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Abstract
Aged subjects are more vulnerable to administration of the endotoxin lipopolysaccharide, but
research on age-associated sensitivity to other immune stimulants has been limited. The current
study examined the effects of administering the superantigen, staphylococcal enterotoxin A
(SEA), to young (4-month) and aged (20-month) male C57BL/6J mice on consumption of a novel
liquid, cytokine production, corticosterone levels, and expression of central mRNA levels of
cytokines and corticotropin releasing hormone. SEA produced exaggerated hypophagia in aged
mice, as they showed decreased consumption that persisted for 24hrs. SEA increased
hypothalamic mRNA levels of interleukin-1β in the aged, but not the young, mice 2hrs after
administration. No differences in cytokine expression were observed 24hrs after SEA. Both age
groups showed increased plasma corticosterone levels 2hrs after SEA administration. However,
24hrs after SEA exposure the aged, but not the young, mice showed an augmented corticosterone
response to the consumption test. Collectively, these data show that aging may exacerbate the
behavioral and neuroinflammatory response to superantigen exposure. Further, the present study
suggests that immune activation may result in delayed alterations in stress-induced corticosterone
production in aged subjects.
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1. Introduction
The response to infection is not simply limited to activation of immune cells, but rather
involves a coordinated response between the central nervous system (CNS) and the
endocrine and immune systems (Dantzer, 2004). Immune activation, via the production of
cytokines and other inflammatory molecules, induces neural, endocrine, behavioral, and
motivational changes, apparently adapted to effectively eliminate infection (Dantzer, 2004).
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Normal aging is accompanied by progressive alterations in immune function that can result
in greater susceptibility to infection (e.g., Staphylococcus aureus and influenza) and delayed
recovery (Miller, 1996; Laupland et al., 2003). In addition, research has found that older
subjects show exaggerated behavioral and cognitive deficits following immune activation
(Sparkman et al., 2004; Godbout et al., 2005; Barrientos et al., 2006; Kohman et al., 2007;
Chen et al., 2008; Godbout et al., 2008; Abraham & Johnson, 2009). For example, Godbout
et al. [2005] found that 24hrs after administration of lipopolysaccharide (LPS; an endotoxin
found in the cell wall of Gram-negative bacteria) there was decreased social behavior and
locomotor activity in old mice, but not in young mice. The increased vulnerability to LPS-
induced behavioral and cognitive effects in aged subjects has been attributed to an
exaggerated inflammatory response within the CNS (Dilger & Johnson, 2008). Microglial
cells, a major source of cytokines within the CNS, appear to be in a primed or active state in
aged animals even in the absence of an immune stimulus (Rozovsky et al., 1998; Frank et
al., 2006; Chen et al., 2008). Further, in response to peripheral immune activation aged
animals show higher central levels of the proinflammatory cytokines interleukin-1β (IL-1β),
interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) (Godbout et al., 2005; Barrientos
et al., 2006; Chen et al., 2008).

Research on exaggerated neurobehavioral responses in aged subjects following immune
activation has predominately employed systemic administration of LPS or infection with E.
coli, stimuli which engage the innate arm of the immune system, consisting largely of
monocyte and macrophage-mediated responses. However, recent evidence shows that
activated T cells also exert neuromodulatory effects (Kipnis & Schwartz, 2005; Urbach-
Ross & Kusnecov, 2009). Therefore, whether aged animals show a similar increased
behavioral and neuroendocrine sensitivity to T cell activation, is a missing feature of our
understanding of immunologically mediated effects on the aging brain.

Staphylococcal enterotoxin A (SEA; produced by Gram-positive bacteria) is a bacterial
superantigen that serves as a potent activator of T cells, selectively stimulating the Vβ3+
region of T cell receptors (TCR) in a major histocompatability II dependent manner (Li et
al., 1999). The interaction of SEA and other superantigens (such as staphylococcal
enterotoxin B, SEB) with specific motifs on the variable region of the TCR β-chain, rapidly
stimulates oligoclonal expansion of T cells and the subsequent release of the cytokines
interleukin-2 (IL-2), TNF-α, interferon-γ, interleukin-10 (IL-10), and IL-1β (Bette et al.,
1993; Rosendahl et al., 1997; Rossi-George et al., 2005; Urbach-Ross et al., 2008). These
effects are followed by induction of hypothalamic-pituitary adrenal (HPA) axis activation
and neural activation of limbic brain regions (e.g., central amygdala, lateral septum, and
paraventricular nucleus of the hypothalamus) (Kusnecov et al., 1999; Goehler et al., 2001;
Rossi-George et al., 2005; Serrats & Sawchenko, 2006). In contrast to LPS, administration
of SEB, under conditions that activate the HPA axis and autonomic nervous system, fails to
induce measurable central levels of proinflammatory cytokine mRNA in the brain (Del Rey
et al., 2000).

Behaviorally, superantigen administration leads to a neophobic response to gustatory
stimuli, as SEA- or SEB-treated subjects show hypophagia when presented with a novel diet
(Kusnecov et al., 1999; Kawashima & Kusnecov, 2002; Rossi-George et al., 2005).
However, the reduced consumption does not appear to result from general sickness, as mice
show decreased intake of novel, but not familiar, liquid or solid food (Kusnecov et al., 1999;
Rossi-George et al., 2005). Previous research by Rossi-George et al. (2005) demonstrated
that disrupting the activity of TNF-α, either by administration of an anti-TNF antibody or
the use of TNF knockout mice, prevented the SEA-induced hypophagia. Collectively, these
reports indicate that superantigen administration induces hypophagia that appears to be
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specific to novel substances and may involve the production of TNF-α (Kusnecov et al.,
1999; Kawashima & Kusnecov, 2002; Rossi-George et al., 2005).

The neurobehavioral impact of bacterial superantigen administration has not been previously
investigated in aged subjects. However, there is some evidence that aged subjects are more
immunologically sensitive to SEB administration, as aged mice have higher rates of
mortality, impaired T cell clonal deletion, and altered cytokine production after an SEB
challenge (Aroeira et al., 1994; Kuschnaroff et al., 1997; Castle et al., 1999). Given the
extensive characterization of the behavioral, endocrine, and cytokine responses to the
superantigen, SEA, (Kusnecov et al., 1999; Urbach-Ross et al., 2008), the current study
investigated whether aged mice would show increased sensitivity to SEA administration
relative to young mice. It was hypothesized that old mice would show exaggerated
hypophagia following SEA administration when compared to young mice. Further, it was
hypothesized that concomitant age-related alterations in cytokine production and HPA
activation would accompany these behavioral effects.

2. Methods
2.1. Experimental subjects

Subjects were 70 four-month-old and 64 twenty-month-old male C57BL/6J mice that were
purchased from The Jackson Laboratory (Bar Harbor, ME) at 6–8 weeks and aged in our
colony room at Rutgers. All animals were housed in groups of 3–4 in a standard
polycarbonate mouse cage with food and water available ad libitum. Lights were turned on
at 0600 and turned off at 1800. Animals were treated in compliance with the Guide for the
Care and Use of Laboratory Animals and the experiments were conducted in accordance
with a protocol approved by the Institutional Animal Care and Use Committee (IACUC) at
Rutgers University.

2.2. Experiment 1: Acute or repeated SEA administration in old and young mice
For each age group, mice were divided into SEA or saline treatment groups. Intraperitoneal
(i.p.) injections of SEA (Sigma, St Louis, MO) were given at a dose of 5μg/mouse in 0.9%
sterile saline. Mice were evaluated for consumption of a novel liquid (i.e., Prosobee; infant
formula; Mead Johnson, Evansville, IN) at 2, 4, 6, and 24hrs after SEA or saline
administration. The Prosobee solution was prepared according to the manufacturer’s
instructions. During each testing session, mice were individually placed into an opaque cage
and given access to the Prosobee solution for 1 hour. Consumption was measured by
subtracting the bottle weight (grams) after each session from the pretest weight.

The same mice tested for Prosobee consumption were divided by age and prior treatment
condition and given a second i.p. injection of SEA (5μg/mouse) or saline 72 hours after the
first injection. The inclusion of a second injection (i.e., SEA-2) resulted in eight treatment
groups (i.e., Saline/Saline, Saline/SEA, SEA/Saline, and SEA/SEA for both young and old
mice). Two hours after the second injection mice were euthanized via decapitation and
brain, blood, and spleen were collected for analysis of transcription levels of corticotropin
releasing hormone (CRH), IL-1β, IL-6, and TNF-α in the CNS, splenic and plasma cytokine
levels, and plasma corticosterone levels (assay procedures described below). We have
previously shown that injection with SEA does not result in detectable splenic or plasma
cytokine levels three days later (Urbach-Ross et al., 2008).

2.3. Experiment 2: Response to SEA 24hrs post injection in old and young mice
A separate batch of 32 four-month- and 28 twenty-month-old mice were given an i.p.
injection of SEA (5μg/mouse) or an equivalent volume of sterile saline. Twenty-four hours
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after treatment, half of the mice were given a single testing session to evaluate consumption
of a novel liquid (i.e., Prosobee) as described in Experiment 1. The remaining mice stayed in
their home cages to control for the effects of the behavioral test. Immediately following
consumption testing, mice were euthanized via decapitation and brain, blood, and spleen
were collected. Home-cage control mice were sacrificed at the same time as the mice
submitted to consumption testing.

2.4. Plasma corticosterone and IL-1β levels
Blood was collected in heparin-treated vacutainer tubes (Becton-Dickinson, Rutherford, NJ),
centrifuged (2000rpm for 15min at 4°C), and plasma collected and stored at −70°C until
assayed. Plasma corticosterone levels were assessed by a radioimmunoassay (RIA; MP
Biomedical, Irvine, CA), according to the manufacturer’s instructions. Samples were run in
duplicate and expressed as ng/ml. Plasma IL-1β levels were measured by an enzyme-linked
immunosorbant assay (ELISA), according to the manufacturer’s instructions (BD
Biosciences, San Diego, CA) and data are expressed as pg/ml. Due to limited sample
volume, only IL-1β was assessed in plasma samples.

2.5. Splenic cytokine levels
Spleen samples were homogenized in 1mM phenylmethanesulfonyl fluoride (PMSF) in
0.1M phosphate buffer, centrifuged (4000rpm for 30min at 4°C), and supernatants collected.
Cytokine levels were measured by ELISA, according to the manufacturer’s instructions (BD
Biosciences, San Diego, CA). Total protein content for the spleen samples were determined
by BCA protein assay (Pierce, Rockford, IL), according to the manufacturer’s instructions.
Splenic cytokine data are expressed as pg/mg of protein.

2.6. Hypothalamic and amygdala expression of CRH, TNF-α, IL-6, and IL-1β mRNA
The hypothalamus and amygdala were dissected on a chilled glass Petri dish and analyzed
for expression of CRH, TNF-α, IL-6, and IL-1β mRNA by quantitative real-time reverse
transcription-polymerase chain reaction (qRT-PCR). Total RNA was extracted using Trizol
reagent (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions and quantified
on a Nanodrop spectrophotometer (Nanodrop, Thermo Scientific, Wilmington, DE).
Extracted RNA was converted into cDNA using the High Capacity Reverse Transcription
kit (Applied Biosystems, Foster City, CA). Real-time PCR was conducted with primers for
the target genes TNF-α, IL-6, IL-1β, and CRH. Primer sequences were obtain from
Schnydrig et al. (2007) and Rossi-George et al. (2005). Expression of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was measured in all samples as the endogenous
control. The PCR reactions consisted of 80ng of cDNA, 5pmoles of reverse and forward
primers (sequences provided in Table 1), and PCR master mix containing the fluorescent
agent SYBR Green (Applied Biosystems, Foster City, CA) and was run on an Applied
Biosystems 7900HT PCR instrument. A standard curve was created for each brain region
(i.e., hypothalamus and amygdala) and gene (i.e., CRH, TNF-α, IL-6, IL-β, and GAPDH)
using tissue from a young mouse that received an i.p. LPS (250μg/kg) injection 3hrs prior to
sacrifice. The relative amount of gene expression within each sample was determined by
comparing a samples threshold cycle with the standard curve. The data are therefore
expressed as arbitrary units based on the standard curve. Expression levels of target genes
were normalized against the endogenous control gene GAPDH.

2.7. Statistical analyses
The Prosobee consumption data from Experiment 1 were analyzed by repeated-measures
ANOVA (Statview 5.0, SAS, Cary, NC), with SEA treatment and Age as the between-
subject variables and Time of session as the within-subject (i.e., repeated measures)
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variable. As mice were only tested for Prosobee consumption once, the data from
Experiment 2 were analyzed by a 2 × 2 factorial with Age and SEA treatment as the between
subject variables. The biological measures were evaluated via factorial ANOVAs with Age,
SEA treatment, and SEA-2 treatment (i.e., second injection of SEA or saline 72hrs later) as
the between-subject factors for Experiment 1. For Experiment 2, Age, SEA treatment, and
Test procedure (i.e., consumption or home cage) were the between-subject factors. An alpha
level of 0.05 was the criterion for rejection of the null hypothesis. Significant interaction
effects were submitted to Bonferroni post hoc tests to protect against familywise error.

3. Results
3.1. Experiment 1: Consumption of a novel liquid diet

The consumption data revealed that the hypophagic impact of SEA was more pronounced in
the aged mice, as SEA administration decreased consumption in the old mice at all of the
time-points tested (i.e., 2, 4, 6, and 24hrs post treatment) relative to saline-treated old mice
(interaction between Age, SEA, and Time F3, 210=2.83, p=0.03, see Figure 1). For the young
mice, SEA administration only decreased consumption 4 and 6hrs after treatment relative to
corresponding saline controls (p’s<0.05), but not at the 2 or 24hr time-points. Therefore,
SEA administration produced a greater and prolonged magnitude reduction in consumption
for the old mice. The increased sensitivity to SEA cannot be accounted for by a general age-
related decrease in liquid intake, as the aged saline-treated mice only showed decreased
consumption relative to the young saline-treated mice only at the 4hr session (p=0.04), but at
no other time points.

3.2. Experiment 1: Plasma corticosterone levels following acute or repeated SEA
Administration of SEA, 2hrs prior to plasma collection, increased corticosterone levels
relative to saline-treated mice (main effect of SEA-2: F1,66=38.14, p=0.0001, see Figure 2).
The subject’s age or prior treatment condition (i.e., SEA or saline 72hrs earlier) had no
effect on the corticosterone response to SEA. That is, the elevated corticosterone levels were
similar in young and old mice after an acute or secondary exposure to SEA.

3.3. Experiment 1: Central levels of CRH, TNF-α, IL-6, and IL-1β mRNA following acute or
repeated SEA

CRH mRNA—There were no significant main effects or interaction effects for CRH
mRNA levels in the hypothalamus or the amygdala 2hrs after treatment (i.e., all treatment
and age groups had similar CRH mRNA levels; data not shown).

IL-1β mRNA—SEA administration significantly elevated hypothalamic levels of IL-1β
mRNA in aged, but not young, mice (main effect of SEA-2: F1,66=15.04, p=0.0002;
interaction between Age and SEA-2: F1,66=5.68, p=0.02, see Figure 3A). Both age groups
showed increased IL-1β mRNA levels in the amygdala in response to acute or repeated SEA
administration, but the increase was significantly greater in the aged subjects (main effect of
SEA-2: F1,66=24.33, p=0.0001; main effect of Age: F1,66=5.56, p=0.02; interaction between
Age and SEA-2: F1,66=6.62, p=0.01, see Figure 3B). These data show that SEA-induced
IL-1β expression was enhanced in the aged mice.

TNF-α mRNA—Analysis of hypothalamic TNF-α mRNA levels showed that aged mice
given repeated SEA injections had significantly higher mRNA levels of TNF-α than all
other groups (interaction between Age, SEA, and SEA-2: F1,66=4.50, p=0.03, see Figure
3C). No significant differences were found for TNF-α expression within the amygdala (see
Figure 3D).
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IL-6 mRNA—No significant differences for IL-6 expression were found in the
hypothalamus or the amygdala (see Figure 3E and 3F). That is, IL-6 mRNA levels were not
altered by the subject’s age or treatment condition.

3.4. Experiment 1: Plasma levels of IL-1β
Plasma levels of IL-1β were significantly elevated 2hrs after SEA administration (main
effect of SEA-2: F1,66=4.87, p=0.03, see Figure 4). However, the old Saline/SEA treated
mice did not show elevated plasma IL-1β levels relative to saline controls.

3.5. Experiment 1: Splenic cytokine levels following acute or repeated SEA
IL-1β—SEA administration increased splenic levels of IL-1β relative to saline-treated mice
with the exception of the old mice in the Saline/SEA group which did not differ from the old
Saline/Saline group (main effect of SEA-2: F1,66=52.04, p=0.0001; interaction between:
Age × SEA treatment × SEA-2 treatment interaction: F1,66=5.57, p=0.02, see Figure 5A).
Consistent with plasma levels, two injections of SEA (i.e., SEA/SEA group) were needed to
significantly increase splenic IL-1β levels in the aged mice (p=0.0006), whereas young mice
had elevated IL-1β levels following acute or repeated injections (p’s<0.05).

TNF-α—Splenic levels of TNF-α were increased following SEA administration relative to
saline-treated mice (main effect of SEA-2: F1,66=24.92, p=0.0001, see Figure 5B). The
animal’s age or prior SEA treatment condition did not influence the magnitude of the
response to the SEA challenge.

IL-2—SEA administration increased splenic levels of IL-2 relative to saline-treated mice
(main effect of SEA-2: F1,66=45.855, p=0.0001). The aged mice had lower basal levels of
IL-2 than young mice and showed attenuated levels of IL-2 following SEA administration
relative to young mice (main effect of Age: F1,66=11.47, p=0.001; interaction between Age
and SEA-2: F1,66=5.70, p<0.01, see Figure 5C).

IL-10—Repeated SEA administration (i.e., SEA/SEA), independent of age, significantly
increased levels of IL-10 compared to all other treatment groups (main effect of SEA:
F1,66=6.79, p=0.01; interaction between SEA and SEA-2: F1,66=12.54, p=0.0007, see Figure
5D). An acute SEA challenge did not elevate IL-10 levels 2hrs after treatment.

3.6. Experiment 2: Consumption in young and old mice 24hrs post SEA administration
Administration of SEA 24hrs prior to testing decreased consumption in the old mice relative
to saline controls (interaction between Age and SEA: (F1,24=3.99, p=0.05, see Figure 6).
SEA administration had no effect on consumption rates in the young mice 24hrs later.
Further, there was not a significant difference between the old and young saline-treated
mice. Consistent with Experiment 1, aged mice showed prolonged hypophagia following
SEA administration.

3.7. Experiment 2: Plasma corticosterone levels 24hrs post SEA administration
The old mice that received SEA 24hrs prior had significantly higher corticosterone levels
relative to young SEA-treated mice, but only when tested for consumption of Prosobee
(main effect of test procedure: F1,52=26.79, p=0.0001; main effect of Age: F1,52=7.50,
p=0.008; interaction between Age and SEA: F1,52=6.17, p=0.01; interaction between Age
and SEA and Test procedure: F1,52=7.98, p=0.006, see Figure 7). There was no difference
between old and young home cage control mice given SEA 24hrs prior. Mice tested for
Prosobee consumption, with the exception of the young SEA-treated subjects, had higher
plasma corticosterone levels than home cage controls (p’s<0.01). While consumption testing
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increased corticosterone levels, the response was augmented in the aged mice pretreated
with SEA.

3.8. Experiment 2: Central levels of CRH, TNF-α, IL-6, and IL-1β mRNA 24hrs post SEA
administration

Mice treated with SEA 24hrs prior, regardless of Age and Test procedure, had significantly
higher levels of CRH gene expression in the hypothalamus compared to saline controls
(main effect of SEA: F1,52=6.06, p=0.01, see Figure 8A). For the amygdala, the aged mice
overall had lower levels of CRH mRNA relative to young mice (main effect of Age:
F1,52=6.99, p=0.01, see Figure 8B). No other significant effects were found.

No significant effects of Age, SEA treatment, or Test procedure were found for expression
of IL-1β, IL-6, and TNF-α mRNA in either the amygdala or hypothalamus (data not shown).
That is, all age and treatment groups had equivalent levels of IL-1β, IL-6, and TNF-α
mRNA 24hrs after treatment with SEA or saline.

3.9. Experiment 2: Plasma IL-1β levels 24hrs post SEA administration
There were no significant differences in plasma IL-1β levels when assessed 24hrs after
treatment (data not shown).

3.10. Experiment 2: Splenic cytokine levels 24hrs after SEA administration
Administration of SEA had no effect on splenic levels of IL-1β or TNF-α 24hrs after
treatment, as levels were equivalent for both age and SEA treatment groups (data not
shown). For IL-6, the old mice, regardless of treatment condition, had lower splenic levels
of IL-6 relative to the young mice (main effect of Age: F1,52=4.53, p=0.03, data not shown).
No other significant differences were observed for IL-6. Mice treatment with SEA 24hrs
prior had lower splenic IL-10 levels relative to saline controls (main effect of SEA:
F1,52=7.60, p=0.008, data not shown). There were no other significant differences found for
IL-10 levels.

4. Discussion
It is well recognized that the incidence of infectious disease increases with age (Miller,
1996; Laupland et al., 2003). This poses a particular risk for the development of
neurobiological disorders in aging populations, since exposure to infectious pathogens,
including viral and bacterial toxins, leads to cognitive and behavioral alterations (Dantzer,
2004; Kusnecov & Goldfarb, 2005). In the current study, young and old animals were
exposed to the bacterial T cell superantigen SEA, and behavioral, endocrine, and cytokine
responses were assessed. In previous studies using adult animals (approximately 2 months
old), SEA activates the HPA axis, increases neuronal activity in limbic brain regions, and
augments neophobic reactions to novel gustatory and non-gustatory environmental stimuli
(Urbach-Ross & Kusnecov, 2009). Consistent with prior reports (Rossi-George et al., 2005;
Urbach-Ross et al., 2008), the younger animals in the current study displayed a neophobic
response and HPA axis activation. However, older animals showed greater and more
prolonged reductions in consumption, as well as a higher corticosterone response to a
psychogenic stressor. Moreover, we report that in response to SEA challenge, central
expression of IL-1β mRNA was enhanced in the older animals.

These are the first observations that a bacterial T cell superantigen increases brain IL-1β
gene transcription, and in the present context may be relevant to the motivational and HPA
axis reactivity of the older animals. Aged mice were more sensitive to the hypophagic
effects of SEA, as they showed early onset as well as prolonged duration of the hypophagic
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response (up to 24hrs); while young mice only showed decreased consumption 4 and 6hrs
after SEA. Previous research in adult mice suggests that the reduced consumption may
reflect an increase in neophobic behavior rather than a sickness-induced anorexic response,
as the hypophagia is specific to a novel diet (Kusnecov et al., 1999; Rossi-George et al.,
2005; Urbach-Ross et al., 2008). Though the precise mechanisms of these behavioral effects
have not been elucidated, prior studies indicate a dependence on the production of TNF-α
and CRH. For example, TNF-α knockout mice fail to display HPA axis activation and
novelty induced hypophagia after SEA exposure (Rossi-George et al., 2005) [the HPA axis
effects of SEA in young animals appear to be TNF receptor I dependent, Urbach-Ross &
Kusnecov, in submission]. Further, central or peripheral CRH receptor I antagonism
abrogates the effects of SEA (Kaneta & Kusnecov, 2005). Whether these mechanisms
continue to operate in older animals is unknown and will require further investigation,
though it is relevant that following acute challenge with SEA both age groups showed a
similar increase in splenic levels of TNF-α and no change in central TNF-α mRNA levels.
Nonetheless, the aged animals displayed a more pronounced hypophagia when presented
with the novel liquid. There is data to suggest that older animals are more sensitive to the
apoptotic effects of TNF-α on neuronal systems (Viel et al., 2001; Patel & Brewer, 2008),
and that neurodegenerative conditions may arise from greater susceptibility and TNF
receptor-mediated sensitivity to TNF-α (Perry et al., 2001; McCoy & Tansey, 2008).
Consequently, it will be of value to determine whether in the SEA model there is enhanced
reactivity to TNF-α in aged animals.

Although in younger animals SEA-induced gustatory neophobia is TNF-α-dependent
(Bernstein, 1996; Rossi-George et al., 2005), it was observed that another hypophagic
cytokine, IL-1β, was elevated to a greater extent in older animals. Following SEA
administration, IL-1β mRNA was increased in the hypothalamus and amygdala in the aged
mice, while young mice only showed increased expression in the amygdala. The findings in
the young mice are consistent with other studies showing that acute administration of the
superantigen, SEB, fails to increase IL-1β expression in the hypothalamus of young BALB/c
mice (Del Rey et al., 2000). Therefore, it is possible that the greater hypothalamic and
amygdaloid IL-1β mRNA in aged animals is contributing to the more pronounced and
prolonged hypophagic response. This is given credence by a recent report that LPS-induced
sickness behavior in aged mice is mediated by central IL-1 (Abraham & Johnson, 2009).
Age-related changes in microglial cell activity has been suggested to account for the
enhanced neuroinflammatory response following LPS administration (Godbout et al., 2005;
Frank et al., 2006; Dilger & Johnson, 2008), however, whether SEA administration activates
microglial cells has yet to be explored. Interestingly, mice lacking the IL-1 receptor show a
similar hypophagic response to an SEA challenge as compared to wild type controls (Rossi-
George et al., 2005). Consequently, elevated IL-1β expression in the brain may exert a more
prominent influence on behavior in aged animals.

Aged-related changes in IL-6 have been suggested to contribute to the exaggerated anorexic
response in aged mice following LPS, as IL-6 is elevated in the brain concomitantly with the
anorexic response 24hrs after treatment (Godbout et al., 2005). However, the present results
showed no effect of SEA treatment on central IL-6 expression, whether measured 2 or 24
hrs after treatment. Therefore, following superantigenic T cell stimulation, of the three major
proinflammatory cytokines measured in brain, only IL-1β gene expression was higher as a
function of aging.

An unexpected, but interesting, observation was that while the SEA-induced increase in
central IL-1β expression had dissipated 24hrs after treatment, the hypophagic response was
still present in the aged mice 24hrs later. The SEA-injected aged mice may have experienced
a prolonged illness or alternatively the earlier SEA challenge may have altered their reaction
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to the test situation. Several studies have found that stress exposure can sensitize the
behavioral and endocrine response to presentation of a second heterotypic stressor (Armario
et al., 2004; Belda et al., 2008; Weinberg et al., 2009). Stress exposure and immune
activation produce similar effects on endocrine and neural function, suggesting that they
may activate common pathways. Indeed, there is evidence to suggest that IL-1β, similar to
stress exposure, may potentiate the response to later stressors (Anisman et al., 2003;
Schmidt et al., 2003). For example, a single i.p. injection of IL-1β augmented the HPA axis
response to an emotional stressor (i.e., 10 min exposure to a novel cage) 3, 11, and 22 days
after the injection (Schmidt et al., 2003). Similarly, corticosterone levels of the aged mice
were significantly augmented by the behavioral test (as shown in Figure 7). Corticosterone
levels of the untested young and old SEA-treated animals did not differ from saline controls,
ruling out the possibility of residual or persistent pituitary-adrenal drive due to SEA given
24hrs earlier. Therefore, one could hypothesize that the initial increase in central IL-1β
expression in the SEA-treated aged mice may have sensitized the corticosterone response to
the novel environment and liquid used to test consummatory behavior.

The possibility that this sensitized corticosterone response involved central CRH was
addressed by measuring hypothalamic levels of CRH mRNA. Although acute or repeated
administration of SEA did not increase CRH mRNA levels in the amygdala or hypothalamus
2hrs after treatment, hypothalamic expression was elevated in both young and old mice
24hrs later. Since the latter effect was seen in both age groups, it is difficult to reconcile with
the augmented corticosterone response of aged animals, though Schmidt et al. (2003)
reported a similar effect following IL-1β exposure. In the present study, amygdaloid CRH
expression was lower in the aged mice, consistent with prior reports (Kasckow et al., 1999;
Pisarska et al., 2000). Further examination revealed that CRH mRNA was markedly lower
in SEA-treated and subsequently tested mice relative to the home cage controls, which may
reflect stimulus-provoked utilization of the initially elevated CRH mRNA build up in the
amygdala. In rats, amygdaloid CRH content fluctuates in the context of food intake (Merali
et al., 1998), although CRH release in the amygdala does not appear to mediate suppression
of food intake in a novel environment (Merali et al., 2004). Consequently, it was suggested
that amygdaloid CRH might increase arousal and orientation to biologically meaningful
stimuli (Merali et al., 2004). Nonetheless, in the present circumstances, it remains to be
determined whether CRH is enhancing neophobia and promoting increased HPA axis
reactivity following T cell activation of aged animals.

Evaluation of age-associated changes in the peripheral immune response to SEA revealed
that aged mice showed attenuated splenic levels of IL-2 following SEA administration
relative to young mice. These findings are consistent with prior reports that show reduced
IL-2 production with age (Fong & Makinodan, 1989; Engwerda et al., 1996; Kirman et al.,
1996; Miller, 1996; Pahlavani & Richardson, 1996); however, some reports fail to observe a
decrease (Hobbs et al., 1993; Saini & Sei, 1993; Aroeira et al., 1994; Kuschnaroff et al.,
1997). The alterations in IL-2 production have been attributed to the age-related decline in T
cell proliferation and the shift from predominately naïve to memory T cells, as aged subjects
show an overall decrease in the number of T cells that produce IL-2 (Fong & Makinodan,
1989; Hobbs et al., 1993; Aroeira et al., 1994; Miller, 1996; Pahlavani & Richardson, 1996).
In addition, plasma and splenic levels of IL-1β were (Pahlavani & Richardson, 1996)
attenuated in the aged mice following acute SEA administration, but both age groups
showed similar IL-1β levels following repeated SEA injections. As with IL-2, the lower
levels of IL-1β may be related to the diminished T cell proliferation in the aged mice.
Additionally, these data confirm prior findings (Godbout et al., 2005) that showed
dissociation between age-related change in the peripheral and central immune response, as
peripheral IL-1β levels were reduced whereas central IL-1β expression was higher in the
aged subjects (Miller, 1996; Terao et al., 2002; Godbout et al., 2005). The levels of IL-10
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and TNF-α following acute or repeated SEA administration are consistent with prior
research in adult mice (Urbach-Ross et al., 2008), in that TNF-α is increased following acute
or repeated SEA, whereas IL-10 is only elevated following a secondary SEA challenge,
suggesting the anti-inflammatory response is not altered in the aged subjects. Splenic levels
of IL-1β, TNF-α and IL-6 were not elevated 24hrs after SEA administration. Together these
data confirm the presence of age-associated changes in the peripheral immune response and
the dissociation between peripheral and central cytokine activity.

In summary, the present data provide the first evidence that aged mice show an exaggerated
and prolonged behavioral response to a bacterial T cell superantigen. The aged mice showed
greater reductions in consumption of a novel liquid after SEA administration relative to
young mice. Pretreatment with SEA 24hrs prior, increased corticosterone levels in response
to the novel testing environment in the aged, but not young, mice. The alterations in
corticosterone and consummatory behavior observed in the aged subjects may be related to
the increased expression of IL-1β within the CNS. Consistent with previous findings (Del
Rey et al., 2000), young mice failed to show an increase in IL-1β, IL-6, or TNF-α in the
hypothalamus in response to an acute SEA challenge. Collectively, these findings confirm
that aged subjects develop an exaggerated behavioral and neuroinflammatory response to T
cell mediated immune activation.
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Abbreviations

ACTH adrenocorticotropin

CNS central nervous system

CRH corticotropin releasing hormone

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HPA hypothalamic-pituitary adrenal

IL-1β interleukin-1β

IL-2 interleukin-2

IL-6 interleukin-6

IL-10 interleukin-10

LPS lipopolysaccharide

qRT-PCR quantitative real-time reverse transcription-polymerase chain reaction

SEA staphylococcal enterotoxin A

SEB staphylococcal enterotoxin B

SEM standard error of the mean

TCR T cell receptors

TNF-α tumor necrosis factor-α
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Figure 1.
SEA administration in the aged mice decreased consumption 2, 4, 6, and 24hrs later relative
to aged saline controls. However, in the young mice SEA administration only decreased
consumption 4 and 6hrs following treatment relative to saline-treated mice. Data are
expressed as means ± standard error of the means (SEMs). Individual groups had n of 9–10
mice. * indicates a significant difference between old SEA- and saline-treated mice. +
indicates a significant difference between young SEA- and saline-treated mice.
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Figure 2.
SEA administration (2hrs prior) increased plasma corticosterone levels. This response was
unaffected by the animal’s age or prior SEA treatment condition. Data are expressed as
means ± SEMs. Individual groups had n of 9–10 mice. * indicates a significant difference
from saline-treated animals.
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Figure 3.
Acute or repeated administration of SEA increased IL-1β mRNA levels in the aged, but not
young, mice in the hypothalamus (A). Both young and aged mice showed increased levels of
IL-1β mRNA in the amygdala after acute or repeated SEA administration (B). For TNF-α,
aged mice showed increased expression in the hypothalamus following repeated SEA
administration (C), but no differences were observed in the amygdala (D). IL-6 mRNA
levels were not altered in either the hypothalamus (E) or amygdala (F) by SEA
administration. The threshold cycle for each sample was converted to arbitrary units based
on the standard curve. Data are expressed as means ± SEMs. Individual groups had n of 9–
10 mice. * indicates a significant difference from saline controls.
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Figure 4.
A significant main effect of SEA-2 treatment condition showed that administration of SEA
2hrs prior to sample collection increased plasma levels of IL-1β relative to controls. Data are
expressed as means ± SEMs. Individual groups had n of 9–10 mice. * indicates a significant
difference from saline controls.
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Figure 5.
Analysis of splenic IL-1β levels (A) revealed that aged mice only showed elevated IL-1β
with repeated SEA exposure (i.e., SEA/SEA group; SEA administered 2hrs prior), whereas
young subjects showed significantly elevated levels following acute or repeated SEA
administration. SEA administration, regardless of the animal’s age or prior treatment
condition increased TNF-α levels (B). Aged mice had lower levels of IL-2 following SEA
than young mice (C). Elevated IL-10 levels were only observed following repeated SEA
exposure, regardless of the animal’s age (D). Data are expressed as means ± SEMs.
Individual groups had n of 9–10 mice. * indicates a significant difference from saline
controls. + indicates that marked group is significantly different aged mice. # indicates a
significant difference from all other treatment groups.
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Figure 6.
Administration of SEA 24hrs prior to testing decreased consumption of a novel liquid in the
aged, but not in the young mice. Data are expressed as means ± SEMs. Individual groups
had n of 7–8 mice. * indicates a significant difference from saline controls.
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Figure 7.
A significant 3-way interaction revealed that administration of SEA 24hrs prior increased
plasma corticosterone levels in the aged mice, but not the young mice, that were tested for
consumption of a novel liquid. Data are expressed as means ± SEMs. Individual groups had
n of 7–8 mice. * indicates a significant difference from saline controls. + indicates a
significant difference from Test/Saline group.
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Figure 8.
Exposure to SEA 24hrs prior, irrespective of age, increased CRH mRNA levels within the
hypothalamus (A). Aged mice, regardless of treatment condition, had lower levels of CRH
mRNA levels in the amygdala than young mice (B). The threshold cycle for each sample
was converted to arbitrary units based on a standard curve. Data are expressed as means ±
SEMs. Individual groups had n of 7–8 mice. * indicates a significant difference from saline
controls.
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Table 1

Sequences of forward and reverse primers for RT-PCR.

Accession Forward Reverse

CRH NM_205769 GTTGAATTTCTTGCAACCGGAG GACTTCTGTTGAGGTTCCCCAG

TNF-α NM_013693 ATGCTGGGACAGTGACCTGG CCTTGATGGTGGTGCATGAG

IL-6 NM_031168 TTCCATCCAGTTGCCTTCTTG GAAGGCCGTGGTTGTCACC

IL-1β NM_00836 CCAAAAGATGAAGGGCTGCT TCATCAGGACAGCCCAGGTC

GAPDH NM_017008 AACTCCCTCAAGATTGTCAGCAA GGCTAAGCAGTTGGTGGTGC
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