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Interleukin-6 trans-signaling in the senescent mouse brain is
involved in infection-related deficits in contextual fear
conditioning
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Laboratory of Integrative Immunology and Behavior, Department of Animal Sciences, University
of Illinois at Urbana-Champaign

Abstract

Excessive production of pro-inflammatory cytokines in the senescent brain in response to
peripheral immune stimulation is thought to induce behavioral pathology, however, few studies
have examined if the increase in pro-inflammatory cytokines is accompanied by an increase in
cytokine signaling. Here, we focused on IL-6 as a prototypic pro-inflammatory cytokine and used
phosphorylated STAT3 as a marker of IL-6 signaling. In an initial study, IL-6 mRNA and the
magnitude and duration of STAT3 activation were increased in the hippocampus of senescent
mice compared to adults after i.p. injection of LPS. The LPS-induced increase in STAT3 activity
was ablated in aged 1L-67/~ mice, suggesting IL-6 is a key driver of STAT3 activity in the aged
brain. To determine if IL-6 activated the classical or trans-signaling pathway, before receiving
LPS i.p., aged mice were injected ICV with sgp130, an antagonist of the trans-signaling pathway.
Importantly, the LPS-induced increases in both IL-6 and STAT3 activity in the hippocampus were
inhibited by sgp130. To assess hippocampal function, aged mice were injected ICV with sgp130
and i.p. with LPS immediately after the acquisition phase of contextual fear conditioning, and
immobility was assessed in the retention phase 48 h later. LPS reduced immaobility in aged mice,
indicating immune activation interfered with memory consolidation. However, sgp130 blocked the
deficits in contextual fear conditioning caused by LPS. Taken together, the results suggest IL-6
trans-signaling is increased in the senescent brain following peripheral LPS challenge and that
sgp130 may protect against infection-related neuroinflammation and cognitive dysfunction in the
aged.
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Introduction

Interleukin-6 (IL-6) has a role in cognitive dysfunction. For example, immunoneutralization
of IL-6 lengthened long-term potentiation (LTP) and improved spatial alternation behavior
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(Balschun et al., 2004) while IL-6-deficient mice were refractory to lipopolysaccharide
(LPS)-induced deficits in working memory (Sparkman et al., 2006). 1L-6 also disrupts
neurogenesis (Vallieres et al., 2002) and is up regulated in an array of neurodegenerative
diseases (Gruol and Nelson, 1997; Hofmann et al., 2009; Licastro et al., 2003; Muller et al.,
1998). Furthermore, in senescence, constitutive expression of IL-6 by brain microglia is up
regulated (Godbout and Johnson, 2004; Ye and Johnson, 1999, 2001) and during infection
there is excessive production of pro-inflammatory cytokines including IL-6, leading to
prolonged sickness behavior (Abraham and Johnson, 2009; Godbout et al., 2005; Huang et
al., 2008), cognitive deficits (Barrientos et al., 2006; Chen et al., 2008; Rosczyk et al.,
2008), affective disorders such as increased anxiety and depression (Godbout et al., 2008;
Kiecolt-Glaser et al., 2003), and even atrophy of neurons (Richwine et al., 2008). These
findings in rodents have led us to speculate that the acute cognitive disorders seen in older
adults with an infection are due to excessive production of pro-inflammatory cytokines in
the brain, although very little is known regarding the effects of aging on cytokine receptor
signaling.

The IL-6 receptor is activated through two separate, but related pathways termed classical
and trans-signaling. The receptor consists of two subunits: the IL-6 receptor-alpha chain
(IL-6R), which binds IL-6, and the transmembrane signaling subunit, glycoprotein 130
(gp130), which is the intracellular signal transducer and is expressed across all cell types.
Classical activation consists of the IL-6 ligand binding to the membrane-bound IL-6R. It is
important to note that both receptor subunits (IL-6R and gp130) can be cleaved immediately
before the membrane spanning region by alternative splicing or shed by proteolytic enzymes
to produce a soluble receptor located in extracellular matrix. The expression of membrane-
bound IL-6R is generally limited to a few cells of the immune system, while gp130 is
ubiquitously expressed (Heinrich et al., 1998; Kishimoto et al., 1992). Thus, the basis of
trans-signaling is the ability of soluble IL-6R (SIL-6R) to bind IL-6 in the extracellular
compartment to form an IL-6/sIL-6R complex; this complex has an increased binding
affinity to membrane-bound gp130 when compared to IL-6 alone. This mechanism of action
confers IL-6 responsiveness in any cell type that expresses gp130 (Jones et al., 2005; Rose-
John and Heinrich, 1994).

Upon binding through either the classical or trans-signaling pathway, gp130 dimerizes and
autophosphorylates, resulting in the activation of Janus kinase-1 and 2 (Jak1 and Jak2).
These tyrosine kinases phosphorylate the cytoplasmic region of gp130 creating recruitment
sites for signal transducer and activation of transcription-3 (STAT3), a Src-homology-2
(SH2) domain-containing signaling molecule. Activated STAT3 forms a dimer,
autophosphorylates, and translocates to the nucleus where it binds to enhancer elements of
the IL-6 promoter region. Thus the main consequence of both classical or trans-signal 1L-6
receptor action is to induce gene transcription and subsequent synthesis and secretion of
IL-6, although trans-signaling allows this in many more cell types (Heinrich et al., 1998).
sIL-6R and soluble gp130 (sgp130) have varying effects on circulating I1L-6. sgp130 acts as
a partial antagonist, or decoy receptor, by binding the IL-6/sIL-6R complex and preventing
it from binding membrane-bound gp130 to initiate signal transduction (Jostock et al., 2001).

Neurons do not seem to express appreciable amounts of IL-6R, however, they do express
large amounts of gp130 (Burton et al., 2011; Schobitz et al., 1993), alluding to the
importance of IL-6 trans-signaling in the brain. Indeed IL-6 trans-signaling in the brain was
recently shown to play a pivotal role in mediating LPS-induced sickness behavior (Burton et
al., 2011). Other studies have begun to reveal the anti-versus pro-inflammatory actions of
IL-6, as trans-signaling appears to elicit a pro-inflammatory response by causing non-
immune cells to produce IL-6 which in turn recruits immune cells to the local site
(Barkhausen et al., 2011; Barrientos, 2011; Greenhill et al., 2011; Scheller et al., 2011).

Brain Behav Immun. Author manuscript; available in PMC 2013 July 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Burton and Johnson

Methods

Page 3

Although IL-6 is increased in the brain of senescent mice, to our knowledge there have been
no studies examining the extent to which peripheral infection influences IL-6 trans-signaling
in the brain or its role in cognitive dysfunction. Thus, the present study investigated
hippocampal STAT3 activation as a marker for IL-6 signaling and hippocampal-dependent
learning and memory in aged mice after peripheral injection of LPS. We further investigated
the extent to which inhibition of IL-6 trans-signaling with sgp130 would mitigate STAT3
activation and deficits in learning and memory. The important results suggest that IL-6
trans-signaling is increased in the hippocampus of aged mice after LPS and that IL-6 trans-
signaling plays a key role in LPS-induced deficits in hippocampal-dependent learning and
memory.

Animals and surgery

Adult (3-6 months) and aged (22-24 months) male BALB/c, C57BL/6 (IL-6*/*) and IL-6
knockout B6.129S2-116tm1 Kopf/J (IL-677") (Kopf et al., 1994) mice were used. All BALB/
¢ mice were obtained from our in-house colony whereas the 1L-6*/* and I1L-6~/~ mice were
purchased from Jackson Laboratory (Bar Harbor, ME). The IL-6*"* and IL-67/~ mice were
2-months old upon receipt. Mice were housed in polypropylene cages and maintained at
21°C under a reverse-phase 12-h light-dark cycle with ad /ibitum access to water and rodent
chow. At the end of each study, mice were examined post mortem for gross signs of disease
(e.g., tumors or splenomegaly). Data from mice determined to be unhealthy were excluded
from the analysis (<5%).

Surgery—~For some experiments intracerebroventricular (ICV) cannulation was performed
as described previously (Abraham et al., 2008). Immediately after surgery and again 8-12 h
later mice received buprenorphine (0.05 mg/kg s.c.) to aid with any post-operative
discomfort. Mice were provided a minimum of 7 days to recover before initiating an
experiment. Accurate placement of the cannula was confirmed by allowing 2 .l of sterile
saline to flow via gravity into the lateral ventricle. When cannula placement could not be
confirmed, mice were excluded from the study. All procedures were in accordance with the
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and
were approved by the University of Illinois Institutional Animal Care and Use Committee.

Experimental protocols

Mice were handled 1-2 min each day for 7 days before experimentation to acclimate them to
handling. To assess the effects of LPS on STAT3 phosphorylation in the hippocampus as
well as IL-6 in the hippocampus mice were injected i.p. with sterile saline or 0.33 mg/kg
BW (10 .g) LPS (serotype 0127:B8, obtained from Sigma, St. Louis, MO) and killed by
CO» asphyxiation 1, 2, 4, 6, or 8 h later. Blood samples were collected via cardiac puncture
into EDTA-coated syringes to obtain plasma, and the brain was rapidly removed and
dissected to obtain hippocampal tissue. Plasma and hippocampal tissue were snap frozen in
liquid nitrogen and stored at —80° C for later analysis. To assess the role of IL-6 trans-
signaling mice were injected ICV with sterile saline containing 0.1% BSA (vehicle) or 100
ng sgp130 ((R&D systems, Minneapolis, MN)) in 2 .l vehicle and then i.p. with sterile
saline or 0.33 mg/kg BW (10 pg) LPS. In some cases mice were Killed to obtain
hippocampal tissue as described above. In other cases, mice were evaluated in a contextual
fear conditioning paradigm to assess hippocampal-dependent learning and memory.

Western immunoblotting

To assess IL-6 signaling, hippocampal tissue was unthawed, and lysed in ice cold lysis
buffer containing: 100 mM HEPES (7.5 pH), 150 mM NaCl, 1% nonidet P-40 (U.S.
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Biological, Swampscott, MA), 2 mM EGTA, 2 mM sodium orthovanadate, protease
inhibitor cocktail (10 0OmM EDTA, 1 ng/mL AEBSF, bestatin, pepstatin A, leupeptin,
aprotinin, and E-64), and 1 mM PMSF, and centrifuged at 11,000 x g for 10 min at 4°C to
remove all cellular debris. Protein concentration was determined using the BCA Protein
Assay according to the manufacturer’s protocol (Bio-Rad, Hercules, CA). Lysate
concentration was then normalized and denatured in SDS/PAGE buffer at 95°C and stored at
—-20°C until use. All lysates were electrophoresed and separated on a 7.5% SDS-PAGE gel,
and transferred onto nitrocellulose membranes (GE Healthcare, Minneapolis, MN). The
membranes were blocked with 5% non-fat milk and incubated with anti-phosphorylated
STAT3 (tyr-705) antibody (Cell Signaling, Danvers, MA) overnight at 4°C. After incubation
with an HRP-conjugated secondary antibody, the protein bands were detected with a
chemiluminescent substrate (Cell Signaling, Danvers, MA) and Bio-Max film (Eastman
Kodak Company, Rochester, NY). For detection of total STAT3 protein, the membranes
were stripped with stripping buffer (2% SDS, 6.25 mM Tris.HCL [6.8 pH], 0.704% p-ME),
followed by overnight incubation with anti-STAT3 antibody (Cell Signaling, Danvers, MA)
at 4°C. The phosphorylated STAT3 protein has alpha and beta isoforms which are expressed
in two bands at 86 and 79kDa, respectively. Upon activation, the alpha isoform (86kDa) is
the principal isoform that is phosphorylated and the beta isoform (79kDa) represents a point
of maximal STATS3 activation. Both bands were quantified using ImageJ 1.41 software
(NIH).

Interleukin-6 MRNA measurement by quantitative real-time PCR

Total RNA from hippocampal tissue was isolated using the Tri Reagent protocol (Sigma, St.
Louis, MO). A QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA) was used for
cDNA synthesis with integrated removal of genomic DNA contamination according to the
manufacturer’s protocol. Quantitative real-time PCR was performed using the Applied
Biosystems (Foster, CA) Assay-on Demand Gene Expression protocol as previously
described (Krzyszton et al., 2008). In brief, cDNA was amplified by PCR where a target
cDNA (IL-6, MmO00446190_m1; and a reference cDNA (glucose-3 phosphate
dehydrogenase, Mm99999915 g1) were amplified simultaneously using an oligonucleotide
probe with a 5" fluorescent reporter dye (6-FAM) and a 3" quencher dye (NFQ). PCR
reactions were performed in triplicate under the following conditions: 50°C for 2 min, 95°C
for 10 min, followed by 40 cycles of 95°C for 15 sec, and 60°C for 1 min. Fluorescence was
determined on an ABI PRISM 7900HT-sequence detection system (Perkin Elmer, Forest
City, CA). Data were analyzed using the comparative threshold cycle (Ct) method, and
results are expressed as fold difference.

Interleukin-6 detection in hippocampus and plasma

Hippocampal tissue was lysed in ice cold lysis buffer and protein concentrations were
determined using the BCA protein assay according to manufacturer’s protocol. The
antibodies and standards for the IL-6 ELISA were used according to the description by the
manufacturer (eBiosciences San Diego, CA). Plasma samples were assayed for IL-6 using a
bead-based immunoassay kit combined with a Cytokine Reagent kit, as described by the
manufacturer (Bio-Rad, Hercules, CA).

Contextual fear conditioning

A contextual fear conditioning paradigm was used as described previously with few
modifications (Peleg et al., 2010). The fear conditioning apparatus consisted of an opaque
conditioning cage (30 x 30 x 30 cm) with a transparent ceiling to permit video recording by
an overhead camera. The floor consisted of a series of stainless steel rods wired to a shock
generator and scrambler (ENV-414S, MED Associates, St. Albans, VT). On acquisition day,
mice were placed in the cage for 120 s, followed by a 2-s foot-shock (0.75 mA); this time
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interval was repeated and 30 s after the delivery of the second shock mice were co-
administered saline or sgp130 ICV and saline or LPS i.p. To test the hippocampal-dependent
contextual fear conditioning, 48 h after acquisition mice were placed in the original
conditioning cage for the time equal to that in acquisition (4 min and 30 s). A trained
observer who was blind to experimental treatments scored the fearful experience by a
continuous measurement of freezing (complete immobility), the dominant fear behavioral
response (Fanselow, 2000). In interpreting data from the fear conditioning paradigm, an
increase in freezing in the retention phase (conducted 48 h after acquisition) indicates an
improvement in learning.

Statistical analysis

Results

All data were analyzed using Statview and Statistical Analysis System software (SAS Inst.,
Cary, NC). Data were subjected to a univariate analysis to ensure normality. In the time
course and knockout study, STAT3 phosphorylation, IL-6 mRNA and protein were
subjected to a two-way ANOVA in which age (adult or aged) and LPS (sterile saline or 10
Lg) were between subject measures. Percent freezing on retention day, 1L-6 protein levels,
and STAT3 phosphorylation were subjected to a two-way ANOVA in which sgp130
(vehicle or 100 ng), and LPS (sterile saline or 10 pg) were between subject measures. When
appropriate, data from individual time points were subjected to ANOVA to determine
treatment effects. Post hoc Student’s #test of least square means was used to determine if
treatment means were significantly different from one another (p<0.05). All data are
presented as mean + SEM.

LPS-induced STAT3 phosphorylation is increased in hippocampus of aged mice

As a read out for 1L-6 signaling, STAT3 phosphorylation was determined in the
hippocampus of adult and aged mice after i.p. injection of LPS. Figure 1 shows
representative western blots revealing phosphorylated STAT3 in hippocampi collected from
adult and aged mice at various times after injection of LPS and the mean STAT3
phosphorylation from 8 or 9 treatment replicates at each time point for each age. As
expected STAT3 activity in the hippocampus was increased 1 h after LPS in both adult and
aged animals. However, whereas the level of STAT3 phosphorylation reached a plateau by 1
h in adults, it continued to increase in the aged. An age x LPS interaction at 4 h [F (1,34) =
4.319, P< 0.05] and at 6 h [F (1,34) =7.857, P< 0.01] indicated a marked increase in STAT3
activity in the hippocampus of aged mice. As we surmised that increased I1L-6 was
responsible for the increased STAT3 activity, plasma IL-6 and IL-6 mRNA in the
hippocampus were measured in adult and aged mice 6 h after LPS injection when STAT3
phosphorylation was maximal in the aged. As evident in Figure 2, after LPS injection,
plasma IL-6 and hippocampal IL-6 mRNA were markedly higher in aged mice compared to
adults [F (1,24) = 15.731, P< 0.001], and [F (1,24) = 8.132, P< 0.01], respectively.
Collectively, these data show an association between increased levels of IL-6 and IL-6
signaling in the hippocampus of senescent mice during times of peak sickness. To confirm
that IL-6 was responsible for the increased STATS3 activity, a subsequent study was
conducted using adult and aged 1L-6*/* and I1L-67/~ mice. Figure 3 shows representative
western blots revealing phosphorylated STAT3 in hippocampi collected from adult and aged
IL-6*/* and IL-67/~ mice 6 h after injection of LPS and the mean STAT3 phosphorylation
from 6 or 7 treatment replicates. Despite employing a different genetic background than in
the first study (C57BL/6 vs. BALB/c), once again hippocampal STAT3 activity was
increased in aged I1L-6*"* mice compared to adult IL-6*/* mice [F (1,26) = 4.671, P< 0.05]
after LPS injection (Figure 3). Importantly, the LPS-induced increase in STAT3 activity was
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ablated in 1L-67/~ mice (Figure 3), suggesting IL-6 is a key driver of STAT3 activity in the
aged brain after peripheral immune stimulation.

IL-6 trans-signaling induces STAT3 activity in hippocampus of aged mice

To determine if the age-related increase in hippocampal STATS3 activity after LPS injection
was mediated by IL-6 via the classical or trans-signaling pathway, aged BALB/c mice were
surgically fit with an indwelling ICV cannula. Following recovery, mice were injected ICV
with sgp130 and i.p. with LPS. Similar to earlier results, LPS up regulated STAT3 phospho-
protein and IL-6 in the hippocampus (Figure 4 and 5, respectively). Furthermore, there was a
sgp130 x LPS interaction where both LPS-induced IL-6 [F (1,35) = 4.578, P< 0.04] and
STAT3 activity [F (1,35) = 4.131, P< 0.05] in the hippocampus, was markedly reduced by
sgp130. As sgp130 binds IL-6 that is coupled with sIL-6R preventing it from activating
membrane bound gp130 (Barkhausen et al., 2011), these data suggest a key role for 1L-6
trans-signaling in the hippocampus.

sgp130 inhibits LPS-induced deficits in contextual fear conditioning

Circulating I1L-6 and cognitive dysfunction are positively correlated (Bellinger et al., 1995;
Gruol and Nelson, 1997; Maggio et al., 2006; Weaver et al., 2002), and acute cognitive
disorders are common in elderly patients during peripheral infection. Thus, we were eager to
know if inhibiting IL-6 trans-signaling would protect aged mice from LPS-induced deficits
in cognition. Aged BALB/c mice were injected ICV with sgp130 and i.p. with LPS
immediately after the acquisition phase of contextual fear conditioning. Forty-eight hours
later their freezing response in the retention phase was assessed. As evident in Figure 6, LPS
reduced immobility in aged mice, indicating immune activation interfered with memory
consolidation. However, ICV injection of sgp130 which reduced STAT3 activation and IL-6
in the hippocampus, completely blocked the deficit in hippocampal-based contextual fear
conditioning caused by LPS [F (1,58) = 5.639, P< 0.03].

Discussion

Excessive production of pro-inflammatory cytokines in the senescent brain in response to
peripheral immune stimulation (Godbout and Johnson, 2009) is thought to induce behavioral
pathology and be a forerunner to neurodegenerative disease. However, few studies have
examined if the increase in pro-inflammatory cytokines is accompanied by an increase in
cytokine signaling, which would be a prerequisite if the behavioral changes are driven by the
pro-inflammatory cytokine response. By focusing on IL-6 as a prototypical pro-
inflammatory cytokine, the present results show that the magnitude and duration of IL-6
signaling are increased in the hippocampus of senescent mice compared to adults after
peripheral injection of LPS. They further suggest a key role for IL-6 trans-signaling in
hippocampal dysfunction in the senescent and highlight the potential value of sgp130 for
preventing infection-related behavioral pathology.

In the present study, STAT3 phosphorylation was used as an indicator of IL-6 signaling.
Both classical and trans-signaling pathways cause gp130 to dimerize, resulting in an
intracellular cascade that recruits and phosphorylates STAT3. Although other cytokines that
were previously detected in the CNS also activate STAT3 (e.g., IL-10, leukemia inhibitory
factor, and oncostatin M), the fact that STAT3 activation was not increased after LPS
injection in aged IL-6/~ mice strongly suggests the increased STAT3 phosphorylation in
aged wild type mice was due to IL-6 (Figure 3). This is further supported by the fact that
IL-6 mRNA and protein were markedly higher in the hippocampus of aged mice compared
to adults at the time corresponding to maximal STAT3 phosphorylation. However, it should
be noted that other cytokines that can activate STAT3 were not measured in this study. Due
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to the fact that sgp130 binds the IL-6-sIL-6R complex in the extracellular matrix and
prevents it from activating membrane bound gp130, it is a naturally occurring antagonist of
the IL-6 trans-signaling pathway (Jostock et al., 2001). Since it has a low affinity for IL-6
that is unbound to sIL-6R, sgp130 does not interfere with IL-6R signaling (Jones et al.,
2005; Muller-Newen et al., 1998). Therefore, sgp130 can be used to elucidate the
contribution of the IL-6 trans-signaling pathway to biologically relevant outcomes. For
example, sgp130 was recently reported to reduce LPS-induced sickness behavior in mice
(Burton et al., 2011). The finding that LPS-induced sickness was mediated by the trans-
signaling pathway and not the classical pathway was consistent with the finding that Neuro.
2A cells (a neuronal cell line) expressed abundant levels of gp130 but very little IL-6R
(Burton et al., 2011). If neurons express few IL-6R but are laden with gp130 and mostly
influenced by IL-6 through the trans-signaling pathway, this would explain earlier work that
found recombinant I1L-6 had little effect on behavior when injected ICV but induced
profound sickness when co-administered with sIL-6R (Schobitz et al., 1995). In the present
study sgp130 given ICV reduced LPS-induced STAT3 activity in the hippocampus of aged
mice, further highlighting the importance of IL-6 trans-signaling in the brain. These findings
regarding IL-6 trans-signaling in the brain are consistent with a recent study of IL-6 trans-
signaling and TLR4-driven inflammatory responses in the periphery (Greenhill et al., 2011).
Cross-talk between JAK/STAT and TLR4 pathways is now viewed as a broad-based
mechanism that regulates the severity of inflammation. Other studies suggest inhibiting I1L-6
trans-signaling with sgp130 may be helpful in treating a number of inflammatory conditions
including arthritis, peritonitis, and colitis (Coles et al., 2007; McLoughlin et al., 2005;
Richards et al., 2006).

Activated STAT3 translocates to the nucleus where it binds to enhancer elements of the IL-6
gene to induce transcription. Thus, a primary effect of IL-6 is to induce expression of more
IL-6 (Aaronson and Horvath, 2002). Although our goal was to investigate IL-6 signaling in
the senescent brain as opposed to mechanisms responsible for the exaggerated production of
the cytokine, the present study suggests the involvement of a positive feedback loop initiated
through trans-signaling where 1L-6 begets IL-6. This is best exemplified in Figure 5 where
sgp130 given ICV is shown to reduce LPS-induced IL-6 in the hippocampus by about half.

Due to the fact that sgp130 reduced STATS3 activity and IL-6 levels in the hippocampus, it
was reasonable to postulate that it would also inhibit LPS-induced deficits in hippocampal-
dependent learning and memory. We chose to focus on hippocampal-dependent contextual
fear conditioning. This is important because immune stimuli are known to inhibit
consolidation of memaries in hippocampal-dependent tasks (Pugh, 2001; Pugh et al., 1998),
and hippocampal-dependent tasks are more easily disrupted in aged animals compared to
adults (Adams et al., 2001; Barrientos et al., 2006; Bruunsgaard et al., 2001; Chen et al.,
2008; Cortese et al., 2011). In the present study, aged mice given LPS after the acquisition
phase showed less immobility when reintroduced to the environment where they
experienced mild shock, meaning they were less effective at establishing an association
between the environment and noxious stimulus, which could be dangerous in a natural
setting. However, treatment with sgp130 completely blocked this effect of LPS, suggesting
IL-6 trans-signaling is involved in infection-related hippocampal dysfunction. Consistent
with previous studies, results with adult animals showed contextual fear conditioning was
impaired by post-training LPS, although the age x treatment interaction did not reach
significance (data not shown). This result is probably due to the fact that behavior was
assessed at a single time point, and a number of studies display a protraction in LPS-induced
behavioral deficits and not necessarily a difference in magnitude.

Ongoing studies are aimed at identifying the cell type(s) in the brain that is responsible, for
the IL-6 trans-signaling-mediated response to LPS during aging; proposed mechanisms
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include modulation of the blood-brain barrier, chemokine activation, and oxidative stress. It
is interesting that blocking trans-signaling was sufficient to protect contextual fear
conditioning since other pro-inflammatory cytokines such as IL-1 are known to inhibit
hippocampal-dependent learning and memory during infection (Yirmiya et al., 2002), but
signal through different pathways. However, we previously showed that mice deficient in
IL-6 (i.e., IL-6~/~ mice) also had reduced levels of IL-1B and TNFa in the hippocampus
after peripheral LPS challenge, suggesting IL-6 plays a permissive role in the production
and/or activities of other pro-inflammatory cytokines (Sparkman et al., 2006). This is
consistent with a recent study by Greenhill et al. (2011) that suggested IL-6 trans-signaling
is an important determinant in TLR4-driven inflammation. Taken together, the present study
suggests that sgp130 may be useful for protecting against infection-related
neuroinflammation and cognitive dysfunction in the aged.
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Figure 1. Activated STAT3 in the hippocampus of adult and aged mice after peripheral injection
of LPS

Adult and aged BALB/c mice were injected i.p. with LPS and hippocampal tissue was
collected at various time points after injection to measure phosphorylated STAT3. The upper
panel shows representative western blots and the bar graph shows mean STAT3
phosphorylation (x SEM) from 8-9 treatment replicates at each time point for each age
(because STATS3 activity was not affected in saline controls over time, data from saline
treated mice at different time points was pooled. Means with different letters are
significantly different (P<0.05).
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Figure 2. Plasma IL-6 and IL-6 mRNA in the hippocampus in aged and adult mice 6 h after LPS

injection

Adult and aged BALB/c mice were injected i.p. with LPS and 6 h later, blood and brain
tissue were collected for analysis. Bars represent the mean + SEM (n = 7-8). Means with

different letters are significantly different (P<0.05).
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Figure 3. Phosphorylated STAT3 in hippocampus of adult and aged IL6*"* and IL-67/~ mice
after injection of LPS
Adult and aged IL-6*"* and IL-6~/~ mice were injected i.p. with LPS and hippocampal tissue

was collected to measure phosphorylated STAT3. The upper panel shows representative
western blots and the bar graph shows mean STAT3 phosphorylation (+x SEM) from 6-7
treatment replicates. Means with different letters are significantly different (P<0.05).
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Figure 4. Effects of sgp130 on LPS-induced STAT3 activity in the hippocampus of aged mice
Aged BALB/c mice were injected ICV with sgp130 and i.p. with LPS and hippocampal
tissue was collected 6 h later. The upper panel shows representative western blots and the
bar graph shows mean STAT3 phosphorylation (+ SEM) from 8-9 treatment replicates.
Means with different letters are significantly different (P<0.05).
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Figure 5. Effects of sgp130 on LPS-induced IL-6 in the hippocampus of aged mice

Aged BALB/c mice were injected ICV with sgp130 and i.p. with LPS and hippocampal
tissue was collected 6 h later for determination of IL-6. The bar graph shows mean 1L-6
concentration (+ SEM) from 8-9 treatment replicates. Means with different letters are
significantly different (P<0.05).
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Figure 6. Effects of sgp130 on the LPS-induced deficit in contextual fear conditioning in aged
mice

Aged BALB/c mice were injected ICV with sgp130 and i.p. with LPS immediately after the
acquisition phase of contextual fear conditioning. Forty-eight hours later immobility in the
retention phase was assessed. Bars represent the mean £ SEM (n = 12-15). Means with
different letters are significantly different (< 0.05).
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