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Abstract

Healthy aging individuals are more likely to suffer profound memory impairments following an
immune challenge than are younger adults. These challenges produce a brain inflammatory
response that is exaggerated with age. Sensitized microglia found in the normal aging brain are
responsible for this amplified response, which in turn interferes with processes involved in
memory formation. Here, we examine factors that may lead aging to sensitize microglia. Aged rats
exhibited higher CORT levels in the hippocampus, but not in plasma, throughout the daytime
(diurnal inactive phase). These elevated hippocampal CORT levels were associated with increased
hippocampal 118-HSD1 protein expression, the enzyme that catalyzes glucocorticoid formation,
and greater hippocampal glucocorticoid receptor (GR) activation. Intracisternal administration of
mifepristone, a GR antagonist, effectively reduced immune-activated proinflammatory responses,
specifically from hippocampal microglia, and prevented E. coli-induced memory impairments in
aged rats. Voluntary exercise as a therapeutic intervention significantly reduced total hippocampal
GR expression. These data strongly suggest that increased GR activation in the aged hippocampus
plays a critical role in sensitizing microglia.
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1. Introduction

Cogpnitive declines that occur with aging have recently been linked to age-related
potentiation of neuroinflammatory responses to challenge, largely mediated by sensitized
microglia (Norden and Godbout, 2013). In particular, aging sensitizes hippocampal
microglia such that immune challenges result in a potentiated and protracted inflammatory
response in the hippocampus, relative to that in young adult subjects (Barrientos, et al.,
2009a, Cunningham, et al., 2005, Frank, et al., 2010a, Godbout, et al., 2005). This
potentiated inflammatory response in aged rats has been associated with impairments in
hippocampal long-term potentiation (Chapman, et al., 2010), reduced expression of brain-
derived neurotrophic factor (BDNF) (Chapman, et al., 2012, Cortese, et al., 2011), and long-
lasting impairments in contextual and spatial forms of memory that depend on an intact
hippocampus (Barrientos, et al., 2006). In the following series of experiments we
investigated the factors that are responsible for aging-induced sensitization of hippocampal
microglia. Our findings have led us to the somewhat paradoxical conclusion that age-related
increases in basal hippocampal corticosterone (CORT), the principal glucocorticoid in
rodents, is a key mediator of a microglia-dependent proinflammatory state in the
hippocampus.

CORT is involved in metabolic function, immune reactions, and stress responses, and is
well-known for its anti-inflammatory and immunosuppressant effects in both humans and
animals (Selye, 1955). However, a more complex view that CORT actually has pleiotropic
actions has emerged over the last dozen years (Busillo, et al., 2011, Sorrells, et al., 2009,
Sorrells and Sapolsky, 2007). A series of papers (Dinkel, et al., 2003, MacPherson, et al.,
2005, Munhoz, et al., 2006, Sapolsky, 1999, Sapolsky and Pulsinelli, 1985) demonstrated
that chronic exposure to stress levels of CORT exacerbated, rather than inhibited, the
neuroinflammatory response to challenge. Others have since reported similar findings (de
Pablos, et al., 2006, Johnson, et al., 2002). More recently, Frank and colleagues reported that
CORT administered acutely prior to a bacterial immune challenge facilitated the
inflammatory response to the challenge, both in the periphery and in the brain. In contrast,
CORT administered after the same immune challenge resulted in suppression of the
inflammatory response (Frank, et al., 2010b). Together, these findings suggest that the
temporal relationship between CORT elevations and immune challenge may be an important
factor in determining whether CORT facilitates or suppresses the inflammatory response.
They further demonstrated that prior in vivo administration of CORT potentiated the pro-
inflammatory response of isolated hippocampal microglia exposed, ex vivo, to an immune
challenge (Frank, et al., 2010b). These data established that elevations in CORT can be a
key factor in sensitizing hippocampal microglia.

These findings led us to hypothesize that aging might increase basal concentrations of
CORT, and that this factor may be causally related to aging-induced microglial sensitization
and cognitive decline. To investigate this possibility, we employed a multi-disciplinary
approach to fully characterize basal CORT and GR activation in young and old rats across
times of day. Reducing GR activation with central mifepristone administration normalized
hippocampal microglial immunophenotype and immune-activated proinflammatory
responses, and prevented E. coli-induced memory impairments in aged rats. Finally,
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voluntary exercise was shown to be an effective behavioral therapeutic to reduce
hippocampal GR expression. Taken together, this series of studies strongly suggest that
greater GR activation in the hippocampus of aged rats is a key factor in sensitizing
hippocampal microglia, as reduction of this activation reduced neuroinflammatory
responses, and prevented long-lasting memory deficits following an immune challenge.

2. Materials and Methods

2.1 Subjects

Subjects were male F344xBN F1 rats obtained from the National Institute on Aging Rodent
Colony maintained by Harlan (Indianapolis, IN). Upon arrival at our facility, aged rats were
24 mos. old and weighed approximately 550 g. Young adult rats were 3 mos. old and
weighed approximately 275 g. All rats were age-matched and housed 2 to a cage (52 L x 30
W x 21 H, cm). The animal colony was maintained at 22+1° C on a 12-h light/dark cycle
(lights on at 07:00 h). All rats were allowed free access to food and water and were given at
least 1 week to acclimate to colony conditions before experimentation began. All
experiments were conducted in accordance with protocols approved by the University of
Colorado Animal Care and Use Committee. All efforts were made to minimize the number
of animals used and their suffering.

2.2 Jugular vein cannulation

Rats were anaesthetized with inhaled isoflurane (5% initial and 2% maintenance). The right
jugular vein was exposed and a silastic- (Dow Corning, Midland, M) tipped polythene
cannula (i.d. 0.5 mm o.d. 0.93 mm; Portex, Hythe, UK) filled with heparinized (10 1U/mL),
pyrogen-free, isotonic saline was inserted into the vein until it was positioned close to the
right atrium. The other end of the cannula was exteriorized through a scalp incision, and the
neck incision was sutured. The free end of the cannula was inserted through a protective
spring, which was fixed to the parietal bones using two stainless steel screws and dental
cement. Following recovery from anesthesia the rats were individually housed in a room
housing the automated blood sampling system. The free end of the protective spring was
attached to a liquid swivel (Instech Laboratories, Inc, Plymouth Meeting, PA) that rotated
through 360° in the horizontal plane and up to 180° in the vertical plane, giving the rats
maximum freedom of movement. The rats recovered for 5 d prior to the experiment and
each day during the recovery period the jugular cannulae were flushed with heparinized
saline to maintain patency.

2.3 Automated blood sampling

Automated blood sampling (ABS) procedures were used to collect blood samples for
measurement of plasma corticosterone concentrations as previously described (Lowry, et al.,
2009). Five days following surgery the free ends of the jugular cannulae were attached to the
ABS system using a liquid swivel. Flow of blood or heparinized saline between the rat, a
reservoir, and a fraction collector was achieved by cooperative actions of a peristaltic pump
and a 3-way valve controlled by a computer outside of the procedure room. Rats were
connected to the system and ~50 ul of diluted blood was taken every 30 min for 24 h.
Following every sample the blood volume that was removed from the rat was replaced with
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heparinized saline in order to prevent reductions in blood volume. Experimenters did not
enter the room throughout the collection period.

Due to limitations of the ABS system there were variations in the amount of blood collected
in individual samples. To account for this intra-sample variation the proportion of blood,
relative to heparinized saline, that was collected for each sample was assessed. A volume of
3 uL was removed from each sample and, using a spectrophotometer (Synergy HT, BioTek
Instruments, Winooski, VT), compared the samples to a standard curve of known blood
proportions in sterile heparinized saline (0%, 12.5%, 25%, 37.5%, 50%, 62.5%, 75%, 87.5
%, 100%). Samples and standard curve were diluted 1:90 in sterile heparinized saline and
loaded into 96-well plates in triplicate and read at 630 nm wavelength. A linear regression
line was fit to the standard curve to produce an equation that was used to solve for the
unknown sample dilutions. The dilution of each sample was transformed into a coefficient
that was applied to the hormone assay results in order to correct for different blood dilutions
in samples. Blood samples containing less than 15% blood were not considered reliable for
corticosterone enzyme immunoassay and were excluded from the analysis.

2.4 In vivo hippocampal microdialysis

A guide cannula for the microdialysis probe (CMA/Microdialysis, North Chelmsford, MA)
was stereotaxically placed unilaterally within the dorsal hippocampus of young & aged rats
using the following coordinates relative to Bregma: AP: =5.60 mm, ML: +4.9 mm, DV:
-3.4 mm. The guide cannula was secured to the top of the skull with dental acrylic. A screw
cap of a 15 mL conical centrifuge tube, whose central lid portion was removed, was also
affixed to the skull with dental acrylic so that its threads were exposed and it encircled the
cannula. This was done so that the skull assembly could be protected during microdialysis.
Rats were given 1 week to recover before experimentation began, and until that time, they
were housed 2 to a cage. The night before sampling began, each animal was placed
individually in a Plexiglas bowl (Bioanalytical Systems, West Lafayette, IN) to give it time
to acclimate to the new conditions. A ~ 5 cm portion of a 15 mL Eppendorf tube was
screwed onto the skull-mounted screw cap, through which the dialysis tubing, protected
within a metal spring, entered and attached to the probe. Rats were able to move freely
within the Plexiglas bowl via a freely moving swivel arm attached to this assembly. The
microdialysis probe (0.5 mm in diameter, 1 mm membrane with a 20-kDa molecular weight
cut-off; Eicom Corporation, Kyoto, Japan) was inserted through the guide cannula at this
time. The tip of the probe extended 4 mm past the end of the guide cannula terminating at
—7.4 mm. Isotonic Ringer's solution was infused at a rate of 0.2 pL/min overnight. At 9:00 h
the next day, the flow rate was increased to 1.0 uL. min and a 60-min stabilization period
was allowed. The infusion flow remained constant throughout the experiment and samples
were collected every 30 min over 24 h. Samples were collected automatically using a
refrigerated, automated fraction collector (Microdialysis CMA 470, Holliston, MA),
eliminating the need for experimenters to enter the room.

2.5 Corticosterone measurement

Dialysates and plasma samples were assayed for CORT using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit (Enzo Life Sciences, Farmington, NY), as
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per kit instructions. Hippocampal dialysate samples were run using a 1:2 dilution, and
plasma samples were run using a 1:25 dilution.

2.6 Corticosterone binding globulin (CBG) measurement

Plasma samples were assayed for CBG levels using a commercially available ELISA kit
(Uscn Life Science, Hubei, China), as per kit instructions, using a 1:1000 dilution.

2.7 Western blot

To examine GR expression in the hippocampus at the two times of day, young and aged rats
were rapidly decapitated shortly after lights on or after lights off. Hippocampi were
dissected on ice and processed immediately (fresh). For whole cell preparations, one
hemisphere of the hippocampus was mechanically sonicated in 0.3 mL buffer containing 50
mM Tris base and an enzyme inhibitor cocktail (100 mM amino-n-caproic acid, 1 mM
EDTA, 5 mM benzamidine HCI, and 0.2 mM phenylmethyl sulfonyl fluoride). Each tissue
was mechanically sonicated for ~20 sec using an ultrasonic cell disrupter (ThermoFisher
Scientific), centrifuged at 10,000 rpm at 4°C for 10 min, and supernatants transferred into a
clean tube. To obtain nuclear and cytosolic fractions, the other hemisphere of the
hippocampus was homogenized in a hand-held glass homogenizer, and fractionation was
carried out using a commercially available kit (ThermoFisher Scientific #78835). Bradford
protein assays were performed on all samples prior to the first freeze to determine total
protein concentrations in each sample, with the goal of loading equal amounts of total
protein into each lane. Small aliquots of samples (~15 pL) were then frozen at —80°C until
western blots were performed, so that each aliquot was only used once, and was never
refrozen and thawed. Hippocampal tissue harvested from several rats not associated with
this study was processed as just described (for whole cell, nuclear, and cytosolic
preparations) and pooled to create a large quantity of a standard sample. This standard
sample was loaded into one lane of every gel used in the project, to account for variations
that may occur from blot to blot. This standard was used to normalize every other band on
the same blot, and this technique afforded us the liberty to then compare across multiple
blots since every band in the dataset was normalized to the same standard. This was in
addition to using a loading-control protein band on each gel. Using both a standard and a
loading control allowed us to correct for differences in total protein loaded into a lane, and
for differences in exposure between gels. To make fair comparisons between each
preparation type (whole, nuclear, and cytosolic), an equal amount of total protein of these
samples (5ug) was loaded into each lane. NUPAGE Bis-Tris (10-well, 4-12%; 1.5 mm) gel
electrophoresis was used under reducing conditions (Life Technologies, Grand Island, NY).
Gels were transferred to nitrocellulose membranes electrophoretically using the iBlot dry-
blotting system (Life Technologies, Grand Island, NY). Nonspecific binding was blocked
with Odyssey blocking solution (1 h at RT). Primary antibodies (in Odyssey blocking
solution containing 0.1% Tween20 overnight at 4°C) were: rabbit anti-GR 1:5000 (Santa
Cruz Biotechnology #1004, Dallas, TX), rabbit anti-11pHSD1 1:400 (Abcam #39364,
Cambridge, MA). The loading control for whole cell samples was mouse anti- Bactin
1:500,000 (Sigma-Aldrich #A5316), for cytosolic fractions was mouse anti-Gapdh
1:500,000 (Abcam #8245, Cambridge, MA), and for the nuclear fractions was rabbit anti-
p84 1:1000 (Abcam #102684, Cambridge, MA). Blots were washed 4x5min with TBS-T,
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and probed with the appropriate fluorescent secondary antibodies (goat anti-rabbit 1gG (Li-
Cor #926-32211, Lincoln, NE) or goat antimouse 1gG (Li-Cor #926-32210, Lincoln, NE)
both at 1:10,000) for 1 h at RT. Each band was detected and quantified by the Odyssey
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).

2.8 GR antagonism

To test the hypothesis that greater GR activation sensitizes hippocampal microglia in aged
rats, the GR antagonist mifepristone (25ng/rat; Sigma-Aldrich), or its vehicle (saline
solution containing 2% ethanol) was administered to aged rats via the cisterna magna in a
volume of 2.5 uL each day, for two sequential days. Vehicle-treated young adult rats served
as a control group. A dose on the lower end of the spectrum was chosen to reduce but not
eliminate all brain CORT action, so as to avoid elevations of endogenous CORT release due
to total impairment of negative feedback inhibition. A review of the literature revealed that a
range from 20-100 ng/rat was routinely administered i.c.v. (Garcia-Garcia, et al., 1998,
Song, et al., 2004), and so a dose of 25 ng/rat was chosen.

2.9 Ex vivo immune stimulation of hippocampal microglia with LPS

Rats that had either received mifepristone or vehicle were killed 24 h following the second
icm administration by a lethal dose of sodium pentobarbital and were transcardially perfused
with ice-cold saline (0.9%). Brains were then rapidly extracted and placed on an ice-cold
frosted glass plate and hippocampi dissected and homogenized in hand-held glass
homogenizers containing 3 mL of 0.2% glucose. Hippocampal microglia were isolated using
a Percoll density gradient as previously described (Frank, et al., 2006b), as this procedure
yields highly pure microglia (Iba-1+/MHCII+/CD163-/GFAP-). Microglia were suspended
in DMEM+10% FBS and microglia concentration determined by trypan blue exclusion.
Microglia concentration was adjusted to a density of 3.5 x 103 cells/100 pl and 100 pl added
to individual wells of a 96-well v-bottom plate. LPS was then utilized to challenge microglia
in vitro. We have previously determined the optimal in vitro conditions under which LPS
stimulates a proinflammatory cytokine response in these cells (Frank, et al., 2006a). Cells
were incubated with 3 escalating doses of LPS (0.1, 1, and 10 ng/mL) or media alone, for 4
h at 37°C, 5% CO,. At the end of the incubation, the plate was centrifuged at 1000 x g for
10 min at 4°C to pellet cells. Cells were then washed 1x with 100 uL ice cold PBS and
centrifuged at 1000 x g for 10 min at 4°C. Cell lysis’Thomogenization, and cDNA synthesis
were performed using the SuperScript I11 CellsDirect cDNA Synthesis System (Life
Technologies, Grand Island, NY). Four hours of incubation was optimal for detection of
mMRNA, but was not sufficient for protein measurement, therefore only mRNA is reported
here.

2.10 Real time RT-PCR measurement of gene expression

Real time RT-PCR was used to detect gene expression of three proinflammatory cytokines,
IL-1pB, IL-6, and TNFa, and the microglial activation markers ionized calcium-binding
adapter molecule 1 (Iba-1) and major histocompatibility complex class Il (MHCII) as
measures of microglial state. Moreover, expression of the glucocorticoid-induced leucine
zipper (GILZ) gene was used as a measure of GR action to verify the effectiveness of
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mifepristone administration. A detailed description of the PCR amplification protocol has
been published previously (Frank, et al., 2006a). cDNA sequences were obtained from
Genbank at the National Center for Biotechnology Information (NCBI;
www.nchi.nlm.nih.gov). Primer sequences were designed using the Eurofins MWG Operon
Oligo Analysis & Plotting Tool (http://www.operon.com/technical/toolkit.aspx) and tested
for sequence specificity using the Basic Local Alignment Search Tool at NCBI (Altschul, et
al., 1997). Primers were obtained from Invitrogen. Primer specificity was verified by melt
curve analysis. All primers were designed to exclude amplification of genomic DNA. Primer
description and sequences are presented in Table 1. PCR amplification of cDNA was
performed using the Quantitect SYBR Green PCR Kit (Qiagen, Valencia, CA). Formation of
PCR product was monitored in real time using the MyiQ Single-Color Real-Time PCR
Detection System (BioRad, Hercules, CA). Samples were run in duplicate. Relative gene
expression was determined by taking the expression ratio of the gene of interest to -Actin.

2.11 Immune challenge

To examine the effects of antagonizing hippocampal GRs prior to a bacterial infection on
hippocampal memory formation, rats received an intraperitoneal (i.p.) injection of either live
Escherichia coli (E. cali), or vehicle 24 h after the second mifepristone injection and then
given 4 days to recover prior to commencing the fear conditioning protocol (see below). One
day prior to administering the infection, stock E. coli cultures (ATCC #15746; American
Type Culture Collection, Manassas, VA) were thawed and cultured overnight (15-20 hr) in
40 mL of brain-heart infusion (BHI; DIFCO Laboratories, Detroit, MI) in an incubator
(37°C). The number of bacteria in cultures was quantified by extrapolating from previously
determined growth curves. Cultures were then centrifuged for 15 min at 4°C, 3000 RPM,
supernatants discarded, and bacteria resuspended in sterile phosphate buffered saline (PBS).
Bacteria were resuspended with a volume of PBS to achieve a concentration of 1.0 x 1010
colony forming units (CFU). A volume of 250 uL was injected i.p. Vehicle-treated rats
received an injection of sterile PBS of an equal volume (250 pL).

2.12 Context pre-exposure fear conditioning

A context pre-exposure fear conditioning paradigm was employed to measure memory
performance, as we have previously reported this paradigm to be highly sensitive to
disruptions to the hippocampus (Barrientos, et al., 2006, Barrientos, et al., 2002, Rudy, et al.,
2002). Contextual fear conditioning depends on two processes: the construction of a
conjunctive representation of the conditioning context, and the association of that
representation with shock. We have established that acquiring a conjunctive representation
depends on an intact hippocampus. Because in this paradigm the two processes are
presented independently (on separate days) it allows us to more readily detect impairments
selective to the hippocampus. The conditioning context was one of two identical Igloo ice
chests (54 L x 30 W x 27 H, cm) with white interiors. A speaker and an activated 24-V DC
light bulb were mounted on the ceiling of each chest. The conditioning chambers (26 L x 21
W x 24 H, cm), placed inside each chest, were made of clear plastic and had window screen
tops. A 2 sec, 1.5 mA shock was delivered through a removable floor of stainless steel rods
1.5 mm in diameter, spaced 1.2 cm center to center. Each rod was wired to a shock generator
and scrambler (Coulbourn Instruments, Allentown, PA). Chambers were cleaned with water
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before each animal was conditioned or tested. Rats were taken two at a time from their home
cage and transported to conditioning context in a black ice bucket with the lid on so that the
rats could not see where they were being taken. Rats were placed in the context and allowed
to freely explore and then were transported back to their home cage where they remained
approximately 40 sec before the next exposure. This procedure was repeated 6 times. Rats
remained in the novel context for 5 min on the first exposure and for 40 sec on the 5
subsequent exposures. The rats were transported in the black bucket each time that they
were returned to their home cage, but with the lid off, so that they could discern whether
they were headed to the context or to their home cage. The purpose of these multiple
exposures was to establish the features of the black bucket as retrieval cues that could
activate the representation of the context (for further detail see (Rudy, et al., 2002)). Forty-
eight h later, each animal was taken from its home cage and transported to the conditioning
context in the black bucket. There, they received one 2 s shock immediately after being
placed in the context. They were then quickly taken out of the context and transported back
to their home cage. The rats’ time in the conditioning context never exceeded 5 sec. To
establish a baseline of generalized fear, 24 h later, freezing behavior was assessed over a 6
min period in a novel, neutral, control context. The control context was a circular animal
enclosure with a solid plastic floor and ceiling, and wire walls. Attached to the wall of each
enclosure was a small plastic running wheel (the size of which is suitable for a hamster or
mouse, but not a rat) to serve only as a visual or manual distraction. To assess the rats’
memory for the conditioning context, freezing behavior while in the conditioning context
was scored over a 6 min period. The order of these two tests was counterbalanced across the
groups so that half of each group was tested in the control context first, and in the
conditioning context several hours later, and the other half was tested in the conditioning
context first, and in the control context several hours later. After placing the rat into the
respective context, every 10 s each rat was judged as either freezing or active at the instant
the sample was taken. Freezing, the rat’s dominant defensive fear response, is a complete
suppression of behavior that is accompanied by immobility, shallow breathing, and a variety
of other autonomic changes including an increase in heart rate and pilo-erection (Kim and
Fanselow, 1992). Freezing in these experiments was defined as the absence of all visible
movement, except for respiration. Scoring began approximately 10 sec after the animal was
placed into the chamber. Scoring was carried out by observers blind to experimental
treatment and inter-rater reliability exceeded 97% for all experiments.

2.13 Voluntary wheel running

To assess whether voluntary exercise reduces microglial sensitization by decreasing CORT
or reducing GR expression, aged rats (Runners) were housed in a cage with a running wheel
(circumference 1.08 m). A bicycle computer was attached to each cage/wheel to monitor
running. Another group of rats was housed in a cage with a running wheel that was locked in
place (Locked) to control for having the novel wheel in their cage, but these rats were unable
to run. Rats were maintained in these conditions for a total of 6-7 wk. At the end of the 5
wk, rats were stereotaxically implanted with a microdialysis guide cannula into the
hippocampus as described earlier, and allowed to recover for 2 days in a standard cage prior
to returning to their assigned running wheel cage. At the 6! or 7t wk, rats were dialyzed
over 24 h as described earlier. Rats did not remain in their running wheel cages during
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microdialysis, but did return to them immediately afterward for several days prior to being
euthanized to collect hippocampal tissue for western blot.

2.14 Statistical analyses

3. Results

Statistical analyses were conducted using StatView v.5.0 and GraphPad Prism v.5.0
software. Two-way ANOVAs were employed in most cases. In a few cases, where only two
groups being compared, unpaired Student’s t-tests were used. All measures using samples
collected throughout the diurnal cycle (plasma CORT and CBG, and hippocampal CORT)
were analyzed using two-way repeated measures ANOVAs and area under the curve (AUC)
analysis. Separate analyses were run for the 12 h of the inactive phase, and the 12 h of the
active phase. Where appropriate (when the interaction term was significant), Scheffe’s post-
hoc tests were conducted to reveal pairwise differences between groups. Statistical
significance for all tests was set at alpha = 0.05.

3.1 Diurnal rhythms of plasma CORT in young and aged rats

We employed an automatic blood sampling system to measure circulating levels of CORT in
young adult (n=4) and aged (n=4) subjects. This system allowed the collection of blood
samples throughout the circadian cycle without handling of the subjects. This procedure has
previously produced clear and reliable CORT measurements (Lowry, et al., 2009). Fig. 1a
shows plasma levels across the circadian cycle. Age had no effect during the inactive phase
of the cycle (lights on), but during the active phase blood levels were lower in the aging
subjects. A two-way repeated measures ANOVA (age x time of day) for the inactive phase
revealed no main effect of age (F(1,6) = 0.274, P = 0.62), a main effect of time of day
(F(1,5) = 6.57, P =0.0003), and no interaction (F(1,30) = 0.717, P = 0.62). A two-way
repeated measures ANOVA (age x time of day) for the active phase revealed a main effect
of age (F(1,6) = 8.60, P = 0.03) with young rats on average expressing higher concentrations
of CORT than aged rats, a main effect of time of day (F(1,5) = 2.60, P = 0.04), but no
interaction (F(1,30) = 1.27, P = 0.30). Area under the curve (AUC) analysis produced no
differences between the two age groups at either phase (light phase: t=0.59, p > 0.05; dark
phase: t=2.395, p > 0.05) (Fig. 1a inset). These data are consistent with those of others
showing in humans and rodents (Colucci, et al., 1975, Hauger, et al., 1994, Milcu, et al.,
1978), that circulating CORT levels are blunted in aged compared to young adult subjects,
especially in the active phase.

3.2 Diurnal rhythms of hippocampal CORT in young and aged rats

Brain levels of CORT do not always reflect blood levels (Droste, et al., 2008, Garrido, et al.,
2012). Thus, even though aging did not increase plasma CORT levels, we next examined
CORT levels specifically in the hippocampal region of the brain in the two age groups,
using in vivo microdialysis. Samples were collected automatically throughout the diurnal
cycle with minimal handling of the rats using a refrigerated automated fraction collector.
Again, we analyzed the diurnal data separately (inactive phase and active phase) to better
capture potentially important differences between age groups (young n=8; aged n=8; Fig
1b). A two-way repeated measures ANOVA (age x time of day) indicated that aged rats
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exhibited significantly elevated levels of CORT during the light phase compared to young
adult rats (F(1,13) = 8.74, P = 0.01). There was a significant main effect of time of day
(F(1,5) =7.01, P <0.0001), but no interaction between these two factors (F(1,65) = 0.831, P
= 0.53). The same analysis for the active phase indicated no main effect of age (F(1,12) =
0.30, P = 0.59), a main effect of time of day (F(1,5) = 7.48, P < 0.0001), and no interaction
(F(1,60) = 2.26, P = 0.06). AUC analysis demonstrated significantly elevated levels of
hippocampal CORT in aged rats during the light phase (t=2.50, p < 0.05), but not during the
dark phase (t=0.012 p > 0.05) (Fig. 1b inset). These data demonstrate that aged rats had
elevated basal concentrations of CORT in the hippocampus throughout the inactive phase,
but were no different from young adults during the active phase. Additionally, and
importantly, these data illustrate that relative CORT levels in the hippocampus do no
necessarily follow blood levels, perhaps especially in the aged rat. Taken together, these
data suggest that chronically elevated hippocampal CORT in aged rats is specific to brain
and to the inactive phase of the light-dark cycle.

3.3 Diurnal rhythms of corticosteroid binding globulin (CBG) in young and aged rats

Given that ~95% of basal circulating CORT is bound by corticosteroid binding globulin
(CBG), only ~5% of the CORT measured peripherally is free or unbound and able to exert a
biological effect or cross the blood-brain barrier. CBG levels are altered by a variety of
factors such as time of day (Hsu and Kuhn, 1988), body temperature (Chan, et al., 2013,
Henley and Lightman, 2011), and age (van Eekelen, et al., 1992). Therefore, measuring
CBG levels here is important for understanding whether measured levels of total CORT are
representative of free CORT. Therefore, in the same blood samples as above, we measured
CBG (Fig 1c). Age did not have a pronounced effect on circulating CBG. Although two-way
repeated measures ANOVA (age x time of day) indicated that there was a main effect of
time of day for both the inactive (F(1,5) = 4.71, P = 0.003) and active phase (F(1,5) = 2.75,
P =0.04), there was no main effect of age or an age by time of day interaction for either the
inactive or active phase. AUC analysis also produced no differences between the two age
groups at either phase (light phase: t=0.07, p > 0.05; dark phase: t=1.91, p > 0.05) (Fig. 1c
inset). Clearly, the difference in brain and blood CORT cannot be explained by aging-
induced alterations in plasma CBG.

3.4 Elevations in 11B-hydroxysteroid dehydrogenase type 1 (118-HSD1) in the aged brain

The principal factor that dictates CORT levels in the hippocampus are the relative systemic
plasma CORT levels. However, there are a number of mechanisms that could be responsible
for age-related differences in hippocampal levels of CORT in the absence of differences in
blood levels. One centers on the hippocampal expression of the CORT modulator 11f3-
hydroxysteroid dehydrogenase type 1 (118- HSD1). 118-HSD1 has reductase activity,
converting the inactive derivative of CORT (11-dehydrocorticosterone) into CORT,
enabling the steroid to bind to its receptor and exert biological action (Wyrwoll, et al.,
2011). Higher levels of this enzyme result in greater cellular levels of the active hormone.
The isozyme of 118-HSD1, 11p-HSD2, has the opposite effect. As a dehydrogenase, it
catalyzes the conversion of active CORT into the inactive metabolite, ultimately reducing
the available levels of biologically active hormone. Importantly, 11B-HSD1 is highly
expressed in liver, adipose tissue, and brain (Wyrwoll, et al., 2011). However, 113-HSD?2 is
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not expressed in the adult brain (Wyrwoll, et al., 2011). Thus, 11B-HSD1 activity in the
hippocampus can modulate the relative levels of CORT within the hippocampus. We
measured 113-HSD1 protein levels in the hippocampus of young and aged rats from tissue
harvested at lights on (active phase, n=11 young, n=12 aged), and lights off (inactive phase;
n=7 young, n=8 aged) using western blot (Fig. 2). Interestingly, aged rats, relative to young
rats, expressed elevated levels of 113-HSD1 protein in the inactive phase. A two-way
ANOVA (age x time of day) resulted in a main effect of age (F(1,34) = 6.76, P = 0.01), no
main effect of time of day (F(1,34) = 2.43, P = 0.13), and a significant interaction (F(1,34) =
5.01, P = 0.03). Scheffe post-hoc tests revealed that hippocampal 113-HSD1 protein
expression in aged rats during the inactive phase was significantly elevated compared to that
of young rats (P = 0.0009), but expression levels during the active phase did not differ
between age groups (P=0.82). Additionally, within young rats, 11p-HSD1 was significantly
decreased during the inactive phase compared to the active phase (P = 0.003). These data
suggest a mechanism that could mediate elevations of CORT in the aged brain, selectively in
the inactive phase. Aging-associated increases in 113-HSD1 mRNA have been reported
previously (Holmes, et al., 2010), though here we demonstrate, for the first time, that these
increases also occur in protein, and fluctuate with time of day in the hippocampus of young
rats.

3.5 Glucocorticoid receptor activation

To determine whether the observed elevations in basal levels of CORT in the hippocampus
during the inactive phase have functional significance, we examined the protein levels of the
glucocorticoid receptor (GR) using western blot. GR are expressed in most cells throughout
the brain. In the absence of ligand, GR are predominantly localized in the cytoplasm of the
cell as a component of a multimeric protein complex. After CORT binds to GR, the
activated receptor dissociates from some elements of the protein complex, thereby exposing
a nuclear localization domain. The CORT-GR complex then translocates to the nucleus and
modulates gene transcription (Guiochon-Mantel, et al., 1996, McKay and Cidlowski, 1999).
Thus, greater nuclear GR localization represents greater receptor activation (Spencer, et al.,
2000). In this experiment, we examined total GR protein expression in whole hippocampal
sonicates (Fig 3a), as well as nuclear (Fig. 3b) and cytosolic fractions (Fig. 3c) from tissue
harvested at lights on (active phase; n=11 young, n=12 aged), and lights off (inactive phase;
n=7 young, n=8 aged). Though there were no age differences in total GR expression,
nuclear-specific expression of GR during the inactive phase was significantly higher in aged
rats. A two-way ANOVA of total GR expression (age x time of day) yielded no main effect
of age (F(1,34) = 2.00, P = 0.17), a significant main effect of time of day (F(1,34) = 55.36, P
< 0.0001), and no significant interaction (F(1,34) = 0.27, P = 0.60). These data indicate that
total GR expression was diminished during the active phase of the light-dark cycle in both
age groups, but that there were no differences within time of day between the age groups. A
two-way ANOVA of nuclear GR expression (age x time of day) yielded no main effect of
age (F(1,34) =0.001, P = 0.97), a significant main effect of time of day (F(1,34) =4.23,P =
0.047), and a significant interaction (F(1,34) = 5.70, P = 0.02). Scheffe post-hoc tests
revealed that nuclear GR expression of aged rats during the inactive phase was significantly
elevated compared to that of young rats (P = 0.009), but expression levels during the active
phase did not differ between age groups (P=0.28). Additionally, within young rats,
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expression was significantly increased during the active phase compared to the inactive
phase (P = 0.01). Within the aged group, nuclear GR expression was not different between
times of day. These data strongly suggest that elevated CORT levels observed in aged rats
during the inactive phase result in greater GR activation at that time of day. A two-way
ANOVA of cytosolic GR expression (age x time of day) yielded no main effect of age
(F(1,34) = 0.30, P = 0.59), no main effect of time of day (F(1,34) = 1.49, P = 0.23), and no
significant interaction (F(1,34) = 0.44, P = 0.51), perhaps reflecting small changes in the
large pool of unactivated GR at both times of day under basal conditions. Taken together,
these data show a pattern of GR nuclear localization that is consistent with higher
hippocampal 11p-HSD1 expression and CORT levels in aged rats during the inactive period,
and support the notion that microglia in the aged hippocampus are exposed to greater GR-
dependent actions throughout the daytime.

3.6 Central mifepristone administration attenuates hippocampal microglial phenotype and
inflammatory responses to LPS

To more directly test the hypothesis that greater hippocampal GR activation in aged rats
contributes to elevated microglial sensitization, a low dose of the GR antagonist
mifepristone, or vehicle, was administered in aged and young adult rats (n=8 in each group),
once a day over 2 days, via the cisterna magna. Twenty-four hours after the second
administration rats were sacrificed, hippocampi were dissected, and microglia from these
tissues were isolated and cultured for 4 h in the presence of increasing doses of the potent
immunogen lipopolysaccharide (LPS) ex vivo, to elicit an inflammatory response, as we
have done previously (Frank, et al., 2010a). To confirm that mifepristone treatment had in
fact inhibited GR action, cell lysates from media only samples were analyzed using real-
time PCR for expression of glucocorticoid-induced leucine zipper (GILZ), an important and
reliable mediator of glucocorticoid action (Ayroldi and Riccardi, 2009). A two-way (age x
drug) ANOVA revealed a significant interaction between the groups (F(1, 28) =5.45, P <
0.05). Post-hoc analyses confirmed a significant reduction of GILZ expression in cells taken
from mifepristone-treated aged rats (p<0.01) and vehicle-treated young rats (p<0.05)
compared to vehicle-treated aged rats (Fig. 4).

To determine whether mifepristone treatment altered the immunophenotype of aged
hippocampal microglia, cell lysates from the four groups were analyzed for the expression
of Iba-1 and MHCII mRNA. A two-way ANOVA determined a significant interaction in
Iba-1 expression between the groups (F(1, 27) = 4.45, P < 0.05). Post-hoc analyses
confirmed a significant reduction of Iba-1 expression in cells taken from mifepristone-
treated aged rats (p<0.05) and vehicle-treated young rats (p<0.05) compared to vehicle-
treated aged rats (Fig. 5a). With regard to MHCII expression, a significant aging-related
increase in gene expression was evident (F(1, 28) = 6.49, P < 0.05; Fig 5b). However, there
was no effect of the drug on MHCII expression (F(1, 28) = 0.06, P > 0.05).

To examine the effectiveness of mifepristone to normalize the sensitized proinflammatory
response of aged hippocampal microglia, cell lysates were analyzed for mMRNA expression
of IL-1p (Fig. 6a), IL-6 (Fig. 6b), and TNF-a (Fig. 6¢). Mifepristone pretreatment in vivo
was effective at reducing the age-related enhanced expression of all 3 pro-inflammatory
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cytokines following LPS stimulation ex vivo. A two-way ANOVA (treatment group x LPS
dose) revealed a significant interaction between treatment groups and LPS dose for IL-13
(F(9,84) = 2.28, P < 0.05), IL-6 (F(9,84) =5.29, P < 0.0001), and TNFa (F(9,84) = 4.33,P <
0.0001). Post-hoc tests revealed that mifepristone treatment significantly reduced gene
expression (IL-1B: p < 0.05; TNFa: p < 0.05) in aged rats to levels comparable to expression
levels of vehicle-treated young adult rats at the 10 ng LPS dose. Mifepristone treatment in
young rats did not alter cytokine gene expression compared to age-matched vehicle-treated
rats. These data strongly suggest that greater GR activation contributes to microglial
sensitization, as blocking GR action with a low dose antagonist ameliorated the microglial
immunophenotype as measured by Iba-1 and normalized LPS-induced proinflammatory
cytokine expression to levels comparable to those of young adults. It should be noted that
though mifepristone is a highly effective GR antagonist, it also antagonizes the progesterone
receptor (Sarkar, 2002). Microglia express both GR and MR, however microglia do not
express the progesterone receptor (Sierra, et al., 2008), suggesting that the effects of
mifepristone observed here were mediated predominantly through the GR.

3.7 Central mifepristone administration prevents E. coli-induced hippocampal memory

impairments

To determine whether the findings of the previous ex vivo experiment would extend to
hippocampal-based memory susceptibility to E. coli infection in aged subjects, we treated
rats exactly as we did above, with either mifepristone (n=14) or vehicle (n=11) prior to
infecting half of each group with E. coli or vehicle. Four days following administration of E.
coli (or vehicle), when sickness responses have abated (Barrientos, et al., 2009b), all rats
were fear-conditioned to a context, as described in Methods. Two days later, hippocampal
memory of that context was assessed. Because young adult rats do not exhibit memory
impairments following E. cali infection (Barrientos, et al., 2006), only aged rats were
examined here. As is typical, E. coli interfered with fear context memory. Mifepristone
pretreatment did not alter fear context memory in uninfected subjects, but importantly,
mifepristone was robustly effective at preventing the E. coli-induced memory impairment. A
two-way ANOVA (peripheral challenge x central treatment) confirmed a main effect of
peripheral challenge (F(1,21) = 9.78, P = 0.005) and of central treatment (F(1,21) = 4.23, P
= 0.05; Fig 7a) on contextual fear behavior (freezing). A significant interaction effect
(F(1,21) = 4.56, P = 0.04) followed by Scheffe post-hoc tests revealed that mifepristone
significantly prevented the E. coli-induced reduced freezing (P < 0.01). A similar analysis of
freezing behavior in a control context (to control for generalized fear) produced no main
effect of peripheral challenge (F(1,21) = 0.40, P = 0.54), central treatment (F(1,21) =0.11, P
= 0.74), nor an interaction effect (F(1,21) = 0.75, P = 0.40; Fig 7b). These data further
support the conclusion that greater GR-dependent sensitization of hippocampal microglial
contributes to hippocampal-dependent memory deficits produced by an E. coli infection.

3.8 Voluntary exercise effects on hippocampal CORT, 11B8-HSD1, and total GR expression

Previous findings from our laboratory demonstrated that a small amount of exercise in aged
rats is effective at preventing E. coli-induced memory deficits, and reducing the
hippocampal microglial response to LPS (Barrientos, et al., 2011). Here we explored the
possibility that exercise exerts these effects via a reduction in hippocampal CORT. Again,
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because young adult rats do not display E. coli-induced memory impairments (Barrientos, et
al., 2006), do not exhibit sensitized microglia (Frank, et al., 2010a), nor do they exhibit
elevated levels of hippocampal CORT, they were not included in this experiment.
Microdialysis samples taken over a 24 h period from rats allowed to run (n=7) or not
allowed to run (n=10), were assayed for CORT as described in Methods. Unfortunately,
several samples from the 1030 and 1130 timepoints were compromised prior to assay.
Therefore, those timepoints were eliminated from the statistics and figure. CORT levels
from both groups were indistinguishable. A two-way repeated measures ANOVA (exercise
group x time of day) for the inactive phase revealed no main effect of exercise group
(F(1,12) = 0.256, P = 0.62), a main effect of time of day (F(1,7) = 14.129, P < 0.0001), and
no interaction (F(1,84) = 1.64, P = 0.14). The active phase yielded similar insignificant
results. No main effect of exercise group (F(1,15) = 0.201, P = 0.66), a main effect of time
of day (F(1,11) = 4.69, P < 0.0001), and no interaction (F(1,165) = 1.03, P = 0.43; Fig 8a).
Whole cell sonicates from hippocampal tissue collected during the inactive phase from these
rats were analyzed for 113-HSD1 and total GR protein expression, as before. Hippocampal
tissue in the hemisphere contralateral to the microdialysis probe was used for this analysis
and resulted in insufficient hippocampal tissue to allow for parallel GR measure in cytosolic
and nuclear tissue fractions. Therefore, we only examined these proteins in a whole cell
preparation. Although voluntary exercise had no effect on 113-HSD1 expression in the
hippocampus, exercise produced a significant reduction in total GR expression. A Student’s
t-test comparing 11p-HSD1 expression levels between runners and non-runners yielded no
significant difference between the groups (t=0.19, df=14, P = 0.85; Fig 8b). Given that
CORT levels were not altered with exercise, it was not surprising that 113-HSD1 was also
not altered, as we had demonstrated that these two products in brain tended to fluctuate in
synchrony. Strikingly, a Student’s t-test revealed a significant exercise-induced reduction of
total GR expression in the hippocampus of runners compared to non-runners (t=2.18, df=14,
P =0.046; Fig 8c). These findings suggest that exercise may reduce microglial sensitization
through a reduction in total GRs, thus reducing the impact of elevated hippocampal CORT.

4. Discussion

The link between protracted CORT exposure and aging was first described over 50 years
ago in several papers documenting the marked similarities between the pathologies of stress
and aging (Findley, 1949, Solez, 1952). Many years later Landfield and colleagues went on
to describe a hypothesis by which alterations in neuroendocrine control mechanisms would
lead to a “runaway” positive feedback loop with the resulting accumulation of
glucocorticoids possibly accelerating the aging process (Landfield, et al., 1978). They
demonstrated a significant correlation between plasma CORT levels and glial reactivity in
the aged hippocampus, suggesting for the first time that aging was not only associated with
elevated plasma CORT, but that this hormonal increase was highly correlated with a marker
of neuroinflammation. Furthermore, these findings suggested that aging was a vulnerability
factor for this runaway positive feedback loop. They further showed that adrenalectomy in
the aged rodent reduced hippocampal gliosis (Landfield, et al., 1981). Soon thereafter,
Sapolsky and colleagues reported an elevation in basal plasma CORT of aged rats and an
impaired capacity for their stress-induced levels of CORT to return to basal levels
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(Sapolsky, et al., 1983). Others have since reported similar findings as well (Meaney, et al.,
1992).

Our present findings are generally consistent with these prior studies, and go further to
suggest that protracted basal elevations in hippocampal CORT cause potentiated
inflammatory responses to a peripheral immune challenge due to a CORT-mediated
sensitization of hippocampal microglia, as suggested recently (Frank, et al., 2014, Sorrells,
et al., 2013). Although we did not observe elevations in plasma CORT in aged rats, we
demonstrated modest, but significant, elevations in hippocampal CORT, lasting only
throughout the inactive phase. Plasma CORT levels were comparable between young and
aged rats throughout the inactive phase, while levels were blunted throughout the active
phase in the aged rats, as has been established previously in aged humans and rodents
(Colucci, et al., 1975, Hauger, et al., 1994, Milcu, et al., 1978). The discrepancy between the
plasma CORT data reported here and that of some, but not other studies (Sapolsky, 1992)
may be explained by the unique use of an automated serial blood sampling technique here,
whereby rats were not handled at all during a sampling period that extended across the entire
day.

The elevated hippocampal CORT levels that we observed in aged rats likely resulted from
increases in hippocampal 113-HSD1 protein, the enzyme that catalyzes the conversion of
inactive 11-dehydrocorticosterone to active CORT. Consistent with hippocampal CORT
levels, 118-HSD1 expression in aged rats compared to young rats was heightened only
during the inactive phase. These data point to a mechanism likely playing a key role in the
observed elevated CORT levels in the aged brain. Robust aging-induced increases in
hippocampal 113-HSD1 mRNA have been reported previously (Holmes, et al., 2010), and
so the present data support those findings and extend them to demonstrate that these
increases also occur in protein, and track with fluctuations in CORT levels. It is also
noteworthy that aged 113-HSD1 knock-out mice lack the elevated hippocampal CORT
levels that are present in aged wildtype mice, despite no difference in plasma CORT levels
(Yau, et al., 2011). These are potentially important findings, as inhibiting 113-HSD1 at
specific times of day, in the hippocampus, may prove to be a useful therapeutic target.

While total GR expression did not differ between the age groups at either time point, nuclear
GR expression, a measure of GR activation, was significantly increased in aged rats during
the inactive phase, compared to that of young rats. These findings confirm that the observed
hippocampal CORT levels in aged rats are indeed functionally significant, as the GR must
be activated before GR-related modulation of gene transcription can occur. Consistent with
hippocampal CORT observations, nuclear GR expression levels during the active phase did
not differ between age groups. As expected, in young rats nuclear GR expression was
significantly increased during the active phase compared to the inactive phase. In aged rats a
proportionate increase in GR activation during the active phase over the inactive phase was
not observed. It is unclear why, though close examination of the hippocampal CORT data
suggest that the circadian peak may be shifted in aged rats, occurring earlier than in young
rats. Thus, it is possible that the time of sacrifice for the GR experiment may have coincided
with the young rats” CORT peak, but after the aged rats’ levels had started to drop. Taken
together, these data might suggest that over a 24 h period, overall hippocampal GR
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activation levels are fairly comparable between young and aged rats. However, there is
evidence to suggest that variations in circadian CORT rhythm (that is, increases or decreases
at the “wrong” time of day) dysregulates cellular clock gene expression and produces
longlasting myeloid cell activation (Nguyen, et al., 2013, O'Callaghan, et al., 2012). This
scenario would be consistent with the general hypothesis that aberrantly elevated CORT
sensitizes microglia. It should be noted that the nuclear GR findings in the present paper are
at odds with a similar study that reported nuclear GR expression levels to be significantly
reduced rather than increased in aged rats (Murphy, et al., 2002). A possible explanation for
this discrepancy is that aged rats in that study may not have been maintained under truly
basal conditions as those aged rats had substantially higher plasma CORT levels than we
observed in this study.

Even though we observed age-related, time-dependent, differences in nuclear GR, we did
not detect diurnal differences in cytosolic GR levels of either young or aged rats. This lack
of an age-related difference in cytosolic GR is consistent with previous findings (Murphy, et
al., 2002) and might be attributable to the much greater level of GR protein present in the
cytosolic than the nuclear tissue fraction under basal (non-stress) conditions throughout the
day. Thus, a movement of a small percentage of cytosolic GR into the nucleus could
produce a relatively large increase in the nuclear pool of GR that we were able to detect,
without registering a significant decline in the cytosolic pool of GR.

The blockade of central GR action with a low dose GR antagonist produced a significant
reduction in GILZ gene expression, as expected. This antagonist treatment also robustly
reduced gene expression of the microglial activation marker Iba-1 in aged rats, suggesting
that mifepristone treatment altered the microglial immunophenotype to resemble that of a
young adult rat. Somewhat surprisingly, no differences in MHCII gene expression were
detected across the groups. Given the lower expression levels of MHCII compared to Iba-1,
and the small number of cultured cells used in this study, it is possible that expression levels
of MHCII were too low to detect reliable changes. Furthermore, mifepristone treatment
successfully reduced microglial sensitization, as measured by decreased mMRNA expression
of the proinflammatory cytokines IL-1f, IL-6, and TNFa in response to subsequent ex vivo
challenge of isolated microglia with LPS. It should be noted that mifepristone treatment did
not alter gene expression of any of the genes analyzed here in young adult rats, suggesting
that this therapeutic treatment is specifically decreasing aging-induced microglial priming,
and not just decreasing LPS response generally. These data strongly support a growing
literature suggesting that greater GR activation drives microglial sensitization, causing an
amplified proinflammatory response to immune challenge (Frank, et al., 2014, Sorrells, et
al., 2013, Weber, et al., 2013). Strikingly, this GR antagonist approach also successfully
prevented the hippocampal-dependent memory deficits produced by an in vivo E. coli
infection in aged rats. The fact that 2 daily administrations of mifepristone were sufficient to
normalize both age-related microglial sensitization and infection-induced memory decline
points to a clinically useful therapeutic approach to ameliorate these effects, though it is
unclear how long these beneficial effects may persist. The current findings strongly suggest
that excessive diurnal CORT in the aged hippocampus provides an elevated activational
priming signal, possibly increasing NFKB activation, which interacts with aging-related
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phenotypic changes in microglia, resulting in potentiated proinflammatory responses to an
immune challenge. Accordingly, blocking the elevated GR signal rapidly reduced microglia
sensitization and the consequent memory decline. Recent evidence demonstrating that acute
glucocorticoids are capable of sensitizing proinflammatory responses supports this notion
(Busillo, et al., 2011, Frank, et al., 2014). Indeed, these studies have shown that exogenous
glucocorticoids sensitize macrophages and microglia by upregulating NLRP3 (Nucleotide-
binding domain, Leucine-Rich Repeat, Pyrin domain containing protein), a component of
the NLRP3 inflammasome (Busillo, et al., 2011). The NLRP3 inflammasome, expressed in
microglia (Hanamsagar, et al., 2012) regulates the activation of caspase-1 and the
subsequent maturation and release of IL-1p and IL-18 (Martinon, et al., 2002). Thus, it is
plausible that the acute diurnal CORT elevation exhibited in the aged hippocampus induces
increases in NLRP3 expression, resulting in sensitized hippocampal microglia. This is the
subject of a future study.

The findings from the present exercise study are also consistent with the GR signaling
hypothesis, albeit in an unexpected manner. Physical activity did not reduce hippocampal
levels of CORT, bit it did reduce levels of GR expression. Thus, exercise may be
neuroprotective in aged rats not because it reduces CORT in the hippocampus, but because it
reduces GR. Such a reduction would reduce the potential for GR activation, gene
transcription, and other downstream effects.

Advanced age is associated with sensitized hippocampal microglia that when activated as a
consequence of an inflammatory stimulus, mediate protracted neuroinflammatory responses.
This amplified neuroinflammatory response is known to impair memory processes. Here we
present converging evidence for increased GR activation, evident in the hippocampus of
aged rats during the inactive phase of the diurnal cycle, resulting in microglial sensitization.
Furthermore, reductions in GR activation significantly reduced the LPS-induced microglial
inflammatory response and prevented E. coli-induced memory impairments in aged rats.
These novel findings point to a clinically useful therapeutic approach to reduce the primed
microglial phenotype associated with advanced age and restore cognitive functions that
otherwise are impaired following an immune challenge.
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Figure 1.
CORT and CBG levels between young and aged rats. (a) Plasma CORT levels between

young and aged rats across the diurnal cycle. Age had no effect during the inactive phase of
the cycle (lights on), but during the active phase blood levels were lower in the aged subjects
(p < 0.05). Inset: area under the curve for inactive and active phases. (b) Hippocampal
CORT levels between young and aged rats across the diurnal cycle. Aged rats exhibited
significantly elevated levels of CORT during the light phase compared to young adult rats (p
< 0.01), but not during the active phase. Inset: area under the curve for inactive and active
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phases. (c) Plasma CBG levels between young and aged rats across the diurnal cycle. Age
did not have a significant effect on circulating CBG at either phase of the cycle. Inset: area
under the curve for inactive and active phases. Dark bar represents active phase hours. Error
bars represent S.E.M. *p<0.05; **p<0.01.
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Figure 2.
Hippocampal expression of 113-HSD1 protein between young and aged rats during the

inactive and active phases of the dirunal cycle. Aged rats expressed elevated levels of 11-
HSD1 protein, relative to young rats, in the inactive phase (p<0.001). Young rats
demonstrated a significant increase in expression in the active phase over the inactive phase
(p<0.01), but there were no significant differences in expression of 113-HSD1 in the active
phase between the two ages. Error bars represent S.E.M. **p<0.01; ***p<0.001.
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Figure 3.
Hippocampal expression of GR protein between young and aged rats during the inactive and

active phases of the circadian cycle. (a) Total GR expression from whole hippocampal
lysates. There was a main effect of time of day resulting in a significant reduction of GR
expression during the active phase (p<0.0001). However, there were no age differences in
total GR expression at either timepoint. (b) GR expression from nuclear fraction of
hippocampal lysates. GR expression was significantly elevated in aged rats compared to that
of young rats during the inactive phase (p<0.001). Young rats demonstrated a significant
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increase in expression in the active phase over the inactive phase (p<0.01), but there were no
significant differences in expression of GR in the active phase between the two ages. (¢) GR
expression from cytosolic fraction of hippocampal lysates. There were no significant age nor
time of day differences in GR expression in this fraction. Error bars represent S.E.M.
**p<0.01; ***p<0.001; ****p<0.0001.
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Figure 4.
GILZ gene expression measured in hippocampal microglial cell lysates isolated from young

and aged rats that were treated with either vehicle or mifepristone and incubated ex vivo with
media for 4 hr. GILZ expression was significantly reduced in cells taken from mifepristone-
treated aged rats (p<0.01) and vehicle-treated young rats (p<0.05) compared to vehicle-
treated aged rats. Error bars represent S.E.M. *p<0.05; **p<0.01.
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Figure 5.
Gene expression of microglial activation markers (a) Iba-1 and (b) MHCII measured in

hippocampal microglial cell lysates isolated from young and aged rats that were treated with
either vehicle or mifepristone and incubated ex vivo with media for 4 hr. Iba-1 expression
was significantly reduced in cells taken from mifepristone-treated aged rats (p<0.05) and
vehicle-treated young rats (p<0.05) compared to vehicle-treated aged rats. A significant
aging-related increase in MHCII expression was evident (p<0.05), but there was no effect of
the drug. Error bars represent S.E.M. *p<0.05.
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3 Aged Venhicle
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Cytokine gene expression measured in hippocampal microglial cell lysates isolated from
young and aged rats that were treated in vivo with either vehicle or mifepristone and
incubated ex vivo with escalating doses of LPS for 4 hr. (a) Mifepristone treatment
significantly reduced IL-18 gene expression in cell lysates of aged rats at the 10ng/mL LPS
dose (p<0.05). (b) Mifepristone treatment significantly reduced IL-6 gene expression in cell
lysates at the 10ng/mL LPS dose (p<0.05). (c) Mifepristone treatment significantly reduced
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TNFa gene expression in cell lysates of aged rats at the 10ng/mL LPS dose (p<0.05). Error
bars represent S.E.M. *p<0.05; **p<0.01.

Neurobiol Aging. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barrientos et al. Page 32

d

Conditioned Context

fol)
g

*%

] |
*%

l 1 Vehicle (icm)

[ Bl Vifepristone (icm)

Vehicle (ip) Ecoll (ip)

% Freezing
S »
T T

N
T

b Control Context

% Freezing
S (0] (00]
T T T

N
T

Vehicle (ip) Ecoli (ip)

Figure 7.
Percent freezing in a contextual fear conditioning task. (a) Among rats pre-treated with

vehicle (icm), E. coli (ip) infection significantly reduced freezing to the conditioning context
compared to vehicle (ip)-treated rats (p<0.01). Among rats infected with E. coli (ip), percent
freezing was significantly increased in mifepristone (icm)-treated rats compared vehicle
(icm)-treated rats (p<0.01). There was no difference in freezing percentage between vehicle/
mifepristone-treated rats and E. coli/mifepristone-treated rats. (b) Percent freezing to a
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control (neutral) context was not different between any of the groups. Error bars represent
S.E.M. **p<0.01.
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Figure 8.
() Hippocampal CORT levels between runners and non-runners across the circadian cycle.

There were no significant differences between the groups at any timepoint across the
circadian cycle. (b) There was no significant difference in hippocampal expression of 11f-
HSD1 protein between runners and non-runners during the inactive phase of the circadian
cycle. (c) Runners compared to non-runners exhibited a significant decrease in total GR
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expression from whole hippocampal lysates during the inactive phase of the circadian cycle
(*p<0.05). Error bars represent S.E.M.
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Table 1
Primer Description
Primer description and sequences.
Gene Accession # Primer Sequence Function
53
B-Actin | NM_031144 F: TTCCTTCCTGGGTATGGAAT Cytoskeletal protein (Housekeeping gene)
R: GAGGAGCAATGATCTTGATC
CD163 | NM_001107887 | F: GTAGTAGTCATTCAACCCTCAC Macrophage antigen not expressed by microglia
R: CGGCTTACAGTTTCCTCAAG
IL-18 NM_031512 F: CCTTGTGCAAGTGTCTGAAG Pro-inflammatory cytokine
R: GGGCTTGGAAGCAATCCTTA
IL-6 NM_012589 F: AGAAAAGAGTTGTGCAATGGCA | Pro-inflammatory cytokine
R: GGCAAATTTCCTGGTTATATCC
TNFa NM_012675 F: CAAGGAGGAGAAGTTCCCA Pro-inflammatory cytokine
R: TTGGTGGTTTGCTACGACG
GILZ NM_031345 F: CAGGCCATGGATCTAGTGAA Glucocorticoid immunomodulation
R: AGCGTCTTCAGGAGGGTATT
lba-1 NM_017196 F: GGCAATGGAGATATCGATAT Microglia/Macrophage antigen
R: AGAATCATTCTCAAGATGGC
MHCII | NM_001008847 | F: AGCACTGGGAGTTTGAAGAG Microglia/Macrophage antigen
R:

AAGCCATCACCTCCTGGTAT

Abbreviations: IL, interleukin; Iba-1, ionized calcium-binding adaptor molecule-1; MHCII, Major histocompatibility complex II; GILZ,

glucocorticoid-induced leucine zipper; TNFa, tumor necrosis factor-a;
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