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Abstract
Age-associated changes in glial reactivity may predispose individuals to exacerbated
neuroinflammatory cytokine responses that are permissive to cognitive and behavioral
complications. The purpose of this study was to determine if aging is associated with an exaggerated
sickness response to central innate immune activation. Our results show that intracerebroventricular
(i.c.v) administration of lipopolysaccharide (LPS) caused a heightened proinflammatory cytokine
response (IL-1β, IL-6, and TNFα) in the cerebellum 2 h post i.c.v injection in aged mice compared
to adults. This amplified inflammatory profile was consistent with a brain region-dependent increase
in reactive glial markers (MHC class II, TLR2 and TLR4). Moreover, LPS caused a prolonged
sickness behavior response in aged mice that was paralleled by a protracted expression of brain
cytokines in the cerebellum and hippocampus. Finally, central LPS injection caused amplified and
prolonged IL-6 levels at the periphery of aged mice. Collectively, these data establish that activation
of the central innate immune system leads to exacerbated neuroinflammation and prolonged sickness
behavior in aged as compared to adult mice.
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1. Introduction
Microarray analysis of brain mRNA reveal that aging is associated with a gene expression
profile indicative of oxidative stress, complement activation, and glia reactivity [5,25,35].
These reports support the premise that brain glial cells, including astrocytes and microglia,
become more active or reactive during normal aging [22]. For example, microglia expression
of major histocompatibility complex (MHC) class II, a marker of microglial cell activation, is
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increased in brains of aged but otherwise healthy humans, non-human primates, and rodents
[20,25,41,51,52,56,64–66]. An age-associated change in glial phenotypes is also indicated by
increased expression of scavenger receptors [25,71], complement receptors [56] and glial
fibrillary acidic protein (GFAP) [25,35,41]. It is noteworthy that the actual number of resident
astrocytes and microglia is not increased in the brain with age [37,43]. Therefore, glial
reactivity appears to increase in existing astrocytes and microglia populations.

Understanding changes in brain glia during normal aging is important because microglia and
astrocytes are part of the brain’s innate immune system and play an important role in receiving
and propagating inflammatory signals in response to activation of the peripheral immune
system. The bidirectional interaction between the brain and immune system is necessary for
mounting the appropriate immunological, physiological, and behavioral responses to immune
stimulation [32]. This response is mediated, in part, by proinflammatory cytokines including
IL-1β, IL-6, and TNFα. These cytokines are produced within the brain by glia and act on
neuronal substrates to elicit a sickness behavior syndrome that is normally adaptive and
beneficial to the host [32,33]. A dysregulated cytokine response, however, can lead to
neurological complications [6,9,16] including cognitive impairment [2,29,46,68], anorexia
[17], and mood and depressive disorders [10,47,58].

Activation of the peripheral immune system exacerbates neurodegenerative diseases such as
Alzheimer’s, Multiple Sclerosis, and prion disease by increasing cytokine production by
activated microglia [12,57]. Thus, a potential consequence of increased glial reactivity in the
aged brain may be hypersensitivity to peripheral or central immune challenge. For instance, in
a murine model of aging, peripheral stimulation of the innate immune system with LPS causes
an exaggerated inflammatory cytokine response in the brain of old mice [25]. This heightened
neuroinflammatory response in old mice is associated with a delayed recovery from the
behavioral symptoms of sickness [25]. Moreover, elevated neuroinflammation in the aged
rodent brain is permissive to longer lasting cognitive impairments [3]. This hypersensitivity is
interpreted to be glial derived because primary mixed glia cultures and coronal brain sections
established from the brain of aged rodents are hyper-responsive to LPS stimulation and produce
more inflammatory cytokines (IL-1β and IL-6) compared to cultures established from adult
brain [72,73]. Aged rodents are also more sensitive to endotoxic shock induced by i.c.v.
injection of high levels of either LPS [31] or TNFα/IFNγ̣ [14]. It is unknown, however, if
transient stimulation of the central innate immune system leads to prolonged
neuroinflammation and behavioral deficits in aged mice.

Our experiments were carried out to test the hypothesis that brain hypersensitivity to immune
activation and prolonged sickness behavior in the aged was caused by an amplified cytokine
response within the brain. In order to remove any potential confound of the peripheral immune
system, the present set of experiments were carried out by challenging mice i.c.v. with LPS.
Here we show that central LPS challenge caused a prolonged sickness behavior response in
aged mice, which was paralleled by a protracted expression of brain proinflammatory cytokines
in the cerebellum and hippocampus. Moreover, the magnitude and duration of the increase in
plasma IL-6 following central injection of LPS was greater in aged mice compared to adults.
Furthermore, we show that the expression of potential markers of glial reactivity including
MHC class II, TLR2, and TLR4, were increased in the brain of aged mice. High expression of
these markers in the cerebellum of aged mice was associated with a greater initial cytokine
response to i.c.v LPS. These findings support our hypothesis that sensitization of the brain
cytokine system in aged individuals promotes an exaggerated response to either peripheral or
central innate immune stimulation and might underlie the increased prevalence of behavioral
and cognitive complications in this population.
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2. Methods
2.1 Animals

Male BALB/c mice from the National Institute on Aging specific pathogen free colony were
used. The mean lifespan for BALB/c mice is approximately 26 months [42], so to investigate
changes that occur from young adulthood to what is considered aged, young adult (3–4-month-
old) and aged (20–22 month-old) males were used. Mice were housed in polypropylene cages
and maintained at 21° C under a 12 h light: 12 h dark cycle with ad libitum access to water and
rodent chow. Male juvenile conspecifics (4 to 5 weeks old) used in the social exploratory
behavior paradigm were maintained under identical conditions. At the end of each study, mice
were examined postmortem for gross signs of disease (e.g. splenomeglia or tumors). Data from
mice determined to be unhealthy were excluded from analysis (< 5%). All procedures were in
accordance with the NIH Guidelines for the Care and Use of Laboratory Animals and were
approved by The Ohio State University Institutional Laboratory Animal Care and Use
Committee.

2.2 Intracerebroventricular cannulation
The i.c.v cannulation was performed as previously described with a few modifications [24].
In brief, mice were deeply anesthetized using ketamine and xylazine (100 mg and 10 mg/kg
BW i.p., respectively) and the surgical site was shaved and sterilized. Mice were positioned in
a sterotaxic instrument so that the plane formed by the frontal and parietal bones was parallel
to the table top. An incision, 1.5 cm in length, was made on the cranium to reveal the bregma
and a 26-guage stainless-steel guide cannula was placed in the lateral cerebral ventricle using
the following stereotaxic coordinates: Lat 1.6 mm; and A–P 1 mm to the bregma; and Hor -2
mm from the dura mater. Two anchoring cranial screws were inserted adjacent to the cannula
and the cannula was secured with cranioplastic cement. A dummy cannula was inserted in the
guide cannula to prevent occlusion and infection. Mice were injected subcutaneously with
Buprinex (111 µg /kg BW) following surgery and then again 12 h later. Mice were provided
a minimum of 7 d to recover before any treatment was administered. Accurate cannula
placement was confirmed by injecting trypan blue dye and examining the dye diffusion
throughout the ventricles.

2.3 Behavior Tests
Locomotor activity—Mice were maintained in their home cage, which provided a floor area
of 26 × 20 cm, and locomotor activity was video recorded during 3-min tests. On the video
records, cages were divided into 6 identical rectangles and a trained observer who was blind
to experimental treatments determined the incidence of line crossing.

Social exploratory behavior—To assess the motivation to engage in social exploratory
behavior, a novel juvenile conspecific was introduced into the test subject’s home cage for a
10-min period. Behavior was video taped and the cumulative amount of time the subject
engaged in social investigation was determined from the video records by a trained observer
who was blind to experimental treatments. Baseline social behavior was measured at time 0
for all experimental treatments. Social behavior was determined as the amount of time that the
experimental subject spent investigating (e.g., anogenital sniffing, trailing) the juvenile [7].
Results are expressed as percent decrease in time engaged in social behavior compared to
respective baseline measures.

2.4 Quantitative Real Time PCR
Total RNA was isolated from brain using the Tri Reagent protocol (Sigma, St. Louis, MO).
RNA samples were subjected to a DNase I digestion procedure and then reverse transcribed
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to cDNA using a RT RETROscript kit (Ambion, Austin, TX). Quantitative real time PCR was
performed using the Applied Biosystems (Foster, CA) Assay-on Demand Gene Expression
protocol as previously described [25]. In brief, cDNA was amplified by real time PCR where
a target cDNA (IL-1β, IL-6, TNFα, or MHC class II) and a reference cDNA (glyceraldehyde-3-
phosphate dehydrogenase) were amplified simultaneously using an oligonucleotide probe with
a 5′ fluorescent reporter dye (6-FAM) and a 3′ quencher dye (NFQ). Fluorescence was
determined on an ABI PRISM 7300-sequence detection system (Applied Biosystems, CA).
Data were analyzed using the comparative threshold cycle (Ct) method and results are
expressed as fold difference [36].

2.5 Plasma Cytokine Measurement
IL-6 was measured in the plasma as previously described [23]. In brief, mice were asphyxiated
by CO2 inhalation and blood was collected by cardiac puncture into EDTA coated syringes.
Samples were centrifuged (6000 × g for 15 min at 4°C) and plasma was collected and stored
frozen (−80°C) until assaying. Plasma samples were assayed for IL-6 using a customized
ELISA that we have described in detail [23]. Assays were sensitive to 8 pg/ml of IL-6, and
inter-and intra-assay coefficients of variation were less than 10%.

2.6 Experimental protocols
For all studies, adult and aged mice were prepared with an indwelling i.c.v. cannula. After
recovery mice were injected i.c.v. with sterile saline or Escherichia coli LPS (10 ng, 5ng/ul;
serotype 0127:B8, Sigma, St. Louis, MO). The dosage of LPS used for i.c.v injection was used
to elicit a mild and transient sickness response [30]. For i.c.v. injection into the lateral ventricle,
the indwelling cannula was connected with sterile tubing to a Hamilton syringe and injections
were administered in a 2 µl volume using a KS Scientific precision syringe pump. In the first
set of studies, locomotor activity, social behavior, and food intake, were measured 0, 2, 4, 8
and 24 h after i.c.v injection of saline or LPS (n=8). In the second set of studies, mice were
injected i.c.v. with either saline or LPS and sacrificed by CO2 asphyxiation either 2 or 8 h later.
Brains were removed, dissected, and stored in a RNA preservative solution at −20° C. Total
RNA was isolated from brain samples and assayed using real time PCR (n=7). Plasma was
also collected and stored (−80° C) until assaying.

2.7 Statistical analysis
All data were analyzed using Statistical Analysis Systems (SAS) General Linear Model
procedures. Data were subjected to two- (Age × LPS) or three-way (Age × LPS × Time)
ANOVA to determine significant main effects as well as interactions between main factors.
When appropriate, differences between treatment means were evaluated by an F-protected t-
test using the LSD procedure of SAS. All data are expressed as treatment means ± standard
error of mean (SEM).

3. Results
3.1 Central LPS injection induces a prolonged sickness response in aged mice

Since peripheral LPS injection caused an exaggerated sickness response in aged BALB/c mice
[25], we sought to determine if sickness behavior was exacerbated in aged mice following
central (i.c.v) LPS challenge (10 ng). To determine if central injection of LPS caused a more
severe sickness behavior syndrome in aged mice, locomotor activity, motivation to engage in
social behavior, and food intake were assessed in adult and aged mice injected i.c.v. with either
saline or LPS. Behavior was measured just before i.c.v. injection and again 2, 4, and 8 h later
(Fig. 1). ANOVA of locomotor activity revealed a significant main effect of LPS (F(1,31)=
246.7 P < 0.001) and an Age × LPS interaction (F(3,31)= 12.46, P < 0.001) (Fig. 1A). While
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adult mice showed improvement in locomotor activity 8 h after i.c.v. LPS injection, locomotor
activity of aged mice was still markedly reduced (P < 0.001).

The effect of i.c.v. LPS injection on social behavior is shown in Figure 1B. ANOVA of social
behavior revealed a significant main effect of Age (F(1,31)= 11.5, P < 0.001), LPS (F(1,31)=
347, P < 0.001), and an Age × LPS interaction (F(3,31)= 12.46, P < 0.001). Whereas adult
mice began to recover between 4 to 8 h post LPS injection, social behavior in aged mice was
still considerably reduced at 4 h (P < 0.04) and 8 h (P < 0.001). It is important to note that both
age groups returned to baseline social investigation by 24 h after i.c.v. injection of LPS (data
not shown). Finally, the delayed recovery from sickness behavior was substantiated by a greater
reduction in food intake (P < 0.05) in aged mice receiving LPS compared with adults given
LPS (Fig.1C). Collectively these data indicate that central LPS injection induces a prolonged
sickness response in aged mice compared to adults.

3.2 Central LPS injection induces an elevated proinflammatory cytokine response in the
cerebellum of aged mice

Since central LPS injection caused an exaggerated sickness response in aged mice, we next
sought to determine if there was an amplified and prolonged proinflammatory cytokine
response in the aged brain following central LPS challenge. The proinflammatory cytokines,
IL-1β, IL-6, and TNFα, were selected for these experiments because they are critical CNS
mediators of behavior symptoms of sickness [32]. In this experiment, mice were injected i.c.v.
with either saline or LPS and IL-1β, IL-6, and TNFα steady state mRNA levels were measured
in discrete brain regions collected either 2 or 8 h later (Fig. 2). While multiple discrete brain
regions were anticipated to show differential responses to immune challenge (i.e.,
hypothalamus, amygdala, striatum), the cerebellum and hippocampus were selected because
these regions are predicted to be involved in the cognitive, motor, and behavioral deficits
associated with prolonged or excessive neuroinflammation [22].

As expected, i.c.v injection of LPS increased IL-1β, IL-6, and TNFα mRNA expression in the
cerebellum and hippocampus at both time points (P < 0.001, for each). In the cerebellum, the
expression levels of all three proinflammatory cytokines were appreciably higher at 2 h after
central LPS injection in aged mice compared to adults (Fig. 2 A–C). ANOVA of cerebellum
cytokine mRNA expression revealed a significant Age × LPS interaction for IL-1β (F(3, 27)=
6.1, P < 0.05), IL-6 (F(3, 27)= 4.2, P < 0.05) and TNFα (F(3, 27)= 18.86, P < 0.01). The steady
state levels of cerebellum IL-1β, IL-6, and TNFα mRNA were approximately 1.6 fold higher
(P< 0.001, P < 0.01, and P< 0.001) in aged compared to adult mice injected with LPS. In the
hippocampus, however, there was not a significant Age × LPS interaction for inflammatory
cytokine expression. Thus, in hippocampus at 2 h, cytokine mRNA levels were increased due
to LPS, but this cytokine increase was independent of age. Taken together these results indicate
that central LPS injection causes an elevated proinflammatory cytokine response in aged mice
that is brain region dependent.

Figure 2 D–F shows that 8 h after central LPS administration, IL-1β, IL-6, and TNFα were
increased in the LPS treated mice compared to those receiving saline (P < 0.001, for each).
Analysis of cerebellum cytokine mRNA levels revealed a significant Age × LPS interaction
for IL-1β (F(3, 27)= 5.1, P < 0.04), IL-6 (F(3, 27)= 8.3, P <0.01) and TNFα(F(3, 27)= 4.21,
P < 0.05). The steady state level of cerebellum mRNA for IL-1β, IL-6, and TNFα, respectively,
were 3-fold (P < 0.003), 6 fold (P< 0.001) and 2 fold (P < 0.004) higher in aged mice compared
to adult mice injected i.c.v. with LPS. Similar to results from the cerebellum at 8 h, IL-1β, IL-6,
and TNFα mRNA levels were higher in the hippocampus of mice injected i.c.v. with LPS
compared to those receiving saline (P < 0.001, for each). ANOVA of hippocampal cytokine
mRNA levels revealed a significant Age × LPS interaction for IL-1β̣ (F(3, 27)= 13.10, P <
0.002), IL-6 (F(3, 27)= 7.21 , P < 0.02) and TNFα F(3, 27)= 4.52, P < 0.05). The steady state
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level of hippocampal mRNA for IL-1β, IL-6, and TNFα, respectively, were 5.4-fold (P <
0.001), 2.8 fold (P < 0.001), and 2.4 fold (P < 0.01) higher in aged mice compared to adults
administered LPS. Notably, cortex mRNA was also analyzed 2 and 8 h after i.c.v injection.
Similar to the proinflammatory profile of the hippocampus after LPS there was not an Age ×
LPS interaction in the cortex at 2 h, but there was at 8 h (data not shown). Collectively, these
data indicate that the propagation of a central inflammatory signal is exacerbated within the
brain of aged mice and indicate that there is a relationship between a prolonged
neuroinflammatory cytokine response and protracted sickness behavior in the aged.

3.3 Elevated and prolonged IL-6 levels in the plasma of aged mice after central injection of
LPS

To determine if central LPS injection caused an elevated inflammatory response at the
periphery of aged mice, plasma levels of proinflammatory cytokines were determined 2 and 8
h after i.c.v LPS injection (Fig 3). ANOVA of plasma IL-6 cytokine revealed a significant Age
× LPS interaction at 2 h (F(3, 31)= 8.1, P < 0.01) and at 8 h (F(3, 27)= 14.33, P < 0.001). At
2 and 8 h after i.c.v. LPS injection, plasma IL-6 levels were 2- and 6.6-fold higher, respectively,
in aged mice compared to adults (P< 0.01 at each time). All three proinflammatory cytokines
(IL-1β, TNFα, and IL-6) were assayed in the plasma but only IL-6 was consistently detected
post i.c.v injection of LPS. This is consistent with our previous work showing i.c.v injection
of LPS in rats induced an increase in circulating IL-6 [18]. Taken together, these findings
indicate that the exaggerated proinflammatory cytokine response to LPS in the aged brain was
paralleled with increased IL-6 in the plasma.

3.2 Reactive microglial markers are expressed in the brain of aged mice and are enhanced
by central LPS injection

To begin to understand why there were brain region-dependent differences in the cytokine
expression profile of aged mice post central LPS challenge, a number of glial markers, MHC
class II, Toll-Like Receptor (TLR)-2 and -4, were examined in the brain of adult and aged
mice. In this experiment, mice were injected i.c.v. with either saline or LPS and MHC class II,
Toll-Like Receptor (TLR)-2 and -4 mRNA levels were measured in discrete brain regions
collected 8 h later (Fig. 4).

Analysis of brain MHC class II mRNA levels revealed a significant main effect of Age
(cerebellum, F(1, 27)= 9.17, P < 0.01 and hippocampus, (F(1, 27)= 8.45, P < 0.01). In both
brain regions, MHC class II mRNA expression was increased approximately 2-fold with age
(P < 0.01, for each). Elevated MHC class II mRNA expression is relevant because MHC class
II is regulated primarily at the level of transcription [19]. Moreover, increased MHC class II
expression is consistent with previous reports showing an increase in reactive microglia in the
brain of healthy aged rodents [20,25]. Despite this age difference in MHC class II, central
injection of LPS did not significantly alter MHC class II mRNA levels at 8 h.

Because TLR2 is a marker of brain inflammation [50] and TLR4 can mediate LPS-induced
inflammatory signal transduction in microglia/macrophages [34,53], TLR2 and TLR4 mRNA
levels were determined. Analysis of the cerebellum revealed a significant main effect of Age
(TLR2, F(1, 27)= 10.98, P < 0.01 and TLR4, F(1, 27)= 26.8, P < 0.001), LPS (TLR2, F(1, 23)
= 40.97, P < 0.001 and TLR4, F(1, 27)= 40.43, P < 0.001) and an Age × LPS interaction
(tendency for TLR2, F(1, 27)= 3.14, P = 0.09, and TLR4, F(3, 27)= 4.84, P < 0.001). The levels
of TLR2 and TLR4 mRNA in the cerebellum of aged mice were increased 3- and 2-fold,
respectively, compared to adult mice. These data also indicate that LPS injection induced the
highest overall increase in the steady state transcription for both TLR2 and TLR4 in the
cerebellum of aged mice. These findings are consistent with the notion that there is an age-
associated exacerbated cytokine response to central LPS injection.
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In the hippocampus the steady state mRNA levels of TLR2 and TLR4 were not increased due
to age. Each was increased due to LPS (TLR2, F(1, 27)= 21.74, P < 0.001 and TLR4, F(1, 27)
= 18.18, P < 0.001) but these increases were irrespective of age. These data indicate that a
brain regional difference TLR4 expression could explain why central LPS challenge caused a
heightened age-dependent proinflammatory cytokine response at 2 h in the cerebellum but not
in the hippocampus (Fig. 2 A–C). Taken together, these TLR findings indicate that central LPS
challenge induces a high level of TLR reactivity in the cerebellum of aged mice.

4. Discussion
We recently reported that peripheral stimulation of the innate immune system with LPS caused
an exaggerated neuroinflammatory response and prolonged sickness behavior in aged BALB/
c mice [25]. The aim of this study was to determine if direct CNS challenge with LPS also
caused exaggerated brain cytokine and sickness responses in aged mice. These experiments
were important to exclude any potential confound of age-dependent cytokine amplification at
the periphery. We observed here that i.c.v. administered LPS caused a heightened
proinflammatory cytokine response in the cerebellum, but not the hippocampus 2 h post
injection in aged mice compared to adults. This amplified inflammatory cytokine response was
consistent with a brain region-dependent increase in TLR4. Moreover, the inflammatory
response induced by centrally injected LPS led to protracted behavioral symptoms of sickness
in aged mice, which was paralleled by prolonged brain inflammatory cytokine mRNA
expression in the cerebellum and hippocampus. Finally, our results indicate that an amplified
neuroinflammatory response to central challenge was communicated to the periphery,
potentially as an IL-6 mediated signal. Taken together, these data can be interpreted to suggest
that exacerbated neuroinflammation and prolonged sickness behavior in aged mice is a
consequence of an amplified cytokine response within the brain.

There is already evidence that brain glia become more reactive with age, and as a consequence,
peripheral immune activation causes an exaggerated brain cytokine response [25]. These
results have been interpreted to suggest that the amplification of the cytokine signal occurs
within the brain for several reasons. First, primary mixed glia cultures established from the
brain of aged rats show increased expression of MHC class II indicating that these cells are
more active [62]. In fact, related studies have shown that glial cultures or brain slices derived
from aged brains are hyper-responsive to LPS stimulation and produce more inflammatory
cytokines 7 (IL-1β and IL-6) compared to cultures established from adult brains [72,73].
Second, peripheral levels of IL-1β do not mirror the exaggerated neuroinflammatory cytokine
response following peripheral innate immune challenge [2,25]. This may reflect a general
tendency for the innate immune cells at the periphery to be less responsive in older animals
and humans [11]. Third, peripheral LPS injection caused markedly elevated neuronal activity
in several circumventricular organs (CVO) and in the brainstem nucleus of the solitary tract
of aged mice 4 h post injection [21]. Because peripheral immune signals can be relayed to the
CNS via CVO organs and vagus nerve stimulation of the brainstem [26,27,39], higher neuronal
activity in these areas indicates that the immune signal from the periphery is amplified within
the aged brain. However, these findings do not eliminate the potential for the peripheral innate
immune system to contribute to the exacerbated neuroinflammation in the aged. One possibility
is that peripheral immune challenge compromises the blood brain barrier allowing infiltration
of peripheral immune cells into the brain [4]. However, compromise of the BBB is not a
prerequisite for immune to brain cytokine signaling [59,60]. The results of current study are
significant because they indicate that direct central immune activation causes an exaggerated
cytokine response within the aged brain and support the premise that a dysregulated response
within the brain of aged mice accounts for at least part of the amplified and prolonged cytokine
profile induced by systemic immune activation.

Huang et al. Page 7

Neurobiol Aging. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Since aged BALB/c mice have an increased neuroinflammatory profile [25,61], we anticipated
that the initial proinflammatory cytokine response to central LPS injection would be
exaggerated. While MHC class II levels were increased due to age in all brain regions
examined, these increases were not reliable predictors of an amplified response to i.c.v injection
of LPS. LPS-induced inflammatory cytokine (IL-1β, IL-6 and TNFα) mRNA levels were only
significantly different in the cerebellum of aged mice compared to adult mice 2 h post i.c.v.
injection (Fig. 2 A–C). Since both TLR2 and TLR4 can mediate LPS signaling in microglia
[34,53] the specificity of the amplified cytokine response to LPS in the cerebellum of aged
mice may be explained by age-dependent increase in TLR2 and TLR4 steady state mRNA
levels in this region (Fig. 4). In fact, LPS caused a marked increase in the steady state
transcription for both TLR2 and TLR4 in the cerebellum of aged mice compared to adults.
Taken together, these data can be interpreted to suggest that there was a pronounced TLR
reactivity to central LPS challenge in the cerebellum of aged mice.

While the glia of the aged brain may not necessarily have an increased sensitivity to direct
TLR4 stimulation, they may have an increased activity in response to inflammatory cytokine
exposure [14,48]. Propagation of the LPS-induced inflammatory cytokine signal was
prolonged in both the cerebellum and hippocampus of aged mice. At 8 h post i.c.v. injection
of LPS, IL-1β, IL-6, and TNFα mRNA levels were significantly higher in the cerebellum and
hippocampus of aged mice compared to adult cohorts (Fig. 2 D–F). It is also important to note
that innate immune activators such as LPS do not typically gain access into the brain, so age-
associated increases in brain TLR expression would have little impact on the response to a
peripheral infection. However, the significant point is that independent of the stimulus (i.e.
peripheral or central) inflammatory cytokines are protracted in the aged brain. One explanation
is that reactive glia in the aged brain become activated to a greater extent following cytokine
exposure and respond by producing larger amounts of these inflammatory mediators than the
glia of adult mice. This notion is supported by a study where i.c.v. injection of TNFα and
IFNγ is caused a greater reactivity of microglia in the aged brain [14]. It is also plausible that
there is an age-dependent reduction in anti-inflammatory mediators or growth factors, such as
IL-10 [38,73] or insulin-like growth factor-1 (IGF-1) [8,13], which would impair the ability to
resolve a brain inflammatory response. Whatever the mechanism, it is clear that aged mice
experience unresolved brain inflammation for a longer duration following central immune
activation (Fig. 2).

The critical finding of this study was that the prolonged cytokine exposure in the aged brain
was associated with a protracted sickness behavior syndrome. Since IL-1β, IL-6 and TNFα are
involved in either inducing or maintaining sickness behavior [32], it is not surprising that the
prolonged LPS-induced sickness in aged mice was mirrored by exaggerated brain cytokine
levels 8 h after LPS i.c.v. injection (Fig. 2 D–F). While adult mice show significant
improvement in recovery from LPS-induced sickness at 8 h, aged mice did not (Fig. 1). It is
important to note that 2 h after LPS, sickness behavior was similar in each age group. This is
likely to reflect that the cumulative brain cytokine response (i.e. cortex and hippocampus) was
similar in both age groups. Prolonged sickness was not a function of increased mortality
because aged mice recovered to baseline social investigation and cytokine mRNA expression
by 24 h after central LPS injection (data not shown). This is a relevant point because a previous
study showed that a high dosage of LPS (10 µg) injected i.c.v. caused a greater mortality in
aged mice that was associated with higher whole brain and circulating levels of TNFα [31].
Excessive or septic levels of LPS are likely to compromise the integrity of the blood brain
barrier [4] and allow for infiltration of peripheral immune cells into the brain [74]. In the current
study, however, we used a low dose of LPS (10 ng) to induce a mild and transient sickness
response that was not associated with mortality or detectable levels of circulating TNFα or
IL-1β. A prolonged cytokine-mediated sickness response is consistent with our previous
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findings in aged mice using peripheral LPS injection [25] and central HIV gp-120 injection
[1].

Another interesting finding was that IL-6 was amplified (2 h) and prolonged (8 h) in the plasma
of aged mice after i.c.v. LPS injection (Fig. 3). These results show that an elevated brain
response to central immune challenge can be communicated to the periphery. It is unknown
why no appreciable levels of either IL-1β or TNFα were detected in the plasma of either age
group after i.c.v. LPS challenge (data not shown). The absence of detectable levels of IL-1β
in the plasma following central LPS injection is consistent with a previous rodent study [59].
Our results may indicate a specific IL-6 response since an indirect leakage of cytokines from
the brain would result in increased levels in all three cytokines. In fact, in our previous studies
in rats we found i.c.v injection of either IL-1β or LPS induced a plasma increase in IL-6 [17,
18]. The specificity of increase in IL-6 may indicate a higher hypothalamus-pituitary-adrenal
(HPA) axis [45] or sympathetic nervous system mediated [18] response to central innate
immune challenge in the aged brain. This is of particular interest because higher levels of
circulating IL-6 were correlated with cognitive and depressive complications in the elderly
[55,70]. Taken together, these findings indicate that an amplified neuroinflammatory response
to central challenge can be communicated to the periphery, potentially as an IL-6-mediated
signal.

Understanding a prolonged neuroinflammatory response in the aged brain is important because
it can lead to severe cognitive and behavioral complications [22]. For instance, peripheral
infections and inflammatory conditions are permissive to acute cognitive impairment,
dementia, and mood disorders in the elderly [44,55,67]. Brain region specificity is important
because regions such as the hippocampus that express IL-1β and IL-6 cytokine receptors [54,
63] appear to be more sensitive to excessive or prolonged cytokine exposure. For example,
peripheral E. coli infection in aged rats promoted higher IL-1β production in the hippocampus
and was associated with impaired memory consolidation [2]. Moreover, peripheral LPS
injection caused an elevated inflammatory response in the hippocampus of aged mice compared
to adults that was associated with impaired spatial memory and depressive-like behavior
(unpublished findings). Other studies have found that excessive exposure to inflammatory
cytokines was detrimental to neuronal plasticity in the hippocampus, with impairments in
neurogenesis [15,40], long-term potentiation [28,69], and neurite branching [49].

In conclusion, the present study demonstrates that direct activation of the central innate immune
system in aged mice resulted in exacerbated neuroinflammation and prolonged sickness
behavior. Furthermore, these findings support the idea that the sensitization of the
inflammatory cytokine system is occurring within the brain with age. These findings are
important because a heightened neuroinflammatory response in the aged may also lead to other
neurobehavioral impairments. Therefore pharmacological strategies aimed at specifically
decreasing exacerbated glial reactivity associated with infection might be important for
improving recovery from sickness and reducing neurobehavioral deficits in the elderly.
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Fig. 1. Aging prolonged LPS-induced deficits in locomotor activity, social behavior, and food intake
Adult and aged mice were injected i.c.v. with either saline or LPS and (A) locomotor activity,
(B) social behavior, and (C) food intake were measured 0, 2, 4, and 8 hours post injection. Bars
represent the mean ± SEM (n=8). Means with * are different (P < 0.05) from baseline controls
and means with ‡ are significantly different from Adult LPS.
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Fig. 2. Proinflammatory cytokine mRNA expression was prolonged in hippocampus and
cerebellum of aged mice after central injection of LPS
Adult and aged mice were injected i.c.v. with either saline or LPS and IL-1β (A, D), IL-6 (B,
E), and TNFα (C, F) mRNA levels were measured in the cerebellum (white bars) and
hippocampus (black bars) collected either 2 (A, B, C) or 8 h later (D, E, F). Bars represent the
mean ± SEM (n=7). For each brain region, means with * are significantly different (P < 0.05)
from saline controls and means with ‡ are significantly different from Adult LPS.
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Fig. 3. IL-6 levels were amplified and protracted in the plasma of aged mice in response to central
LPS injection
Adult and aged mice were injected i.c.v. with either saline or LPS and IL-6 was measured in
plasma collected (A) 2 and (B) 8 h later. Bars represent the mean ± SEM (n=7). Means with *
are significantly different (P < 0.05) from saline controls and means with ‡ are significantly
different from Adult LPS.
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Fig. 4. TLR2 and TLR4 mRNA expression was increased in the cerebellum of aged mice after
central LPS injection
Adult and aged mice were injected i.c.v. with either saline or LPS and mRNA levels of MHC
class II, TLR2, and TLR4 were determined. The table represents the fold increase mean ± SEM
(n=7). Means with * are significantly different (P < 0.05) from saline controls and means with
‡ are significantly different from Adult LPS.
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