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Neurobiology of Disease

The Alarmin HMGB1 Mediates Age-Induced
Neuroinflammatory Priming
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University, Columbus, Ohio 43210

Amplified neuroinflammatory responses following an immune challenge occur with normal aging and can elicit or exacerbate neuropa-
thology. The mechanisms mediating this sensitized or “primed” immune response in the aged brain are not fully understood. The alarmin
high mobility group box 1 (HMGB1) can be released under chronic pathological conditions and initiate inflammatory cascades. This led
us to investigate whether HMGBI1 regulates age-related priming of the neuroinflammatory response. Here, we show that HMGB1 protein
and mRNA were elevated in the hippocampus of unmanipulated aged rats (24-month-old F344XBN rats). Furthermore, aged rats had
increased HMGBI in the CSF, suggesting increased HMGB1 release. We demonstrate that blocking HMGBI signaling with an intracis-
terna magna (ICM) injection of the competitive antagonist to HMGB1, Box-A, downregulates basal expression of several inflammatory
pathway genes in the hippocampus of aged rats. This indicates that blocking the actions of HMGB1 might reduce age-associated inflam-
matory priming. To test this hypothesis, we evaluated whether HMGB1 antagonism blocks the protracted neuroinflammatory and
sickness response to peripheral Escherichia coli (E. coli) infection in aged rats. ICM pretreatment of aged rats with Box-A 24 h before E. coli
infection prevented the extended hippocampal cytokine response and associated cognitive and affective behavioral changes. ICM pre-
treatment with Box-A also inhibited aging-induced potentiation of the microglial proinflammatory response to lipopolysaccharide ex
vivo. Together, these results suggest that HMGB1 mediates neuroinflammatory priming in the aged brain. Blocking the actions of HMGB1
appears to “desensitize” aged microglia to an immune challenge, thereby preventing exaggerated behavioral and neuroinflammatory
responses following infection.
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The world’s population is aging, highlighting a need to develop treatments that promote quality of life in aged individuals. Normal
aging is associated with precipitous drops in cognition, typically following events that induce peripheral inflammation (e.g.,
infection, surgery, heart attack). Peripheral immune stimuli cause exaggerated immune responses in the aged brain, which likely
underlie these behavioral deficits. Here, we investigated whether the alarmin high mobility group box 1 (HMGB1) mediates
age-associated “priming” of the neuroinflammatory response. HMGB1 is elevated in aged rodent brain and CSE. Blocking HMGB1
signaling downregulated expression of inflammatory pathway genes in aged rat brain. Further, HMGB1 antagonism prevented
prolonged infection-induced neuroinflammatory and sickness responses in aged rats. Overall, blocking HMGB1 “desensitized”
microglia in the aged brain, thereby preventing pathological infection-elicited neuroinflammatory responses. j

ignificance Statement

viduals are susceptible to delirium and precipitous drops in cog-
nitive function. In aged individuals, delirium is associated with
innate immune system activation (Simone and Tan, 2011) and

Introduction
Cognitive function gradually declines as people age. With normal
healthy aging, this decline is typically minor; however, aged indi-
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frequently follows events that induce peripheral inflammation,
such as infection (Ehlenbach et al., 2010), surgery (Bekker and
Weeks, 2003), or injury (Cape et al., 2014). Peripheral immune
stimuli cause exaggerated immune responses in the aged brain
and these exaggerated neuroinflammatory responses appear fun-
damental to age-associated cognitive declines (Godbout et al.,
2005; Barrientos et al., 2006).

Altered inflammatory potential in the aged brain is due, in
part, to changes in microglia, the predominant innate immune
cells of the brain and the major CNS source of inflammatory
molecules (Barrientos etal., 2015b). Microglia exhibit a quiescent
surveillant phenotype under nonpathological conditions. Upon
detecting a pathogen or endogenous danger signal, microglia un-
dergo rapid morphological and functional changes that initiate
an inflammatory response (Ransohoff and Perry, 2009). These
functional and morphological changes, however, are not “all or
nothing.” Microglia challenged with an initial minor physiolog-
ical or inflammatory stimulus can enter a primed (sensitized)
state. Primed microglia display a functional inflammatory phe-
notype similar to quiescent microglia, but produce an exagger-
ated inflammatory response to secondary immune stimulation
(Perry and Teeling, 2013). Microglia from aged animals display
this primed immunophenotype, which has several features: (1)
upregulation of key proinflammatory immune receptors [e.g.,
toll-like receptors (TLRs)], (2) increased major histocompatibil-
ity complex II (MHCII), and (3) downregulation of factors in-
volved in terminating inflammatory responses, including CD200
and CX3CR1 (Henryetal., 2009; Frank etal., 2010b; Wynne et al.,
2010). Microglia from aged animals do not release more inflam-
matory molecules under basal conditions (but see Griffin et al.,
2006) but demonstrate a potentiated proinflammatory response
to immune activation (Frank et al., 2010Db).

Interestingly, there is a higher density of microglia in the
hippocampus (Maier and Watkins, 1998) and prolonged neuro-
inflammatory responses in the aged hippocampus following pe-
ripheral immune stimuli are largely mediated by microglia (Chen
et al., 2008; Frank et al., 2010b). These heightened neuroinflam-
matory responses in aged animals likely underlie cognitive im-
pairments induced by peripheral immune challenges (Barrientos
etal., 2006, 2009, 2012; Frank et al., 2006b, 2010a). For example,
blocking the actions of interleukin (IL)-18 with an IL-1 receptor
antagonist prevents postoperative cognitive decline in aged rats
(Barrientos et al., 2012). However, the neuroimmune processes
that initiate age-related microglial priming remain unclear.

Innate immune cells can be activated in the absence of patho-
gens by endogenous molecules, such as danger-associated molec-
ular patterns (DAMPs), acting on pattern-recognition receptors
(Schaefer, 2014). Microglial priming in the aged brain could be
caused by atypical accumulation of DAMPs, including high mo-
bility group box 1 (HMGB1) protein (Kapetanovic et al., 2015).
HMGBI, a chromatin-binding factor localized to the nucleus, is
released under pathological conditions (e.g., sepsis, stroke, Alz-
heimer’s disease; Lotze and Tracey, 2005). Extracellular HMGB1
interacts with TLR2, TLR4, and the receptor for advanced glyca-
tion end products (RAGE), thereby driving proinflammatory re-
sponses (Yang and Tracey, 2010). HMGBI is released in the brain
both actively by microglia and passively by necrotic or damaged
cells (Scaffidi et al., 2002).

Importantly, extranuclear HMGBI1 does not necessarily in-
duce a proinflammatory cytokine response in the brain; rather,
HMGBI can potentiate the effects of a subsequent neuroinflam-
matory challenge (Weber et al., 2015). This priming effect impli-
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cates HMGBI in the sensitized inflammatory response in the
aged brain. In support of this prediction, here we show that
HMGBI is elevated in the CSF and hippocampus of aged rats.
Furthermore, we demonstrate that blocking HMGBI actions
with the competitive antagonist Box-A (described below) in the
aged CNS can prevent the heightened neuroinflammatory and
sickness responses to a peripheral immune challenge.

Materials and Methods

Animals. Young (3-month-old) and old (24-month-old) male F344XBN
F1 rats were used in these experiments. Rats of this age and strain were
selected to study normal, non-neurodegenerative aging because they are
relatively healthy and not near senescence (these rats live for well over 30
months). Rats were received from the National Institute on Aging and
pair-housed (cages measuring 52 (length) X 30 (width) X 21 (height)
cm) with an age-matched conspecific. Food and water were available ad
libitum and rats were maintained at an ambient temperature of 22 = 2°C.
Rats were given =2 weeks to acclimate to colony conditions before ex-
perimentation began. All rats were maintained on a 12:12 light/dark cycle
with lights on at 7:00 A.M. All experimental procedures were conducted
in accordance with the University of Colorado Institutional Animal Care
and Use Committee and the Guide of the Care and Use of Laboratory
Animals (eighth edition). Efforts were made to minimize animal use and
discomfort.

Box-A intracisterna magna injections and CSF collection. Intracisterna
magna (ICM) injections of the HMGBI antagonist Box-A (HMGBio-
tech) were conducted as previously described (Weber et al.,, 2015).
HMGBI is composed of three distinct protein domains: two DNA-
binding sequences termed Box-A and Box-B, and a negatively charged C
terminus. The proinflammatory effects of this molecule reside in Box-B,
whereas the isolated Box-A portion of HMGBI is not immunoreactive
and acts as a competitive antagonist to HMGBI1. Indeed, Box-A protein
significantly displaces saturable '**I-labeled HMGB1 binding in cultured
macrophages and blocks HMGBI1 from binding to and activating its
cognate immune receptors (RAGE, TLR4, and TLR2; Andersson et al.,
2002; Yang et al., 2004). For the ICM injections, rats were anesthetized
with 5% isoflurane in oxygen and then maintained on 1.5% isoflurane
during the brief procedure (~3 min). The dorsal aspect of the skull was
shaved and swabbed with 70% EtOH. A sterile 27 gauge needle attached
via PE50 tubing to a 25 ul Hamilton syringe was inserted into the cisterna
magna (verified by withdrawing 2 ul of clear CSF). Ten micrograms of
Box-A [HMGBiotech; certified lipopolysaccharide (LPS) free] in 5 ul of
pyrogen-free sterile water or vehicle was delivered.

The CSF collection followed the same procedure except instead of an
injection, 0.2 ml of clear CSF was collected via PE50 tubing attached to a
sterile 1 ml syringe. CSF was then spun down at 1000 X g for 10 min and
the supernatant was collected and stored at —80°C.

Escherichia coli administration. Rats received a single intraperitoneal
injection of either Escherichia coli [2.5 X 10° colony-forming units (CFUs)
suspended in 0.25 ml of sterile saline; ATCC, #15746[ or vehicle 2 h after
lights on. E. coli was used rather than the more typical immune stimulant LPS
for the following reasons: (1) E. coli affects a broad range of immune targets
(LPS mostly acts via TLR4); (2) E. coli is more ecologically relevant; and (3)
this maintains consistency with our previous studies (Barrientos et al., 2006,
2009). All rats received the same dose of E. coli as this is the more conservative
procedure since aged rats are much heavier and would receive more E. coli if
the dose was adjusted for body mass.

ELISA and Western blot. Hippocampal samples were sonicated on ice
using a tissue-extraction reagent (Invitrogen) supplemented with pro-
tease inhibitor mixture (Sigma-Aldrich). Homogenates were centrifuged
(14,000 X g for 10 min at 4°C) and supernatants collected and stored at
—20°C. Total protein was quantified using a Bradford assay. ELISAs for
rat IL-18 (R&D Systems) were run in duplicate according to the manu-
facturer’s instructions. An ELISA for rat HMGB1 (LifeSpan BioSciences)
was used to measure HMGBI1 in CSF according to the manufacturer’s
instructions.

For Western blot, samples were heated to 75°C for 10 min and loaded
into a standard polyacrylamide Bis-Tris gel (Invitrogen). SDS-PAGE was
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performed in 3-(N-morpholino)-propanesulfonic acid running buffer
(Invitrogen) at 175V for ~75 min. Protein was transferred onto a nitro-
cellulose membrane using an iBlot dry transfer system (Invitrogen). The
membrane was then blocked with Odyssey blocking buffer (LI-COR Bio-
sciences) for 1 h and incubated overnight at 4°C in block buffer with the
following primary antibodies: rabbit anti-rat HMGB-1 monoclonal an-
tibody (1:4000; Abcam) and mouse anti-rat B-actin (1:200,000; Sigma-
Aldrich). The membrane was washed in 1 X PBS + 0.1% Tween and then
incubated in blocking buffer containing either goat anti-rabbit or goat
anti-mouse (LI-COR) IRDye 800CW secondary antibody ata concentra-
tion of 1:10,000 (LI-COR) for 1 h at room temperature. Protein expres-
sion was quantified using an Odyssey Infrared Imager (LI-COR) and
expressed relative to the housekeeping protein -actin.

Quantitative PCR. Rat primers were previously designed using GenBank
at the National Center for Biotechnology Information (NCBI), the Operon
Oligo Analysis Tool, and the Basic Local Alignment Search Tool at NCBI and
obtained from Invitrogen. Primers were designed to span exon/exon bound-
aries and thus exclude amplification of genomic DNA. Primer specificity was
verified by melt curve analysis. Primers included B-actin (forward, TTCC
TTCCTGGGTATGGAAT; reverse, GAGGAGCAATGATCTTGATC),
HMGBI1 (forward, GAGGTGGAAGACCATGTCTG; reverse, AAGAA
GAAGGCCGAAGGAGG), IL-1B (forward, CCTTGTGCAAGTGTCTG
AAG; reverse, GGGCTTGGAAGCAATCCTTA), IL-6 (forward, AGAA
AAGAGTTGTGCAATGGCA; reverse, GGCAAATTTCCTGGTTATA
TCC), IL-10 (forward, GGACTTTAAGGGTTACTTGGG; reverse,
AGAAATCGATGACAGCGTCG), IL-18 (forward, GACCGAACAGC
CAACGAATG; reverse, GGGTAGACATCCTTCCATCC), MHCII (for-
ward, AGCACTGGGAGTTTGAAGAG; reverse, AAGCCATCACCTC
CTGGTAT), NLRP3 (forward, AGAAGCTGGGGTTGGTGAATTR; re-
verse, GTTGTCTAACTCCAGCATCTG), P2X7 (forward, TTTCGG
TTTGGCCACCGTGT; reverse, ACTTTAACGTCGGCTTGGGC), TLR2
(forward, TGGAGGTCTCCAGGTCAAATG; reverse, ACAGAGATGCC
TGGGCAGAAT), TLR4 (forward, TCCCTGCATAGAGGTACTTGC; re-
verse, CACACCTGGATAAATCCAGC), and TNF«a (forward, CAAG
GAGGAGAAGTTCCCA; reverse, TTGGTGGTTTGCTACGACG). RNA
was extracted from hippocampal homogenates using TRIzol reagent and 2
g of RNA was reversed transcribed to cDNA using Superscript II (Life
Technologies) according to the manufacturer’s instructions. RNA was iso-
lated from microglia and reversed transcribed to cDNA using the Super-
Script III CellsDirect cDNA Synthesis System (Life Technologies). PCR
amplification of cDNA was performed using the Quantitect SYBR Green
PCR Kit (Qiagen) with a MyiQ Single-Color Real-Time PCR Detection Sys-
tem (Bio-Rad). Gene expression was determined in duplicate and expressed
relative to B-actin. There were no group differences in B-actin expression.

Immunohistochemistry. Rats received a lethal injection of sodium pen-
tobarbital. After rats were completely unresponsive, they were perfused
transcardially with ice-cold saline followed by 4% paraformaldehyde.
Brains were removed, postfixed overnight in 4% paraformaldehyde, cy-
roprotected in 30% sucrose, and frozen with dry ice and isopentane.
Brains were sectioned onto Superfrost Plus slides at 18 wm using a cryo-
stat and stored at 20°C. Slides were warmed for 10 min and then washed
in 1X PBS for 5 min. Slides were blocked with 10% NGS in 1 X PBS with
0.2% Triton X (PBS + Tx) for 1 h at room temperature. Slides were
incubated at room temperature overnight in 1X PBS + Tx with the
following primary antibodies: HMGBI (rabbit, ab18256, 1:1000),
CD11b (mouse, bd554859, 1:1000), NeuN (mouse, ab104224, 1:1000),
GFAP (mouse, MP691102, 1:100). Slides were washed three times in 1X
PBS and then incubated in secondaries (A11037: 594 goat anti-rabbit;
A11029: 488 goat anti-mouse) diluted to 1:500 in 1X PBS + Tx for 2 h.
Slides were then washed once in 1X PBS and coverslipped with
Vectashield with DAPI. Images were captured using a Nikon AIR Laser
Scanning Confocal and Total Internal Reflection Fluorescence (TIRF)
Inverted Microscope and analyzed by a condition-blind observer using
Fiji. Counts were established bilaterally in two sections per area and an
average was generated for each animal.

Microglia isolations and ex vivo treatments. Hippocampal microglia
were isolated using a Percoll density gradient as described by Frank et al.
(2006a). Rats were saline-perfused for 3 min, brains were removed, and
the hippocampus was dissected out on ice. The hippocampus was then
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homogenized in 3 ml 0f 0.2% glucose in 1 X Dulbecco’s PBS (DPBS). The
homogenate was passed through a 40 pum filter into a 50 ml conical,
which was rinsed with an additional 2 ml of DPBS, and then the homog-
enate was transferred to a 5 ml falcon tube. Cells were pelleted at 1000 X
g for 10 min at 22°C and then the supernatant was removed. A Percoll
(GE Healthcare) gradient was created by resuspending the pellet in 2 ml
of 70% isotonic Percoll (isotonic Percoll consists of a 9:1 ratio of Percoll
and 10X DPBS; 100% isotonic Percoll is then diluted with 1X DPBS),
followed by a layer of 2 ml of 50% isotonic Percoll and topped with 1 ml
of DPBS. The gradient was spun at 1200 X g for 45 min at 22°C with no
acceleration or brake. Myelin debris was removed and then microglia
were extracted from the 50/70% interface. Microglia were washed in
DPBS and pelleted at 1000 X g for 10 min at 22°C. Microglia were
resuspended in media [filtered sterile high-glucose DMEM (Invitrogen,
11960-044) + 10% FBS (Atlanta Biological, S11050)] and microglia con-
centration was determined by trypan blue exclusion. Microglia were
plated at a density of 6000 cells/100 ul in a 96-well v-bottom plate. To
assess microglia cytokine responsiveness, cells were challenged ex vivo
with 10 ul of LPS (E. coli serotype 0111:B4; Sigma-Aldrich) at a concen-
tration of 10 or 100 ng/ml or media alone at 37°C, 5% CO,. The LPS
concentrations, incubation time, and cell density were based on time
course and LPS concentration curves previously published by our labo-
ratory (Frank et al., 2006a, 2010b). After 3 h, plates were centrifuged at
1000 X g for 10 min at 4°C to pellet cells and the supernatant was re-
moved. Cells were washed with 1 X DPBS, centrifuged at 1000 X g for 10
min at 4°C, and RNA was isolated (described above). This procedure
yields highly pure microglia (Iba-1+/MHCII+/CD163—/GFAP—),
which was confirmed with quantitative PCR in this experiment.

Behavioral testing. A pre-exposure fear-conditioning paradigm was used
to evaluate hippocampal-dependent memory (Barrientos et al., 2006). The
pre-exposure paradigm separates the construction of the conjunctive repre-
sentation of the conditioning context and the association of that representa-
tion with the shock, allowing for detection of impairments more selective to
the hippocampus than a standard fear-conditioning paradigm (Barrientos et
al., 2006). Rats underwent pre-exposure training as described by Barrientos
et al. (2015a; for experimental design, see Fig. 6A). In brief, rats were placed
inanovel clear plastic conditioning chamber (26 (length) X 21 (width) X 24
(height) cm) with a removable floor of stainless steel rods 1.5 mm in diam-
eter that was placed inside a white ice chest. Rats were exposed to the context
six times (first exposure was 5 min and subsequent exposures were 40 s). Rats
were carried to and from the context in a black bucket with a lid. Three days
later, rats were transported to the conditioning context in the black bucket
and immediately received a 2 s 1.5 mA shock (in context for <5 s) before
being removed and transported back to their home cage. Freezing behavior
was assessed, as an index of memory, over a 6 min period in the conditioned
context and a novel control context by a condition-blind observer.

Juvenile social exploration, a measure of anxiety, and sucrose prefer-
ence, a measure of anhedonia, were assessed as previously described
(Fonken et al., 2015). To determine sucrose preference, rats were pro-
vided with two bottles (randomized placement), one containing water
and one containing water supplemented with 2% sucrose. Rats were
acclimated to the two-choice test for 8 h on 2 nights before any experi-
mental manipulations and all rats showed a strong preference for the
sucrose solution. Sucrose intake was then measured for 8 h each night
following experimental manipulations and a percentage of relative su-
crose intake was calculated: [sucrose intake/(sucrose intake + water
intake)] X 100.

To assess the motivation to engage in social exploratory behavior, a
juvenile rat was introduced to the test subject in a novel cage for 3 min.
Experimental rats were acclimated to the cage for 30 min before testing.
A condition-blind observer recorded the total time the experimental rat
engaged in social investigation of the juvenile (sniffing, grooming, trail-
ing, etc.). Baseline social behavior was established 24 h before experimen-
tal manipulations and then behavior was repeatedly assessed following
immune challenge. Results are expressed as a percentage compared with
respective baseline measures.

Statistics. All data are presented as mean = SEM. Statistical analysis
consisted of Student’s ¢ test or ANOVA using Prism 6 (GraphPad Soft-
ware). Omnibus F values are reported for ANOVAs and served as the
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criterion for post hoc comparisons (Tukey’s multiple-comparisons test).
Threshold for statistical significance was set at p < 0.05.

Results

HMGBI gene and HMGBI protein expression are basally
elevated in the aged brain

To determine whether HMGBI is a potential mediator of age-
related neuroinflaimmatory priming, we first evaluated
HMGBI gene and HMGBI1 protein expression in the hip-
pocampus of old (n = 6) and young (n = 5) rats. We specifi-
cally focused on the hippocampus in this experiment because
it is a brain region with a high concentration of inflammatory
receptors (Maier and Watkins, 1998). Further, the hippocam-
pus is considered critical for the behaviors investigated in sub-
sequent experiments (Kim and Fanselow, 1992). Both HMGBI
gene (to) = 3.0, p < 0.05; Fig. 1A) and HMGBI protein (t) =
3.3, p < 0.01; Fig. 1B) expression were significantly elevated in
the hippocampus of old rats.

Aged rats increased HMGBI1 release

The inflammatory effects of HMGBI1 are due to its movement
from the nucleus to either the cytosolic or extracellular space
(Yang and Tracey, 2010). Elevated HMGBI in tissue lysates does
not clarify whether more HMGB1 is being released. To determine
whether there are differences in HMGBI release, we first evalu-
ated HMGBI in the CSF of young and old rats (n = 8/group).
HMGBI1 was elevated in the CSF of old rats (#,,, = 2.4, p < 0.05;
Fig. 1C). Next, to determine the cellular source of HMGB1, we
evaluated nuclear colocalization of HMGBI in neurons, micro-
glia, and astrocytes in the brain of old and young rats (n = 8
rats/group, as described previously; Faraco et al., 2007; Qiu et al.,
2008). There were no differences between young and old rats in
HMGBI colocalization with DAPI in GFAP+ and NeuN+ cells
(p>0.05; Fig. 2C, D, F,G) as colocalization was uniformly high in
these cells (95% in NeuN+ cells; 88% in GFAP+ cells). In con-
trast, old rats exhibited reduced nuclear HMGBI colocalization
in hippocampal CD11b+ cells (F, ,,, = 23.8, p < 0.05; Fig.
2A,B,E). While 95.6% of CD11b+ cells from young animals ex-
pressed HMGBI in the nucleus, only 83.9% of CD11b+ cells in
the aged brain expressed nuclear HMGBI1. Unfortunately, mea-
suring HMGBI release in microglia isolated from young and old
rats was not possible because there is a higher percentage of cell
death in aged microglia maintained ex vivo for prolonged periods
of time (data not shown). Overall, these data suggest that aged

rats release more HMGBI and that the major cellular source is
likely CD11b+ microglia.

Neuroinflammatory priming in aged rats causes prolonged
hippocampal inflammation following peripheral infection
Next, the neuroinflammatory effects of peripheral infection were
studied in the hippocampus of young and old rats. Previous work
in our laboratory has primarily focused on infection-induced
IL-1B (Barrientos et al., 2009). The present experiments sought
to establish whether neuroinflammatory changes apply to other
inflammatory factors. Four days following a single injection of
vehicle or E. coli (2.5 X 10° CFUs, i.p.), hippocampal tissue was
collected to evaluate expression of inflammatory cytokines and
receptors (n = 6/group; one old animal died following E. coli
injection). By 4 d postinfection, the hippocampus of E. coli-
treated and saline-treated young rats had comparable expression
of inflammatory cytokines, suggesting that infection-induced
hippocampal inflammation had resolved by this time (Fig. 3). In
contrast, in old rats, infection-induced hippocampal inflamma-
tion was sustained at 4 d after E. coli injection. In agreement with
previous findings, IL-18 protein and IL-1( gene expression were
elevated in the hippocampus of aged animals that received E. coli
(interaction of age X E. coli: F(, ;5 = 5.2 and 7.4 respectively and
post hoc, p < 0.05; Fig. 3A, B). IL-1B was increased 55% in old rats
injected with E. coli 4 d prior compared with aged saline-injected
rats. IL-18 and TNFa mRNA expression were similarly elevated
in the aged hippocampus following E. coli injection (interaction
ofage X E. coli: F(; 14y = 5.2 and 4.9, p < 0.05; Fig. 3B). IL-6 and
IL-10 mRNA were affected by age but not by E. coli 4 d following
the injection. IL-6 mRNA expression was increased in old ani-
mals (main effect of age: F(, ;o) = 4.4, p < 0.05; Fig. 3B) and the
anti-inflammatory cytokine IL-10 was reduced in the aged hip-
pocampus (main effect of age: F(, 1) = 4.7, p < 0.05; Fig. 3B).
The expression of several inflammatory pathway genes and
receptors were also evaluated to determine potential mechanisms
leading to heightened neuroinflammatory responses in aged rats.
TLR2 (F(, 1) = 28.0), TLR4 (F(, ;s = 27.3), and the purinergic
receptor P2X7R (F, 15, = 25.9) were elevated in the aged hip-
pocampus (Fig. 3C). Consistent with Figure 1, HMGB1 mRNA
expression was increased in the aged hippocampus regardless of
E. coli treatment (F, 14) = 8.2, p < 0.05; Fig. 3D). Furthermore,
NLRP3 mRNA expression was elevated in old rats 4 d following E.
coli treatment (interaction of age X E. coli: F(; ;) = 6.3, p < 0.05;
Fig. 3E). The NLRP3 inflammasome is a major pathway through
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which pro-IL-18 and pro-IL-18 are cleaved into their active
forms. In agreement with this, NLRP3 mRNA expression signif-
icantly correlated with IL-18 protein (r = 0.54, p < 0.05; Fig. 3F).
Thus, aged rats infected intraperitoneally with E. coli show pro-
longed hippocampal inflammatory responses compared with
young rats. Importantly, genes for proteins that could prime mi-
croglia in aged rats—TLR2, TLR4, HMGBI, and P2X7R—were
substantially elevated in aged hippocampus even without a pe-
ripheral challenge.

Infection causes prolonged affective changes in aged rats

Previous work in our laboratory suggests that prolonged neuro-
inflammatory responses are associated with impairments in
hippocampal-dependent memory in aged rats (Barrientos et al.,
2006). Importantly, in addition to cognitive impairments, delir-
ium is characterized by a host of affective and behavioral changes,
including anxiety, irritability, depression, and apathy. Thus, we
next sought to determine whether aged rats demonstrate addi-
tional delirium-like behavioral responses following infection. To

test whether neuroinflammatory changes are more broadly asso-
ciated with other sickness/affective behavioral changes, young
and old rats received either E. coli or saline and then underwent
testing in juvenile social exploration and sucrose anhedonia tests
(n = 8 per group). There were no differences in baseline sucrose
intake in the sucrose anhedonia test (p > 0.05) and all groups
showed a strong preference for the sucrose solution (Fig. 3G). On
the day of E. coli administration, rats injected with E. coli com-
pared with vehicle reduced their preference for the sucrose solu-
tion regardless of age (main effect of E. coli: F, ,5) = 20.5, p <
0.05). However, only old rats demonstrated a sustained reduction
in sucrose preference 4 d after E. coli administration (interaction
of age X E. coli: F(; 54y = 7.4, p < 0.05).

In the juvenile social exploration task, both youngand old rats
showed an initial drop in social investigation 8 h following the E.
coli challenge (main effect of E. coli: F(, ,,, = 18.4). By 24 h, social
exploration was comparable to baseline levels in young but not
old animals that received E. coli (main effect of age and E. coli:
F(1.,7y = 12.5 and 4.8 and post hoc, p < 0.05). Moreover, old rats
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Aged animals exhibit prolonged inflammation following infection. Hippocampal tissue was collected from young and aged rats 4 d following an £. coli or saline injection (n = 6/group).

A-C,IL-1P3 protein and /L-73 gene-expression levels of inflammatory cytokines (B) and inflammatory receptors (€) were all evaluated. D—F, HMGB1 (D) and NLRP3 (E) mRNA expression were also
evaluated and NLRP3 (F) was significantly associated with IL-1[3 protein. G, H, A separate cohort of rats (n = 8/group) underwent behavioral testing in a sucrose anhedonia (G) and juvenile social
exploration task (H). Gene-expression data are presented relative to 3 actin. All data are presented as mean == SEM. *, Main effect; t, simple effect of £. coli; in all cases p < 0.05.

demonstrated sustained reductions in social exploration 2 d fol-
lowing E. coli treatment (main effect of age and E. coli: F(, ,,, =
9.7 and 4.2 and post hoc, p < 0.05). Overall, the results from the
sucrose preference and juvenile social explorations tests are con-
sistent with a prolonged sickness response in aged rats that re-
ceived E. coli.

Blockade of HMGB1 with the antagonist Box-A prevents
neuroinflammatory priming

To determine whether HMGB1 has a critical role in neuroinflam-
matory priming, we next gave a single ICM injection of the
HMGBI competitive antagonist Box-A and collected hippocam-
pal tissue 24 h later. The ICM injection of Box-A downregulated
expression of inflammatory pathway genes including MHCII (in-
teraction of age X Box-A: F(; 5y = 5.1, p < 0.05; Fig. 4A) and
TLR4 (interaction of age X Box-A: F(, 4y = 8.5, p < 0.05;
Fig. 4A).

Previous research demonstrated that aging primes the micro-
glia proinflammatory response to an immune challenge ex vivo
(Frank et al., 2010b). Thus, we next evaluated whether blocking
HMGBI1 would prevent aging-induced microglia priming. To
test this, hippocampal microglia were isolated from young and
old rats 24 h following an ICM injection of Box-A or saline (n =

6/group). After isolation, microglia were plated and stimulated ex
vivo with LPS. In agreement with previous findings, microglia
from old rats increased MHCII expression even in the absence of
LPS stimulation, and Box-A ameliorated this increase (interac-
tion of age X Box-A at0, 10, and 100 ug of LPS: F, 54, = 5.2, 4.9,
and 10.7 and post hoc; p < 0.05; Fig. 4B). As previously reported,
aging itself did not result in heightened proinflammatory cyto-
kines (0 ng/ml LPS). However, microglia from old rats had ele-
vated cytokine production in response to immune challenge (100
ng/ml LPS stimulation). More specifically, these results indicated
that aging potentiated the LPS-induced increases in all three cy-
tokines. Importantly, our results also indicate that the potentia-
tion of the inflammatory response in microglia isolated from
aged rats was blocked by prior Box-A for TNFa (interaction of
age X Box-A at 100 ug of LPS: F(; ;) = 5.8 and post hoc; p < 0.05;
Fig. 4C) and for IL-1f3 (interaction of age X Box-A at 100 g of
LPS: F(; 19y = 7.6 and post hoc; p < 0.05; Fig. 4D). While IL-6
mRNA results showed a similar trend, they were not statistically
significant (p > 0.05). This suggests that microglia may upregu-
late inflammatory mechanisms upon detecting excess extracellu-
lar HMGBI in old rats and that these effects can be blocked with
the competitive antagonist Box-A.



7952 - J. Neurosci., July 27, 2016 - 36(30):7946 —7956

Blockade of HMGBI1 before an E. coli
challenge prevents prolonged
neuroinflammatory responses in aged
rats

Next we tested whether blocking HMGB1
can also prevent prolonged in vivo neuro-
inflammatory responses in aged rats. Rats
received a single ICM injection of Box-A
or vehicle followed 24 h later by an intra-
peritoneal injection of E. coli (Fig. 5A ).
Hippocampal tissue was collected at base-
line (time of intraperitoneal injection) or
24 h or 4 d after E. coli injection (n = 5-6
per group/time). There were no baseline
differences in hippocampal IL-13 protein.
Twenty-four hours following E. coli injec-
tion, IL-1f protein was elevated in aged B
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but not young rats. Importantly, Box-A 15+
pretreatment blocked the age-related in-

crease in hippocampal IL-183 that fol- =10
lowed E. coli injection (main effect of Q
drug: F, 5y = 15.6). Furthermore, hip- =
pocampal IL-18 protein levels were still

elevated in old rats 4 d after E. coli injec-

tion, and pretreatment with Box-A elimi- 0-
nated this age-related potentiation

(interaction of age X drug: F(, 53y = 9.5, D

p < 0.05; Fig. 5B). While Box-A pretreat- 151
ment also reduced IL-138 mRNA expres-

sion in aged and young rats 24 h following 10-

E. coli injection (F(; 15, = 5.9, p < 0.05), -
the results were highly variable (relative =
expression levels of the majority of the

samples fell between 1 and 10; however,

five samples ranged between 11 and 140). 0-
The pattern of hippocampal TNF« and
IL-6 mRNA expression were similar to the
IL-1B3 protein results. Box-A pretreat-
ment prevented increases in TNFa
mRNA expression in the hippocampus of
aged rats both 24 h and 4 d after E. coli
injection (interaction of age X drug:
Fiiag) = 5.0; Fio0) = 8.1, p < 0.05; Fig,
5D). Box-A pretreatment similarly prevented increases in IL-6 at
24 h and 4 d after E. coli injection (interaction of age X drug:
F1 .18 = 5.5 F1,10) = 6.9, p < 0.05; Fig. 5E). Box-A pretreatment
also caused basal reductions in hippocampal IL-6 (main effect of
drug: F, 1) = 6.4, p < 0.05). Thus, Box-A pretreatment damp-
ened the exaggerated infection-induced inflammatory response
in the aged rat hippocampus.

Figure 4.

HMGB1 blockade prevents prolonged impairments in
hippocampal-dependent memory and sickness behavior
following infection in aged rats

To test whether reduced neuroinflammatory responses are asso-
ciated with reversal of behavioral changes in aged rats following
E. coli injection, aged and young rats were trained and tested in a
pre-exposure fear-conditioning paradigm (n = 7—8 per group;
Fig. 6A). In agreement with previous findings, E. coli interfered
with fear-context memory but only in old rats (interaction of
age X drug: F(; 55) = 4.0, post hoc, p < 0.05; Fig. 6B). Interestingly,
pretreatment with Box-A prevented the memory impairments in
old rats (post hoc, p < 0.05; Fig. 6B). Post hoc analysis demon-
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Blocking HMGB1 with Box-A prevents neuroinflammatory priming. A, Hippocampal tissue was collected 24 h after
aged and young rats were treated with ICM Box-A and expression of inflammatory pathway genes was evaluated (n = 5-6/
group). Microglia were isolated 24 h after aged and young rats were treated with ICM Box-A (n = 6/group). B—E, Microglia were
stimulated with LPS ex vivo and relative gene expression for MHCII (B), TNFe (C), IL-183 (D), and IL-6 (E) was determined.
Gene-expression data are presented relative to 3 actin. All data are presented as mean == SEM. *p << 0.05.

strates that old rats pretreated with Box-A before E. coli injection
did not significantly differ from young rats. Importantly, there
were no group differences in a novel context (p > 0.05; Fig. 6B),
suggesting that differences in freezing behavior were not due to
altered activity levels. These data show that a single prior Box-A
injection protects aged rats from prolonged infection-induced
cognitive impairment.

Furthermore, a separate cohort of rats was tested in a juvenile
social exploration task following ICM Box-A or vehicle and subse-
quent E. coli or saline treatment. All rats that received E. coli showed
reduced juvenile social exploration 8 h following the injection (main
effect of E. coli in aged and young: F, ,,) = 14.9 and 13.6, p < 0.05;
Fig. 6C). By 24 h following E. coli injection, young animals no longer
exhibited significant reductions in social explorations (p > 0.05). In
contrast, aged rats that received E. coli demonstrated prolonged re-
ductions in juvenile social exploration at 24 h and 4 d (main effect of
E. coli in aged rats at 24 h: F(, 5y = 26.2, p < 0.05). Importantly,
Box-A pretreatment ameliorated reductions in social exploration 4 d
following E. coli treatment (interaction of Box-A X E. coli in aged
rats: F(, 5oy = 6.3, p < 0.05; Fig. 6C).
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Box-A pretreatment prevented prolonged inflammatory responses in aged £. coli-treated rats. A, Experimental schematic: aged and young rats received an ICM injection of Box-A or

vehicle and an intraperitoneal injection of £. coli 24 h later. Tissue was collected at 0 h (no £. coli control), 24 h, or 4 d after E. coliinjection. Relative expression of IL-183 protein (B), IL-13 mRNA (C),
TNFo:mRNA (D), and IL-6 mRNA (E) were quantified in hippocampal tissue (n = 5— 6/group/time). Gene-expression data are presented relative to 3 actin. All data are presented as mean == SEM.

¥, Main effect; t, simple effect; in all cases p < 0.05.

Discussion

Aged rats exhibit a “primed” neuroinflammatory response: aged
animals do not release more inflammatory molecules under basal
conditions, but demonstrate an enhanced neuroinflammatory
response to an immune challenge. These experiments indicate
that HMGB1 mediates this neuroinflammatory “priming” in
aged animals. HMGBI gene and HMGBI protein expression
were elevated under basal conditions in the hippocampus of aged
rats. Moreover, aged animals had increased HMGBI in the CSF.
HMGBI1 was likely released from microglia in the aged brain
and may interact with upregulated innate immune receptors to
prime neuroinflammatory responses. Importantly, increases in
HMGBI and upregulation of innate immune receptors occurred
in the absence of immune stimulation in aged rats. Blocking
HMGBI signaling with an ICM injection of the competitive an-
tagonist Box-A downregulated expression of several inflamma-
tory pathway genes. Furthermore, aged rats exhibited prolonged
elevations in proinflammatory cytokines following a periph-
eral immune challenge and pretreatment of aged rats with
Box-A before E. coli injection prevented protracted hip-
pocampal inflammatory responses, cognitive impairments,
and sickness responses. HMGBI likely mediates inflammatory
priming through autoregulatory effects on microglia: ICM
pretreatment with Box-A prevented priming in microglia
stimulated ex vivo with LPS.

HMGBI appears to have a key role in microglial priming that
occurs with age. Microglia phenotype and function change with
age, with microglia in aged animals exhibiting a reduced thresh-
old for activation and enhanced proinflammatory responses de-
spite similar basal levels of inflammatory cytokines. Exaggerated
inflammatory responses in aged rodents and humans contribute
to a host of maladaptive behavioral changes, including delirium
and affective disorders (Ehlenbach et al., 2010; Simone and Tan,
2011; Cape et al., 2014). Microglia function is tightly regulated by
the CNS microenvironment. In the aged CNS, microglia may

become primed via the accumulation of endogenous DAMPs
(Kapetanovic etal., 2015). In support of this hypothesis, we show
that the DAMP HMGBI is elevated in the aged brain. Both
HMGBI gene and HMGBL1 protein expression were elevated in
the hippocampus of aged rats in the absence of any experimental
treatment.

HMGBI is a ubiquitously expressed DNA binding protein
that regulates inflammatory processes when released from the
cell’s nucleus (Yang and Tracey, 2010). While HMGBI is pas-
sively released in the brain by necrotic or damaged cells, it appears
to only be actively released by innate immune cells (Wang et al.,
1999). Thus, we next established whether there are differences in
HMGBI release in the aged and young rat brain. HMGBI prot-
ein was elevated in the CSF of aged compared with young rats,
indicating increased HMGBI1 release in aged rats. Increases in
HMGBI in the CSF have previously been associated with a de-
crease in nuclear colocalization of HMGBI, suggesting HMGB1
is released from cells in which HMGBI is not detectable (Faraco
etal., 2007; Qiu et al., 2008). The colocalization of HMGBI1 in the
nucleus (DAPI) in microglia (CD11b+), astrocytes (GFAP+),
and neurons (NeuN+) was evaluated as an additional measure of
release and as an indicator of the cellular source of HMGB1
(Faraco et al., 2007; Qiu et al., 2008). Nuclear HMGBI1 colocal-
ization was uniformly high in hippocampal neurons and astro-
cytes and there were no age-associated differences. In contrast,
nuclear HMGBI colocalization was reduced in CD11b+ micro-
glia in old compared with young rats. Together, the overall in-
creases in hippocampal and CSF HMGBI protein expression,
combined with the reductions in nuclear HMGBI in microglia,
suggest increases in HM GBI release in the aged brain. Moreover,
the inhibitory effects of Box-A (which presumably acts extracel-
lularly) strongly suggest cellular release of HMGB1. Of note,
there are two alternative sources of HMGBI in the aged brain: (1)
paravascular clearance pathways are impaired in the aged brain,
indicating that pathological accumulation of inflammatory mol-
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ecules, including HMGB1, may also occur (Kress et al., 2014); (2)
aged animals may have increases in cell death, which would also
cause HMGBI1 release (Jackson et al., 2009).

Once released from the nucleus, HMGBI activates inflamma-
tory cells by interacting with several receptors for DAMPs, in-
cluding RAGE, TLR2, and TLR4 (Park et al., 2004; Yu et al., 20065
van Beijnum et al., 2008). Importantly, TLR2 and TLR4 are ex-
pressed by microglia/macrophages and astrocytes and are up-
regulated in the aged hippocampus (Fig. 3). Increases in these
innate immune receptors may leave aged rats particularly suscep-
tible to the damaging effects of excess HMGB1. Indeed, here we
show that basal increases in HMGBI in aged rats are associated
with an exaggerated and prolonged inflammatory response.
Young rats resolve neuroinflammatory responses within ~24 h
following an E. coli injection (Barrientos et al., 2009), whereas
several proinflammatory cytokines remain elevated in the hip-

pocampus of aged rats 4 d after E. coli injection (Fig. 3). These
results build on previous findings from our group, and demon-
strate that prolonged neuroinflammatory responses following
infection in aged rats are not specific to IL-18. Several other
inflammatory cytokines, including TNFa and IL-18, were ele-
vated in the aged hippocampus 4 d following E. coli injection.
Furthermore, NLRP3 mRNA expression was increased in the
hippocampus of aged rats 4 d following E. coli injection and sig-
nificantly correlated with IL-18 protein expression. The NLRP3
inflammasome is a major pathway through which proIL-18 and
pro-IL-18 are cleaved into their active forms. Exogenous ICM
administration of recombinant HMGB1 increases NLRP3 pro-
tein and mRNA concomitant with priming the neuroinflamma-
tory response to a peripheral immune challenge (Frank et al.,
2016). This indicates that infection-induced elevations in
NLRP3 may be the proximal mediator for the extended
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IL-1B and IL-18 response in aged rats. However, the present
results do not exclude the possibility that inflammasomes
other than NLRP3, as well as inflammasome-independent
pathways, which also drive IL-18 maturation, may be involved
in aging-induced priming phenomena.

To determine whether HMGBI is critical for priming immune
responses in the aged brain, we blocked HMGB1 with an ICM injec-
tion of the selective competitive antagonist to HMGB1, Box-A.
Box-A downregulated expression of several inflammatory pathway
genes in the hippocampus of aged rats and prevented the protracted
hippocampal inflammatory response. Box-A pretreatment also
blocked E. coli-induced memory impairments in aged rats in a fear-
conditioning paradigm. In agreement with previous research, con-
text fear memory was significantly reduced in aged rats trained in a
pre-exposure fear-conditioning paradigm 4 d following an E. coli
challenge (Barrientos et al., 2006, 2009, 2012; Frank et al., 2010a).
However, aged rats that received Box-A before the peri-
pheral immune challenge performed comparably to aged saline-
treated rats. Furthermore, Box-A pretreatment similarly prevented
prolonged changes in other sickness behaviors in aged rats 4 d fol-
lowing E. coli injection (Fig. 6).

Finally, we investigated whether microglia are the effector cells
targeted by HMGB1, as microglia likely regulate neuroinflamma-
tory priming in aged animals (Frank et al., 2010b). ICM pretreat-
ment with Box-A prevented priming in microglia stimulated ex
vivo with LPS, suggesting that HM GBI likely mediates inflamma-
tory priming through autoregulatory effects on microglia
(Fig. 7). Of note, extranuclear HMGBI that remains in the cell
can also activate immune responses through intracellular
pattern-recognition receptors (Yanai et al., 2009). For example,
cytosolic HMGB1 regulates autophagy (Tanget al., 2010; Yanai et
al., 2013). This indicates that even in the absence of active secre-
tion from glial cells, HMGBI can act in an autoregulatory feed-

Neuroinflammatory Priming with Age

Hyper-activated

o

Proposed mechanism of microglia inflammatory priming in aged brain.

J. Neurosci., July 27, 2016 - 36(30):7946 7956 = 7955

back manner to enhance innate immune
responses. One limitation to these results
is that age-associated inflammatory prim-
ing was only evaluated in the context of
infection. However, it is likely that neuro-
inflammatory priming by HMGB1 would
generalize to other types of immune chal-
lenges. For example, aged rodents also
demonstrate enhanced neuroinflamma-
tory responses following stroke, spinal
cord injury, and laparotomy (Manwani et
al., 2011; Barrientos et al., 2012; Fenn et
al,, 2014).

The present work shows that excess
HMGBI1 accumulation is critical for
priming neuroinflammatory responses in
the aged brain. Furthermore, our results
indicate that microglia are likely the cellu-
lar source and cognate target of increases
in HMGBI with aging. The exact mecha-
nism(s) that lead to HMGBI release is un-
clear. However, there are several possible
sources. Importantly, aging increases hip-
pocampal corticosterone concentrations
and blocking corticosterone with an ICM
injection of the glucocorticoid receptor
antagonist mifepristone can prevent neu-
roinflammatory priming in aged rats
(Barrientos et al., 2015a). Stress causes
HMGBI release (Weber et al., 2015), sug-
gesting that glucocorticoids may play a role in HMGB1-induced
neuroinflammatory priming in the aged brain. Additionally, in-
creases in misfolded protein aggregates due to impaired glym-
phatic clearance may trigger DAMP signaling (Kress et al., 2014).
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Conclusions

Aged microglia are primed cells that have the potential to amplify
neuroinflammatory responses in a maladaptive manner. Excess
HMGBI accumulation occurs during normal aging and may rep-
resent the top of an age-related neuroinflammatory hierarchy
(Fig. 7). These results indicate that blocking the actions of
HMGBI1 may “desensitize” microglia in the aged brain and pre-
vent exaggerated pathology-related neuroinflammation, cogni-
tive decline, and affective disturbances following infection.
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