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Abstract

In the elderly, systemic infection is associated with an increased frequency of behavioral and
cognitive complications. We have reported that peripheral stimulation of the innate immune system
with lipopolysaccharide (LPS) causes an exaggerated neuroinflammatory response and prolonged
sickness/depressive-like behaviors in aged BALB/c mice. Therefore, the purpose of this study was
to determine the degree to which LPS-induced neuroinflammation was associated with microglia-
specific induction of neuroinflammatory mediators. Here, we show that peripheral LPS challenge
caused a hyperactive microglial response in the aged brain associated with higher induction of
inflammatory IL-1p and anti-inflammatory IL-10. LPS injection caused a marked induction of
MRNA expression of both IL-1p and IL-10 in the cortex of aged mice compared to adults. In the next
set of studies, microglia (CD11b*/CD45'°%) were isolated from the brain of adult and aged mice
following experimental treatments. An age-dependent increase in major histocompatibility complex
(MHC) class I mRNA and protein expression was detected in microglia. Moreover, peripheral LPS
injection caused a more pronounced increase in IL-1p, IL-10, Toll-like Receptor (TLR)-2, and
indoleamine 2, 3 dioxygenase (IDO) mRNA levels in microglia isolated from aged mice than adults.
Intracellular cytokine protein detection confirmed that peripheral LPS caused the highest increase in
IL-1p and IL-10 levels in microglia of aged mice. Finally, the most prominent induction of 1L-1
was detected in MHC 11" microglia from aged mice. Taken together, these findings provide novel
evidence that age-associated priming of microglia plays a central role in exaggerated
neuroinflammation induced by activation of the peripheral innate immune system.
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1. Introduction

Microglia are part of the innate immune system in the central nervous system (CNS) and play
an important role in receiving and propagating inflammatory signals in response to activation
of the peripheral immune system (Nguyen et al. 2002). Microglia are bone marrow derived
myeloid lineage cells (Simard and Rivest 2004), are interspersed throughout the CNS, and
represent approximately 10-15% of the total CNS cell population. In the absence of
inflammatory stimuli, microglia are quiescent and are involved in immune surveillance
(Nimmerjahn et al. 2005). Once activated, microglia have macrophage-like capabilities
including phagocytosis, inflammatory cytokine production, and antigen presentation (Garden
and Moller 2006). Neuroinflammatory processes are normally transient with microglia
returning to a resting state as the immune stimulus is resolved. Aging, however, may maintain
a brain environment where microglia are “primed” or “reactive” to a peripheral immune
challenge (Godbout and Johnson 2006; Perry et al. 2003).

Markers of glial reactivity or priming, such as major histocompatibility complex (MHC) class
I1, are increased in the brain during normal aging (Frank et al. 2006a; Godbout et al. 2005;
Morgan et al. 1999; Nicolle et al. 2001; Ogura et al. 1994; Perry et al. 1993; Sheffield and
Berman 1998; Sloane et al. 1999). Moreover, increased expression of scavenger receptors
(Godbout et al. 2005; Wong et al. 2005), integrins (Perry et al. 1993; Stichel and Luebbert
2007), Toll-like-Receptors (Letiembre et al. 2007), and astrocytic markers (Godbout et al.
2005; Lee et al. 2000; Morgan et al. 1999) are also detected in the brain of older rodents. In a
BALB/c murine model of aging, we have reported that a consequence of a reactive glial profile
is an exaggerated neuroinflammatory cytokine response to either central (Abraham et al.
2008; Huang et al. 2007) or peripheral innate immune challenges (Chen et al. 2008; Godbout
et al. 2005; Henry et al. 2008; Huang et al. 2007). In several rodent models of aging, the
excessive neuroinflammatory cytokine response is coupled with a myriad of complications
including cognitive impairment (Barrientos et al. 2006; Chen et al. 2008), exaggerated sickness
behavior (Abraham et al. 2008; Godbout et al. 2005; Huang et al. 2007), and protracted
depressive-like behavior (Godbout et al. 2007). Although these data support the notion that
microglial hyperactivity plays an integral role in exaggerated neuroinflammation and
protracted behavioral changes, microglial specific responses in the BALB/c model of aging
have not been determined.

Studies with minocycline, an anti-inflammatory agent and purported microglia inhibitor,
(Nikodemova et al. 2007) also provide evidence that microglia contribute to age-associated
neuroinflammation. For example, in aged rats minocycline reduces the aged-associated
increase in brain MHC |1 and attenuates the age-related impairments in long-term potentiation
(Griffin et al. 2006). Moreover, we recently reported that minocycline normalizes the LPS-
induced exaggerated mRNA expression of neuroinflammatory markers including 1L-1p, Toll
like-receptor (TLR)-2, and indoleamine 2, 3 dioxygenase (IDO) in aged BALB/c mice (Henry
et al. 2008). IDO activation is relevant because IDO-dependent tryptophan metabolism is
associated with inflammatory-mediated depressive-like behavior (Dantzer et al. 2008; Godbout
et al. 2007; O’Connor et al. 2008).

IL-1B, a major neuroinflammatory signal (Allan et al. 2005) that mediates several key
physiological and behavioral changes associated with sickness (Kelley et al. 2003), is regulated
by IL-10 (Heyen et al. 2000; Pousset et al. 1999). For instance, IL-10 suppresses cytokine
mediated sickness behavior (Bluthe et al. 1999) and reverses impaired long term potentiation
associated with increased IL-1p expression (Kelly et al. 2003; Lynch et al. 2004). Decreased
anti-inflammatory IL-10 regulation of microglia activation during aging (Frank et al. 2006a;
Ye and Johnson 2001), may lead to increased glial priming and increased IL-13 expression
(Chen et al. 2008; Maher et al. 2004; Murray and Lynch 1998). In support of this notion, LPS
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treatment of cultured brain slices isolated from aged mice showed exaggerated IL-13
production and reduced IL-10 production compared to adult brain slices (Ye and Johnson
2001).

The present study investigated the degree to which LPS-induced amplified neuroinflammation
in aged mice was associated with microglia-specific induction of neuroinflammatory
mediators. Because exaggerated neuroinflammation in the aged brain may be related to
imbalanced microglia-mediated cytokine production, we focused our attention on
inflammatory IL-1p and anti-inflammatory 1L-10. Our data show that microglia isolated from
aged mice expressed markedly higher MHC 11 levels than microglia isolated from adults.
Moreover, peripheral LPS injection caused exaggerated mRNA expression of both IL-1p and
IL-10 in the cortex of aged mice compared to adults. This LPS-stimulated hyper-induction of
IL-1B and IL-10 was also detected in microglia isolated from aged mice. Finally, LPS challenge
elicited a robust induction of IL-1p in MHC II* microglia from aged mice.

2. Materials and methods

2.1 Animals

Male BALB/c mice (3-4 and 18-20 month-old) were purchased from the National Institute on
Aging specific pathogen free colony (maintained at Charles River Laboratories, Inc., MA).
The median lifespan for BALB/c mice is approximately 26 months (Morley and Trainor
2001), so to investigate changes that occur from adulthood to what is considered aged, 3-4-
month-old (young adult) and 18-20-month-old (aged) male mice were used. Upon arrival, mice
were individually 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. 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 National Institute of Health 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 Experimental protocols

Adult (3-4 month old) or aged (18-20 month old) male BALB/c mice were injected i.p. with
saline or Escherichia coli LPS (0.33 mg/kg; serotype 0127:B8, Sigma, St. Louis, MO) and
were euthanized by CO, asphyxiation 4 (n=8) or 8 h (n=5) later. The LPS dosage was selected
because it elicits a pro-inflammatory cytokine response in the brain resulting in mild transient
sickness behavior in adult mice (Berg et al. 2004; Godbout et al. 2005; Henry et al. 2008).
Brains were dissected and cortex samples were stored at -20°C in RNAlater (Qiagen, CA).
Total RNA was isolated from the cortex and assayed using quantitative PCR. Plasma was also
collected and stored (-80°C) until assaying.

In the second study, adult (3-4 month old) or aged (18-20 month old) male BALB/c mice were
injected i.p. with saline or LPS and were euthanized by CO, asphyxiation 4 h later. Brains
were homogenized and microglia were isolated by discontinuous Percoll density gradient. Cells
were used for either flow cytometric analyses (CD45, CD11b, and MHC Il staining) or total
RNA isolation/quantitative PCR (n=6-8).

In the final study, adult (3-4 month old) or aged (18-20 month old) male BALB/c mice were
injected i.p. with saline or LPS and were euthanized by CO, asphyxiation 4 h later. Brains
were homogenized and microglia were isolated by discontinuous Percoll density gradient. Cells
were used for flow cytometric analyses (CD11b, MHC II, IL-1p and IL-10 staining, n=3-6).
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2.3 Isolation of microglia

Microglia were isolated from whole brain homogenates as described previously (Cardona et
al. 2006; Frank et al. 2006a), but with several modifications. Mice were euthanized by CO,
asphyxiation and whole brains were collected. Brains were homogenized in Hank’s Balanced
Salt Solution (HBSS), pH 7.4. Resulting homogenates were passed through a 70 um nylon cell
strainer and centrifuged at 500 g for 6 min. Supernatants were removed and cell pellets were
re-suspended in 70% isotonic Percoll (GE-healthcare, Uppsala, Sweden) at room temperature.
A discontinuous Percoll density gradient was set up as follows: 70%, 50%, 35%, and 0%
isotonic Percoll. The gradient was centrifuged for 20 minutes at 2000 g and microglia were
collected from the interphase between the 70% and 50% Percoll layers (Frank et al. 2006a).
Cells were washed and then re-suspended in sterile HBSS. The number of viable cells was
determined using a hemacytometer and 0.1% trypan blue staining. For each extraction,
approximately 6 x 10° viable cells were isolated.

2.4 RNA isolation and qPCR

RNA was isolated from either the cortex or from a microglial population collected by Percoll
density gradient. In cortex samples, total RNA was isolated using the Tri-Reagent protocol
(Sigma, MO) and subjected to a DNA-free/RNA clean up procedure (Ambion, TX). For Percoll
separated cells, RNA was isolated using the RNeasy plus mini kit protocol (Qiagen, CA). In
both RNA isolation procedures, RNA concentration was determined by spectrophotometry
(Eppendorf, NY) and RNA was reverse transcribed to cDNA using a RT RETROscript kit
(Ambion, TX).

Quantitative PCR was performed using the Applied Biosystems (Foster, CA) Assay-on-
Demand Gene Expression protocol as previously described (Godbout et al. 2005). In brief,
cDNA was amplified by real time PCR where a target cDNA (IL-1p, IL-10, MHC II, TLR2,
or IDO) 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.

2.5 Plasma cytokine measurement

Plasma levels of IL-1p and IL-10 were determined by ELISA (R&D Systems, MN). In brief,
mice were euthanized by CO, asphyxiation 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-13 and
IL-10 according to the manufacturer’s instructions. Absorbance (450 nm) was determined
using a Bio-Tek synergy HT microplate reader (Bio-Tek Instruments, VVT). Assays were
sensitive to 1.5 pg/ml of IL-1p and 10 pg/ml of IL-10, and inter- and intra-assay coefficients
of variation were less than 10%.

2.6 Microglial staining and flow cytometry

Cells were assayed for microglial cell surface antigens by flow cytometry as previously
described but with a few modifications (Henry et al. 2008; Nair and Bonneau 2006). In brief,
Fc receptors were blocked with anti-CD16/CD32 antibody (eBioscience, CA). The cells were
then incubated with anti-CD11b-APC, anti-CD45-FITC, and anti-MHC-11-PE antibodies
(eBioscience, CA). Expression of these surface receptors was determined using a Becton-
Dickinson FACSCaliber four color Cytometer. Ten thousand events were recorded and
microglia were identified by CD11b* and CD45/°W expression (Ford et al. 1995; Nair and
Bonneau 2006). For each antibody, gating was determined based on appropriate negative
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isotype stained controls. Flow data were analyzed using FlowJo software (Tree Star, San
Carlos, CA).

2.7 Intracellular IL-1B and IL-10 detection

Microglial production of IL-1p and IL-10 was assayed by intracellular flow cytometric analysis
based on BD Cytofix/Cytoperm Plus fixation/permeabilization protocol (BD biosciences, CA).
To block cell secretion of cytokines, cells isolated by Percoll density gradient were incubated
in 10% FBS DMEM media containing brefeldin A (BD Biosciences, CA) for 4 h at 37 °C.
Next, cells were washed in FACS buffer (2% FBS in HBSS) and then Fc receptors were blocked
with anti-CD16/CD32 antibody (eBioscience, CA). After blocking, cells were stained with
anti-CD11b-APC and anti-MHC-11-PE antibodies. Cells were then fixed and permeabilized
with BD Fixation/Permeablization buffer for 20 min. Cells were washed with BD Perm/
Wash™ buffer, re-suspended in BD Perm/Wash™ buffer, and incubated with either anti-
IL-1B-FITC or anti-IL-10-FITC (eBioscience, CA) for 30 min. Cells were washed twice in BD
Perm/Wash buffer and resuspended in FACS buffer. Surface and intracellular antigen
expression were determined using a Becton-Dickinson FACSCaliber four color Cytometer.
Ten thousand events were recorded. For each antibody, gating was determined based on
appropriate negative isotype stained controls. Flow data were analyzed using FlowJo software
(Tree Star, CA).

2.8 Statistical analysis

To ensure a normal distribution, data were subjected to Shapiro-Wilk test using Statistical
Analysis Systems (SAS) statistical software (Cary, NC). Observations greater than 3
interquartile ranges from the first and third quartile were considered outliers and were excluded
in the subsequent analysis. To determine significant main effects and interactions between
main factors, data were analyzed using one- (Age, Treatment) or two- (Age x Treatment) way
ANOVA using the General Linear Model procedures of SAS. When appropriate, differences
between treatment means were evaluated by an F-protected t-test using the Least-Significant
Difference procedure of SAS. All data are expressed as treatment means + standard error of
the mean (SEM).

3. Results

3.1 Peripheral LPS-induced mRNA expression of IL-18 and IL-10 in the cortex

Peripheral LPS injection induced an exaggerated pro-inflammatory IL-1p response in the aged
brain (Chen et al. 2008; Godbout et al. 2005; Henry et al. 2008). Thus, we sought to determine
the degree to which brain IL-1f induction was associated with a corresponding reduction in
IL-10 expression. To begin to address this question the cortex was used as a representation of
the global neuroinflammatory response (Lee et al. 2000) and IL-1 and IL-10 mRNA
expression were determined at two time points (4 & 8 h) post peripheral LPS challenge. Figs.
1A&B show that i.p. injection of LPS increased IL-13 mRNA expression in the cortex 4 and
8 h post injection (P<0.001, for each). Moreover, LPS-induced IL-1p mRNA expression was
significantly higher in aged mice compared to adults at 4 and 8 h. (Figs.1A&B). ANOVA of
MRNA expression revealed a significant Age x LPS interaction for IL-1p at 4 h (F(1, 30)=
19.72,P<0.002) and at 8 h (F(1, 19)= 6.8, P<0.02). These data are consistent with our previous
studies that peripheral LPS injection caused exaggerated expression of IL-1f in the aged brain
(Chen et al. 2008; Godbout et al. 2005; Henry et al. 2008).

Figs.1C&D show that i.p. injection of LPS increased IL-10 mRNA expression in the cortex at
both time points (main effect of LPS, P<0.001, for each). Moreover, cortex mRNA levels of
IL-10 were significantly higher after LPS injection in aged mice compared to adults (Fig.

1C&D). ANOVA of mMRNA expression revealed a significant Age x LPS interaction for IL-10
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at4h (F(1, 28) 4.24, P<0.05) and at 8 h (F(1, 19)=5.94, P<0.02). Taken together, these results
indicate that i.p. LPS injection caused elevated and prolonged expression of both IL-1f and
IL-10 in the cortex of aged mice.

3.2 LPS-induced circulating levels of IL-1f and IL-10

Because peripheral inflammatory cytokines can influence cytokine production in the CNS
(Quan and Banks 2007), we next determined peripheral circulating levels of IL-1f3 and IL-10.
Figs.2A&B show that LPS injection increased plasma levels of IL-1p at 4 (main effect of LPS,
F(1,31)=49.7 P<0.001) and 8 h (F(1,20)= 60.2, P<0.001). These data are consistent with our
previous studies showing that LPS-induced plasma IL-1f levels were age-independent
(Godbout et al. 2005; Henry et al. 2008). Figs.2C&D show that LPS injection was also
associated with an increase in 1L-10 at 4h (F(1,31)= 92.4, P<0.001) and at 8 h (F(1,20)= 56.8,
P<0.001). Similar to the results for plasma IL-1p, LPS injection increased plasma IL-10 levels
at 4 h in an age-independent manner. At 8 h, however, IL-10 levels were higher in LPS treated
aged mice than LPS treated adults (Age x LPS interaction, F(1,20)= 6.15, P<0.03). These data
indicate that the LPS-associated exaggerated inductions of 1L-10 and IL-1p levels in the cortex
of aged mice at 4 h (Fig.1) were not paralleled in the plasma.

3.3 MHC Il surface expression on microglia

Increased mRNA levels of inflammatory glial markers are detected in the aged brain (Godbout
and Johnson 2006). Therefore, we determined MHC 11 surface expression on microgliaisolated
from adult and aged mice. To isolate a highly enriched microglial population from the brain
we used a Percoll density gradient protocol (Fig.3A). Several groups have reported that this
microglia isolation procedure yields a highly enriched population of microglia, that is devoid
of astrocytes and macrophages (Cardona et al. 2006; Frank et al. 2006b).

Microglia were isolated from adult and aged brains, stained with antibodies for CD11b, CD45
and MHC 11, and then analyzed by flow cytometry. The representative bivariate dot plots show
that the majority of the viable cells were CD11b*/CD45'°W in adult and aged mice (Fig.3B).
The percentage of CD11b*/CD45'°W cells isolated from the brain was approximately 87-93%
in adult mice and 80-86% in aged mice. In both age groups the isolated cell population
contained less than 1% macrophages (CD11b*/CD45M9") (Ford et al. 1995;Nair and Bonneau
2006). Based on these staining results, subsequent experiments identified microglia by
CD11b" staining. Collectively, these data indicate that Percoll gradient isolation yielded a
highly enriched microglial population.

Fig.3C shows representative bivariate dot plots of CD11b and MHC Il staining. The microglia
isolated from aged mice had significantly higher MHC 11 surface expression (CD11b*/MHC
11") compared to the microglia isolated from adults (main effect of Age, F(1,13)= 287,
P<0.001). While less than 3% of the microglia isolated from adult mice were MHC 11*,
approximately 25% of microglia isolated from aged mice were MHC 11" (Fig.3D). Based on
these findings, MHC Il was used as a marker of primed or reactive microglia in subsequent
analysis.

3.4 Peripheral LPS-induced mRNA expression of inflammatory markers in microglia

Based on previous studies we hypothesized that the exaggerated pro-inflammatory response
in the aged brain was associated with microglia hyperactivity (Chen et al. 2008; Godbout et
al. 2005; Henry et al. 2008; Huang et al. 2007). Therefore, we determined the expression of
IL-1p, IL-10, and several microglial inflammatory markers including MHC I1 (Perry et al.
2003), TLR2 (Nguyen etal. 2004; Nguyen et al. 2002), and IDO (Dantzer et al. 2008; Guillemin
et al. 2005), in the enriched microglial population isolated 4 h following peripheral LPS
challenge. In the cell layer containing microglia, MHC Il mRNA was detected in all samples
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and was approximately 2.5 fold higher in aged mice compared to adults (main effect of Age,
P<0.001) (Fig.4A). These data are consistent with the age-associated increase in MHC II
surface expression (Fig.3C). Similar to previous studies (Godbout et al. 2005; Henry et al.
2008; Huang et al. 2007), LPS injection did not increase MHC 1l mRNA or surface expression
levels in the brain of either age-group (data not shown). Figs.4B&C show that peripheral LPS
injection increased mRNA levels of TLR2 and IDO in the enriched microglia populations
(P<0.001, for each). Because IDO mRNA was undetected in saline treated mice, IDO fold
change was expressed relative to the IDO mRNA levels in LPS treated adults. ANOVA of
mMRNA expression revealed a significant Age x LPS interaction for IDO (F(1, 26)= 20.7,
P<0.001) and a tendency for Age x LPS interaction for TLR2 (F(1,25)= 2.8 P =0.11).

Figs.4D&E show the effects of peripheral LPS injection on IL-1p and IL-10 mRNA expression
in the enriched microglial population. There was a significant main effect of age for IL-1p
mRNA (F(1, 26)= 23.3, P<0.001) and a tendency for IL-10 mRNA (F(1,24)= 2.9, P =0.09).
To highlight the age-related differences in cytokine mRNA expression, the insets in Figs.4D&E
show comparisons of microglial mMRNA expression of IL-18 and IL-10 between saline treated
adult and aged mice. There was a tendency for an age-related increase in IL-1p expression (F
(1,13)=4.45, P=0.06), but no significant main effect of age on IL-10 expression. These findings
indicate that there is a modest age-related increase in IL-1p mRNA expression in microglia.

Parallel with the data presented in Fig.1, LPS injection caused a robust increase in Mrna levels
of IL-1B and IL-10 in the enriched microglial population 4 h post injection (Fig.4 D&E). LPS
elicited a more pronounced mRNA induction of both IL-1p and IL-10 in aged microglia than
adult microglia. ANOVA of mRNA expression revealed a significant Age x LPS interaction
for IL-1B (F(1, 26)= 20.7, P<0.001) and a tendency for Age x LPS interaction for IL-10 (F
(1,24)= 2.5, P=0.10). Taken together, these data indicate that peripheral LPS injection caused
greater induction of both IL-1p and IL-10 in aged microglia than adult microglia.

3.5 LPS-induced microglial production of IL-18 and IL-10

To confirm the cytokine mRNA findings in Fig.4, we determined intracellular protein
expression of IL-1B and IL-10 in microglia isolated from adult and aged mice 4 h post i.p. LPS
injection. Fig.5A shows representative bivariate dot plots of enriched microglia from adult and
aged mice stained with CD11b-APC and intracellular IL-1B-FITC following i.p. LPS injection.
It is important to note that the saline control group represents adult and aged saline treated
mice. As expected, peripheral LPS injection increased the percentage of IL-1B* microglia
(CD11b*/IL-1B*) in both age groups (Fig.5A). In a comparison between LPS treated adult and
aged mice, there was a greater percentage of IL-1p* microglia (CD11b*/IL-1p*) in aged mice
(Fig.5C). Fig.5B shows representative bivariate dot plots of enriched microglia stained with
CD11b-APC and intracellular IL-10-FITC following peripheral LPS injection. LPS injection
increased the percentage of IL-10* microglia (CD11b*/IL-10%), but only in aged mice (Figs.
5B&5D). Taken together, these cytokine protein data indicate that peripheral LPS injection
caused microglial hyperactivity in aged mice associated with increased production of both
IL-1p and IL-10.

To determine the extent to which MHC I11* microglia in aged mice (Fig.3) were also IL-18*
following LPS injection, CD11b* cells (Fig.5A) were analyzed for MHC Il and IL-1p. Fig.6A
shows representative bivariate contour plots of enriched microglia from LPS treated adult and
aged mice. While LPS treated adult and aged mice exhibited a similar percentage of MHC
11"€9/1L-1B* microglia (Fig.6B, white bars), LPS treated aged mice had a considerable
percentage of MHC 11*/1L-18* microglia (Fig.6B, black bars). It is important to note that these
comparisons could not be made in the IL-10 samples (Fig.5B) because those samples were not
stained with anti-MHC I1-PE. To further analyze microglia isolated from LPS treated aged
mice, CD11b" cells were gated for MHC Il and analyzed for IL-1B. Fig.6C shows that in aged
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mice 31% of MHC 11 "9 microglia were IL-1B" whereas 95% of MHC II* microglia were
IL-1B*. Collectively, these data indicate that primed (MHC I1+) microglia in aged mice are
activated to a greater extent by peripheral LPS injection than MHC 11 "®9 microglia.

5. Discussion

In the elderly, systemic infection is associated with an increased frequency of behavioral and
cognitive complications (Evans et al. 2005; Penninx et al. 2003). We have reported that
stimulation of the peripheral innate immune system in aged BALB/c mice caused exaggerated
neuroinflammation (Henry et al. 2008) that was paralleled by prolonged sickness behavior
(Godbout et al. 2005), impaired working memory (Chen et al. 2008), and protracted depressive-
like behavior (Godbout et al. 2007). Here, we extend our previous work with several novel
findings. First, we show that MHC Il expression was increased specifically in aged microglia
(Fig.3C&4A). Second, peripheral LPS injection caused exaggerated microglial MRNA and
protein induction of both pro-inflammatory IL-1p and anti-inflammatory 1L-10 in aged mice
compared to adults (Figs.4-5). Finally, the most prominent induction of IL-1p was detected in
MHC 1I* microglia from aged mice. (Fig.6). These data are relevant because they demonstrate
microglial-hyperactivity in the aged brain and indicate that MHC I1* microglia are significant
contributors to the exaggerated neuroinflammation in aged mice following peripheral immune
challenge.

One important finding of this study was that there was an age-related increase in MHC Il
expression in microglia (Figs.3C&4A). We have previously reported an age-associated
increase in MHC Il mMRNA levels in whole brain and hippocampal homogenates from older
BALB/c mice (Godbout et al. 2005;Henry et al. 2008;Huang et al. 2007), but the current study
provides novel evidence for increased MHC Il mRNA and protein expression specifically on
microglia (CD11b*) isolated from aged BALB/c mice (Figs.3C-D&4A). For example,
approximately 25% of aged microglia were positive for MHC Il expression compared to 2%
for adult microglia (Fig.3D). These data indicate that microglia from older BALB/c mice
maintain a primed or reactive phenotype.

Along with the age-associated increase in MHC Il mMRNA expression in microglia, we detected
an age-related increase in IL-1p expression (Fig.4D, inset), but did not detect any age related
change in IL-10 expression (Fig.4E, inset). An age-related increase in brain IL-1f is consistent
with other studies (Chen et al. 2008;Maher et al. 2004;Murray and Lynch 1998;Sierra et al.
2007). Moreover, our results are in line with findings showing higher microglial-specific IL-6
induction in mixed glia cultures established from aged mice than adults (Ye and Johnson
1999). Our IL-10 findings, however, are inconsistent with previous reports of an age-related
decrease in brain 1L-10 (Frank et al. 2006a;Ye and Johnson 2001). This inconsistency with
IL-10 may be associated with species variation (Frank et al. 2006a) or age (Ye and Johnson
2001). For instance, the BALB/c mice used in the present study were approximately 4 m
younger than the mice used previously (Ye and Johnson 2001). Moreover, age-related
decreases in 1L-10 were detected in brain slice cultures and mixed glial cultures. In the present
study, however, we determined IL-10 expression in the cortex and in enriched microglia
isolated following in vivo activation by peripheral LPS challenge. One final point to highlight
is that we detected an age-associated increase in IL-1p in the enriched microglial mRNA
samples (Fig.4D), but not in cortex mRNA (Figs.1A&B) or cortex protein samples (data not
shown). Despite only marginally higher levels of IL-1 and no change in IL-10 in the brain of
older mice, peripheral LPS injection still caused an exaggerated neuroinflammatory response
in aged mice (Figs.1,4, & 5). We interpret these data to indicate that glial markers of reactivity,
including MHC 11 (Fig.3C), are more consistent predictors of an amplified neuroinflammatory
response than small alterations in cytokine expression.
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Because microglia have different activation states that depend on the specific inflammatory
stimulus (Carson et al. 2004), we determined the microglia-related mRNA expression of
several neuroinflammatory markers including MHC 11, TLR2, and IDO. Peripheral LPS
injection caused microglial-related over-expression of TLR2 and IDO in aged mice compared
to adults (Fig.4). LPS injection, however, did not affect either mRNA or surface expression of
MHC Il at 4 h (data not shown). These data support our hypothesis that there is increased
microglia activation in the aged brain compared to adults after peripheral LPS challenge.

A critical finding of this study was that peripheral LPS injection caused higher microglia-
related induction of both IL-1p and IL-10 in aged mice compared to adults. Based on previous
ex vivo findings in older BALB/c mice (Ye and Johnson 2001), we anticipated that LPS
injection would be associated with over-production of IL-1f and under-production of IL-10.
As expected in LPS treated mice, IL-1f was induced at a higher level in the brain and plasma
than IL-10 (Figs.1, 2, 4, & 5). Contrary to our expectations, however, both IL-1f and IL-10
cortex MRNA levels were significantly higher 4 and 8 h post peripheral LPS injection in aged
mice compared to adults (Fig.1). The simultaneous induction of IL-10 and IL-1B by LPS was
also detected in the plasma (Fig.2). The LPS-induced plasma cytokine levels were age-
independent (Figs.2A-C) with exception of IL-10 levels 8 h post LPS (Fig.2D). The Age x
LPS interaction for plasma IL-10 may be related to previous reports showing that splenic
macrophages from older mice produced less inflammatory cytokines (e.g., IL-1, IL-6, and
TNFo) and more anti-inflammatory IL-10 following LPS activation than adults (Chelvarajan
et al. 2005; Chelvarajan et al. 2006). In the brain, peripheral LPS injection caused an
exaggerated induction of IL-1p and IL-10 in enriched microglia isolated from aged mice (Figs.
4D&E). These results are similar to a recent study showing that microglia of aged transgenic
p.7.2fms-EGFP (C57BL/6X CBA background) mice had the highest mMRNA induction of both
IL-1B and IL-10 after peripheral LPS injection (Sierra et al. 2007). Consistent with the mRNA
data presented in Fig.4, there was a higher percentage of IL-18* and IL-10" microglia
(CD11b") in aged mice following peripheral LPS injection than adults (Figs.5).

The coupled induction of IL-1p and IL-10 is possible because these cytokine genes have several
promoter regions in common, including SP1, C/EBP, and NF«B binding sites, that are
activated by Toll-like receptor and cytokine stimulation (Allan et al. 2005; Amaral et al.
2006; Basak et al. 2005; Brightbill et al. 2000; Liu et al. 2006; Murray 2006). It is plausible
that this IL-10 induction provides negative feedback on IL-1p, so itisunclear why IL-13 mRNA
expression remained elevated at 8 h in the cortex of aged mice (Fig.1D) despite the high levels
of IL-10 (Fig.1C & Fig.5C). The inability of IL-10 to modulate IL-1f production in the aged
brain may be associated with down regulation of the IL-10 receptor or decreased sensitivity to
IL-10. Whatever the specific deficiency, we interpret our results to indicate that microglial
hyperactivity in the aged brain after peripheral LPS injection is not associated with reduced
microglial induction of 1L-10.

To determine intracellular IL-1p and I1L-10 expression (Fig.5) it was necessary to inhibit cell
protein secretion with a 4 h brefeldin A incubation. During this incubation step, no reagents
were added to stimulate cytokine production (i.e., secondary exposure to LPS). Therefore, the
enriched microglia isolated from adult and aged mice correspond with a time point between
4-8 h post peripheral LPS challenge. This incubation step, however, may explain why IL-10
mMRNA levels were elevated in adult microglia 4 h post LPS (Fig.4E), but IL-10 protein was
undetected by intracellular staining (Fig.5B). This notion is supported by the results showing
that cortex IL-10 mRNA levels returned to baseline in adult mice by 8 h post LPS injection
(Fig.1D). It is important to highlight that only CD11b* cells had detectable protein levels of
cytokines (Figs.5A&B) and MHC Il (Fig.3C). Therefore, the modest increase in CD11b"¢d
cells isolated from the aged brain (Fig.3B) is unlikely to confound the mRNA data (Fig.4). It
is also important to mention that we had a limited number of mice available for intracellular
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staining so our experiments were imbalanced to focus on the effect of peripheral LPS injection
on microglial induction of cytokines (Aged LPS vs Adult LPS). We acknowledge that age-
dependent increases in cytokine protein in microglia are possible, but these were not evident
in our small sample pool of saline treated mice. Nonetheless, our data indicate that LPS caused
the most prominent induction of IL-1p and IL-10 (mRNA and intracellular protein) in aged
mice compared to all other treatment groups (Fig.1, 4, & 5).

A final original finding was that primed (MHC 117) microglia in aged mice were activated to
a greater extent by peripheral LPS injection than MHC 11 "9 microglia (Fig.6). In LPS treated
adult mice approximately 20% percent of the microglia were IL-1B* whereas in LPS treated
aged mice approximately 40% percent of the microglia were IL-1p* (Fig.5C). In LPS treated
aged mice, 95% of the MHC I1I* microglial population were also IL-1B* (Fig.6C). These data
support the hypothesis that primed microglia (in aging or neurological disease) are highly
responsive to peripheral innate immune stimulation (Perry et al. 2003). For instance, our data
are consistent with findings in a model of pre-clinical prion disease (Betmouni et al. 1996)
where robust IL-1p induction was detected in primed microglia after peripheral LPS injection
(Cunningham et al. 2005). Taken together, our findings indicate that peripheral LPS challenge
caused microglial hyperactivity in the brain of aged mice associated with marked induction of
IL-18 by MHC 11* microglia.

In conclusion, the present study demonstrates that there was a pronounced age-related increase
in MHC 1l mRNA and protein expression in microglia. Moreover, peripheral LPS injection
promoted an inflammatory response in the aged brain that was associated with exaggerated
microglial induction of inflammatory markers (TLR2 and IDO), inflammatory IL-1p, and anti-
inflammatory IL-10. These data are significant because they show microglia-specific
hyperactivity in the aged brain and indicate that MHC I1* microglia are significant contributors
to the exaggerated neuroinflammation in aged mice following peripheral LPS challenge.
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Fig 1. Peripheral LPS injection causes exaggerated mRNA expression of IL-1p and IL-10 in the
cortex of aged mice compared to adults
Adult (3-6 m) and aged (18-20 m) mice were challenged with saline or LPS i.p. and IL-1
MRNA levels were determined from the cortex collected A) 4 or B) 8 h later. From the same
cortex samples, IL-10 mRNA levels were determined C) 4 or D) 8 h post experimental
treatments. Bars represent the mean + SEM (n=8 for 4 h, n=5 for 8 h). Means with different
letters (a, b, or c) are significantly different (P<0.05) from each other.
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Fig.2. LPS injection increases IL-1p and IL-10 and in the plasma independent of age

Adult (3-6 m) and aged (18-20 m) mice were challenged with saline or LPS i.p. and IL-1B
protein levels were determined from the plasma collected A) 4 h or B) 8 h later. From the same
plasma samples, IL-10 protein levels were determined C) 4 or D) 8 h post experimental
treatments. Bars represent the mean + SEM (n=8 for 4 h, n=5 for 8 h). Means with different
letters (a, b, or c) are significantly different (P<0.05) from each other.
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Fig.3. Increased MHC |1 surface expression on microglia isolated from the brain of aged mice

A) Illustration of the experimental protocol used to isolated microglia from adult (3-6 m) and
aged (18-20 m) mice by Percoll density gradient. B) Representative bivariate dot plots of
Percoll isolated cells stained with anti-CD11b-APC and anti-CD45-FITC. Microglia were
identified by CD11b*/CD45!%W staining. C) Representative bivariate dot plots of Percoll
isolated cells stained with anti-CD11b-APC and anti-MHC-I1-PE. D) Average percentage of
cells that were CD11b*/MHC II*. Bars represent the mean + SEM (n=8). Means with different
letters (a or b) are significantly different (P<0.05) from each other.
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Fig.4. Peripheral LPS injection causes exaggerated mRNA levels of inflammatory mediators in
microglia of aged mice compared to adults

Adult (3-6 m) and aged (18-20 m) mice were challenged with saline or LPS i.p. and A) MHC
Il, B) TLR2, C) IDO, D) IL-1p and E) IL-10 mRNA levels were determined from enriched
microglia isolated 4 h later. Bars represent the mean + SEM (n=8). Means with different letters
(a, b, or ¢) are significantly different (P<0.05) from each other.
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Fig.5. Higher percentage of IL-1p* and IL-10 positive microglia in aged mice compared to adults
following peripheral LPS injection

Adult (3-6 m) and aged (18-20 m) mice were challenged with saline or LPS i.p. and microglia
were isolated 4 h later by Percoll density gradient. Cells were subjected to the BD Cytofix/
Cytoperm Plus fixation/permeabilization protocol as described in the Methods. Representative
bivariate dot plots of Percoll isolated cells stained with A) anti-CD11b-APC and anti-IL-1p3-
FITC or B) anti-CD11b-APC and anti-IL-10-FITC. Average percentage of cells that were C)
CD11b*/IL-1B* and D) CD11b*/IL-10*. Bars represent the mean + SEM (n=3-6).
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Fig.6. MHC 11 positive microglia from aged mice have a robust IL-1f induction following
peripheral LPS injection
A subset of Percoll isolated microglia (Fig.5) were also stained with anti-MHC-I11-PE. Cells
were gated by CD11b™ staining. A) Representative bivariate contour plots of CD11b™ cells
that were stained with anti-1L-1p-FITC and anti-MHC-I1-PE. B) Average total percent of
microglia that were IL-1p* following peripheral LPS injection, differentiated based on whether
they were MHC 11"89 (white bars) or MHC 11" (black bars). Bars represent the mean = SEM
(n=3). C) Average percent of MHC 11" and MHC 1I* microglia that were also IL-1p*. Bars
represent the mean £ SEM (n=3).
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