of
infection (after termination of FWD/RST), and again every 24 hr for 9 days. The effect of
influenza virus infection on body weight change was examined by subtracting weights
measured on each day post infection from weights measured on the day of infection. Data
representing body weight change in non-infected (NI) and influenza A/PR8 virus infected
(INF) female (B) and male (C) mice are presented as mean ± SEM difference from body
weight measured on the day of infection
* Significantly different from corresponding non-infected (NI) group (same sex, stress
manipulation and day of infection) (p<0.05).
+ Significantly different from corresponding FWD group (same sex, infection manipulation
and day of infection) (p<0.05).
# Significantly different from corresponding female group (same stress and infection
manipulations and day of infection) (p<0.05).
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Fig. 3.
Effect of food and water deprivation (FWD) or restraint stress (RST) on influenza A/PR8
virus-induced anorexia in non-infected (NI) and influenza virus infected (INF) female (A)
and male (B) mice. Data are presented as mean ± SEM difference from baseline
measurements.
* Significantly different from corresponding non-infected (NI) group (same sex, stress
manipulation and day of infection) (p<0.05).
+ Significantly different from corresponding FWD group (same sex, infection manipulation
and day of infection) (p<0.05).
# Significantly different from corresponding female group (same stress and infection
manipulations and day of infection) (p<0.05).
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Fig. 4.
Effect of food and water deprivation (FWD) or restraint stress (RST) on influenza A/PR8
virus-induced changes in saccharine consumption in non-infected (NI) and influenza virus
infected (INF) female (A) and male (B) mice. Data are presented as mean ± SEM difference
from baseline measurements.
* Significantly different from corresponding non-infected (NI) group (same sex, stress
manipulation and day of infection) (p<0.05).
+ Significantly different from corresponding FWD group (same sex, infection manipulation
and day of infection) (p<0.05).
# Significantly different from corresponding female group (same stress and infection
manipulations and day of infection) (p<0.05).
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