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Abstract

Circadian rhythms are endogenous cycles of physiology and behavior that align with the daily
rotation of the planet and resulting light-dark cycle. The circadian system ensures homeostatic
balance and regulates many aspects of physiology, including the stress response and susceptibility
to and/or severity of stress-related sequelae. Both acute and chronic stressors amplify
neuroinflammatory responses to a subsequent immune challenge, however it is not known whether
circadian timing of the stressor regulates the priming response. Here, we test whether stress-
induced neuroinflammatory priming is regulated by the circadian system. As has been previously
shown, exposure to 100 inescapable tails shocks (IS) increased hippocampal cytokines following a
subsequent inflammatory challenge. However, this effect was limited to animals that experienced
the stressor during the light phase. Rats exposed to stress during the dark phase did not alter
inflammatory potential following lipopolysaccharide (LPS) challenge. To determine whether
microglia might be involved in diurnal differences in neuroinflammatory priming, microglia were
isolated 24 h after stress that occurred either during the middle of the light or dark phase. Only
microglia isolated from animals stressed during the light phase demonstrated an exaggerated
inflammatory response when treated ex vivo with LPS. To determine possible circadian
dependency of microglia responsiveness to glucocorticoids — the likely proximal mediator for
stress associated neuroinflammatory priming — microglia were isolated during the middle of the
light or dark phase and treated ex vivo with corticosterone. Glucocorticoids treatment
downregulated CX3CR1 and CD200R, two genes involved in microglial inflammatory “off”
signaling; however, there was no effect of time of day on expression of either gene. Importantly,
while absolute concentrations of corticosterone were comparable following IS during the light and
dark phase, the magnitude of change in corticosterone was greater during the light phase. This
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work highlights the importance of studying circadian rhythms to elucidate biological mechanisms
of stress.
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1. Background

Exaggerated innate immune/inflammatory responses in the brain are implicated in the
etiology of numerous psychiatric disorders including depression, PTSD, autism, and
schizophrenia (Dantzer et al., 2008). Stress is a major predisposing factor in the
development of these psychiatric disorders and a potential source of elevated inflammation
in the brain. In this regard, both acute and chronic stressors amplify peripheral and central
inflammatory responses to a subsequent immune challenge (Johnson et al., 2002, Johnson et
al., 2003, Frank et al., 2010, Wohleb et al., 2012). Glucocorticoids are implicated in
mediating the effects of stress on inflammatory priming (Frank et al., 2010, Busillo et al.,
2011, Frank et al., 2012, Frank et al., 2014). Although glucocorticoids are traditionally
regarded as anti-inflammatory, a considerable number of studies demonstrate that
glucocorticoids can simultaneously suppress ongoing inflammation while potentiating
inflammatory responses to a later immune challenge (reviewed in (Frank et al., 2015). The
neuroinflammatory “priming” produced by stress is regulated in part by microglia, the
predominant innate immune cell of the central nervous system (Frank et al., 2007, Frank et
al., 2014). While glucocorticoids are recognized as a critical mediator through which stress
sensitize microglia (Frank et al., 2010, Frank et al., 2012, Frank et al., 2014, Weber et al.,
2015), the exact mechanisms involved in microglia priming are not fully understood.

Circadian rhythms are endogenous cycles of physiology and behavior that have periods of
about 24 hours (h) and are aligned to the timing of the daily rotation of the planet. The
presence of a functional circadian system is evolutionarily advantageous as organisms that
are entrained to their environment have improved survival odds (Davidson et al., 2006).
Circadian rhythms allow organisms (and individual cells) to predict consistent changes in
environment and temporally compartmentalize incompatible processes (Karatsoreos and
McEwen, 2014). The circadian system is critical for ensuring homeostatic balance and
regulates many aspects of physiology including the immune system. For example, there are
circadian differences in immune system activation (Halberg et al., 1960, Marpegan et al.,
2009, Spengler et al., 2012) and disruption of the circadian system can lead to heightened
peripheral and central inflammatory responses (Castanon-Cervantes et al., 2010, Fonken and
Nelson, 2013, Phillips et al., 2015, Wright et al., 2015). Moreover, microglia express
intrinsic circadian clock mechanisms and display altered immune potential over the course
of the day (Fonken et al., 2015). The time-of-day at which an inflammatory challenge occurs
affects stress-induced neuroinflammatory priming (Johnson et al., 2003). However, whether
diurnal timing of the stressor affects neuroinflammatory priming has not been established.
Responses to stressors and susceptibility to and/or severity of stress-related comorbidities
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are regulated by the circadian system (Cohen et al., 2015). This suggests that microglia may
also be differentially sensitive to the effects of stressors throughout the day.

Here we tested whether stress-induced inflammatory priming is time of day dependent.
Furthermore, we examined the effects of stressor exposure and ex vivo corticosterone
treatment on microglia inflammatory priming. Determining whether the hippocampus is
more or less sensitive to the effects of stress at different times of day provides a novel
platform through which it is possible to identify factors involved in stress associated
neuroinflammatory priming. Better understanding of the mechanisms involved in imparting
resilience or contributing to vulnerability to stress may help devise interventions to mitigate
risk factors.

2. General methods

2.1. Animals

Male Sprague-Dawley rats (~3 mos. old; Harlan Sprague-Dawley, Inc, Indianapolis, IN,
USA) were pair-housed with food and water available ad libitum at an ambient temperature
of 22+2°C. Rats were given one month to acclimate to colony conditions before
experimentation began. All rats were maintained on a 12:12 light cycle with lights on either
at 0700 or 2100 h [lights on is Zeitgeber time (ZT) 0]. All experimental procedures were
conducted in accordance with the University of Colorado Institutional Animal Care and Use
Committee.

2.2. Experimental design

2.2.1. Experiment 1: Does stress at different times of day of differentially
modulate neuroinflammatory priming to a later peripheral immune challenge?
—Rats received 100 trials of inescapable tail shock (IS) over 2 h during either the middle of
the light phase (Zeitgeber time 5to 7; ZT5 — ZT7) or dark phase (ZT15 - ZT17). Half of the
rats were maintained on a reverse light/dark cycle (that was staggered 2 h) in order for the
stress and tissue collection to occur together for the separate time points. 24 h later rats were
injected intraperitoneally (i.p) with 10 ug/kg of lipopolysaccharide (LPS; E. coli serotype
0111:B4; Sigma) or saline (vehicle control). This dose of LPS was selected because it results
in a sub-threshold hippocampal pro-inflammatory response (Johnson et al., 2002). Because
LPS elicits a greater response during the light phase it is important to equate times of day for
LPS injection. Thus, a 36 h time point was also included in which IS occurred 12 h prior to
IS in the 24 h time point groups. Because the reverse light/dark cycle room was not exactly
12 h out of phase with the standard light/dark cycle room (due to animal care requirements),
middle of the light phase stress occurred from ZT3 — ZT5 and dark phase stress occurred
from ZT17 — ZT19. All of the groups (light and dark phase and 24 and 36 h time points)
received LPS injections together which corresponded to ZT6 in standard light/dark cycle
and ZT16 in the reverse light/dark room. Three hours following LPS injection hippocampal
tissue was collected and cytokine protein and gene expression evaluated (see Fig. 1 for
schematic of experimental design). Gene and protein expression were evaluated in the
hippocampus because 1S specifically potentiates hippocampal pro-inflammatory processes
to peripheral LPS (Johnson et al., 2002). This experiment had 8 groups (see Figure 1):
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control with saline during the light phase, control with saline during the dark phase, control
with LPS during the light phase, control with LPS during the dark phase, stress during the
light phase with LPS during the light phase (24 h later), stress during the light phase with
LPS during the dark phase (36 h later), stress during the dark phase with LPS during the
light phase (36 h later), and stress at during the dark phase with LPS during the dark phase
(24 h later). In order to minimize animal use and because our laboratory has previously
demonstrated that 24 h post-1S rats do not exhibit elevated levels of pro-inflammatory
cytokines (Johnson et al., 2003), we did not include IS/saline groups at ZT6 and ZT16.

2.2.2. Experiment 2: Are microglia differentially sensitized by stress exposure
during the light versus dark phase?—Rats received 100 trials of IS either during the
middle of the light phase (ZT5 — ZT7) or dark phase (ZT15 — ZT17). 24 h later microglia
were isolated from IS and HCC animals and treated ex vivo with LPS for 3 h. Cytokine
mRNA expression was measured in microglia using gPCR to evaluate microglia
sensitization.

2.2.3. Experiment 3: Are microglia isolated at ZT6 versus ZT16 differentially
altered by ex vivo corticosterone treatment?—Microglia from unmanipulated rats
were isolated either during the middle of the light (ZT6) or dark phase (ZT16) and cells
were plated with corticosterone for 2 h. Relative mMRNA expression of markers of microglia
activation state such as MHCII, NFKBIA, CD200R, and CX3CR1 were measured in
microglia using qPCR.

2.2.4. Experiment 4: Are there diurnal changes in inescapable stress-induced
corticosterone release?—Rats received 100 trials of IS either during the middle of the
light phase (ZT6) or dark phase (ZT16). Upon termination of the stress session cardiac blood
was immediately collected from IS and HCC rats to assess plasma corticosterone
concentrations (as described below).

2.3. General methods

2.3.1. Inescapable tail shock—The present stressor protocol has been extensively used
in this laboratory and reliably potentiates hippocampal pro-inflammatory cytokine responses
to a peripheral immune challenge (Johnson et al, 2002). In brief, animals were placed in
Plexiglas tubes (23.4 cm in length x 7 cm in diameter) and exposed to 100 1.6 mA, 5 sec tail
shocks with a variable inter-trial interval ranging from 30-90 sec (average of 60 sec). IS rats
were immediately returned to their home cages upon termination of shock. During the 1S
session HCC rats remained undisturbed.

2.3.2. Tissue collection—Animals received a lethal i.p. injection of sodium
pentobarbital. After rats were completely unresponsive (as assessed by paw pinch), they
were transcardially perfused with ice-cold saline (0.9%) for 3 min to remove peripheral
immune cells from the CNS vasculature. Brains were then rapidly extracted and the
hippocampus dissected out on ice. For in vivo experiments hippocampus was flash frozen in
liquid nitrogen and stored at —80 °C. For ex vivo experiments microglia were immediately
isolated as described below.
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2.3.3. Microglia isolations and ex vivo treatments—Hippocampal microglia were
isolated using a Percoll density gradient as described in (Frank et al., 2006). Our laboratory
has previously demonstrated that this isolation procedure yields highly pure microglia
(Iba-1+/MHCI1+/CD163-/GFAP-) and we confirmed immunophenotype and purity of
microglia with gPCR in this experiment. Microglia isolations occurred as follows: rats were
saline perfused for 3 min, brains were rapidly extracted, and the hippocampus was dissected
out on ice. The hippocampus was homogenized in 3 mL of 0.2% glucose in 1X DPBS
(Gibco, Life Technologies) in a sterilized glass homogenizer and the homogenate was
strained through a 40 um filter (Falcon) that was rinsed with an additional 2 mL or DPBS.
The homogenate was transferred to a sterile 5 mL tube and pelleted at 1000 g for 10 min at
22 C. Supernatant was aspirated off and a percoll gradient was created by resuspending the
pellet in 2 mL of 70% isotonic percoll (GE Healthcare; isotonic percoll is 10:1 percoll with
10X PBS; 100% isotonic percoll is then diluted with 1X DPBS), followed by a layer of 2
mL 50% percoll and topped with 1 mL DPBS. The gradient was spun at 1200 g for 45 min
at 22 C with no acceleration or break. Myelin debris was removed and then microglia were
extracted from the 50/70% interface. Microglia were then washed in DPBS and pelleted at
1000 g for 10 min at 22 C. Following isolations, microglia were resuspended in media
(sterile high glucose DMEM (Gibco, 11960-044) +10%FBS [Atlanta biological, S11050]
that was passed through a 0.2 um filter Millipore filter) and microglia concentration was
determined by trypan blue exclusion. Microglia concentration was adjusted to a density of
8,000 cells/100 uL and cells were plated in a 96-well v-bottom plate. To assess microglia
cytokine responsiveness, cells were challenged ex vivo with 10 uL of LPS (LPS; E. coli
serotype 0111:B4; Sigma) at a concentration of 10 or 100 ng/mL or media alone
(concentrations based on previously work (Frank et al., 2007)) for 3 h at 37 °C, 5% CO,. To
determine the influence of corticosterone on microglia at different times of day, microglia
were treated with 10uL of corticosterone (Sigma-C2505) at a concentration of 0, 10, 100, or
1000 nM for 2 h (this range includes physiologically relevant concentrations and is based on
previous work (Jacobsson et al., 2006, Busillo et al., 2011, Chatterjee and Sikdar, 2014)).
Corticosterone was first diluted to a concentration of 10mM in EtOH followed by a serial
dilution in media (0 nM control contains EtOH equivalent to 1000 nM EtOH concentration).
Following ex vivo manipulations, plates were centrifuged at 1000 g for 10 min at 4 °C to
pellet cells and the supernatant was aspirated off. Cells were then washed with 0.1M ice cold
PBS and centrifuged at 1000 g for 10 min at 4 °C. Cell lysis and cDNA synthesis was
performed using SuperScript 111 CellsDirect cDNA Synthesis System (Invitrogen, Carlshad,
CA) following the manufacturer’s protocol.

2.3.4. ELISA—Cardiac blood was centrifuged (14,000xg for 10 min at 4°C) and plasma
collected. An enzyme immunoassay for corticosterone (Assay Designs, Inc., Ann Arbor,
MI) was run in duplicate according to the manufacturer’s instructions. For the assay, plasma
samples were treated with a steroid displacement reagent and then diluted 1:40 with assay
buffer. The high and low limits of detectability were 80 ug/dL to 0.128 pg/dL (taking into
account the dilution factor of 40). All samples fell within the range of detectability and the
intra-assay coefficient of variation was 1.3 %.
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Hippocampal samples were sonicated on ice using a tissue extraction reagent (Invitrogen)
supplemented with protease inhibitor cocktail (Sigma). Homogenates were centrifuged
(14,000xg for 10 min at 4°C) and supernatant collected and stored at —20°C. A rat IL1J
ELISA (R&D systems) was run in duplicate according to the manufacturer’s instructions.
All samples fell within the range of detectability (2000 pg/ml and 7.8 pg/ml respectively)
with an intra-assay coefficient of variation of 5.9 %. The concentration of IL1f protein is
expressed relative to total protein concentrations established in a Bradford assay (pg of
IL1p/100ug of total protein).

2.3.5. Quantitative real-time PCR (gPCR)—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 boundaries and thus exclude
amplification of genomic DNA. Primer specificity was verified by melt curve analysis.
Primers included B-actin (F: TTCCTTCCTGGGTATGGAAT and R:
GAGGAGCAATGATCTTGATC), CD200R (F: TAGAGGGGGTGACCAATT and R:
TACATTTTCTGCAGCCACT), CX3CR1 (F: TCAGGACCTCACCATGCCT and R:
CGAACGTGAAGACAAGGG), IL-1 (F: CCTTGTGCAAGTGTCTGAAG and R:
GGGCTTGGAAGCAATCCTTA), IL-6 (F: AGAAAAGAGTTGTGCAATGGCA and R:
GGCAAATTTCCTGGTTATATCC), MHCII (F: AGCACTGGGAGTTTGAAGAG and R:
AAGCCATCACCTCCTGGTAT), NFKBIA (F: CACCAACTACAACGGCCACA and R:
GCTCCTGAGCGTTGACATCA), and TNFa (F: CAAGGAGGAGAAGTTCCCA and R:
TTGGTGGTTTGCTACGACG). RNA was extracted from hippocampal homogenates using
TRIZOL reagent and 2 pg of RNA was reversed transcribed to cDNA using Superscript 11
(Life Technologies) according to the manufacturer’s instructions. RNA was isolated from
microglia and reversed transcribed to cDNA using SuperScript Il CellsDirect cDNA
Synthesis System (Life Technologies). PCR amplification of cDNA was performed using
the Quantitect SYBR Green PCR Kit (Qiagen, Valencia, CA) with a MyiQ Single-Color
Real-Time PCR Detection System (BioRad, Hercules, CA). Gene expression was
determined in duplicate and expressed relative to $-actin.

Selection of p-actin as the housekeeping gene warrants discussion as previous reports have
noted circadian differences in p-actin (Taishi et al., 1997). First, there were no circadian
differences in the amplification of B-actin in this experiment (see supplemental figure 1).
Second, a recent study evaluating circadian differences in 10 potential housekeeping genes
found that -actin, GAPDH, and Atp5b are the most stable for normalization of circadian
related gene expression in the suprachiasmatic nucleus (master circadian pacemaker in
mammals) (Cleal et al., 2014). Finally, GAPDH was also evaluated but there were statistical
differences in GAPDH expression in microglia isolated in the light versus the dark phase.
Thus, B-actin was used as the housekeeping gene for all of the analyses.

3.4. Statistical analyses

All data are presented as mean + standard error of the mean (SEM). Data were analyzed
with Prism 5 (GraphPad Software) using analysis of variance (ANOVA). F values are
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reported for each ANOVA and serve as the criteria for post hoc analysis (Tukey’s multiple
comparisons test). Threshold for statistical significance was set at p < 0.05.

3. Results

3.1. Experiment 1: Stress-induced inflammatory priming was influenced by time of day

The first goal of this study was to determine whether stress at different times of day would
elicit a similar priming response following peripheral immune challenge (see Fig 1 for
experimental outline). As we have previously demonstrated (Fonken et al., 2015), HCC rats
injected with LPS during the middle of the light as compared to the dark phase had elevated
induction of hippocampal IL-1f gene expression (interaction of time x LPS: F1 5, = 5.0 and
post hoc, p < 0.05) and protein (interaction of time x LPS: F1 26 = 8.8 and post hoc, p <
0.05) (Fig. 2A). Furthermore, stress significantly potentiated the LPS induced IL-18
response, but only when the stressor occurred during the light phase. Rats that were exposed
to 100 trials of IS during the light phase and challenged with LPS at ZT6 or ZT16 (24 or 36
h later) showed significantly enhanced LPS-induced hippocampal I1L-1f gene (main effect of
time: Fq 23 = 5.2, main effect of stress: F1 53 = 19.0; p < 0.05) and protein (main effect of
time: Fq 23 = 7.0, main effect of stress: F1 23 = 24.5; p < 0.05) expression (Fig. 2B). In
contrast, IS that occurred during the dark phase did not significantly elevate IL-15 gene
(main effect of time only: Fq 2o = 9.1, p < 0.05) and protein (main effect of time only: Fy 23
= 6.0, p < 0.05) expression after LPS (Fig. 2C). Importantly, time of day did not affect
amplification of the housekeeping gene B-actin or protein concentrations as determined by a
Bradford assay (see supplemental figure 1).

A similar pattern was observed with IL-6 and TNF-a gene expression. In HCC rats, LPS
increased hippocampal IL-6 gene expression (main effect of LPS: F1 53 = 20.8, p < 0.05).
Furthermore, IL-6 gene expression was elevated in rats injected with LPS during the light as
compared to the dark phase (main effect of time: F1 3 = 11.3, p < 0.05; Fig. 3A). Post hoc
analysis revealed that LPS during the light as compared to the dark phase significantly
increased IL-6 gene expression (p < 0.05). TNFa gene expression was also elevated in HCC
rats injected with LPS (main effect of LPS: Fq 23 = 14.3, p < 0.05; Fig. 3D). There was no
main effect of time (p > 0.05); however, post hoc comparison revealed LPS only
significantly elevated TNFa expression at ZT6 (p < 0.05).

IS during the light phase significantly potentiated IL-6 (main effect of time and stress: Fy 3
= 6.5 and 19.0 respectively, p < 0.05, Fig. 3B) and TNF-a (main effect of stress: Fq 53 = 4.5,
p < 0.05; Fig. 3E) hippocampal gene expression following LPS. However, there was no
effect of stress during the dark phase on responses to LPS (main effect of time only for IL-6:
F1’23 =8.3; Fig. 3C&F).

3.2. Experiment 2: Microglia were differentially sensitized by stress exposure during the
light versus dark phase

Neuroinflammatory priming in response to a stressor is typically attributed in part to
microglia, the primary innate immune cell of the central nervous system (Frank et al., 2007,
Frank et al., 2014). Indeed, prior exposure to acute and chronic stressors potentiates the
microglia proinflammatory response to an ex vivo immune challenge (Frank et al., 2007,
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Frank et al., 2014). Thus, we next examined whether microglia are differentially sensitized
by stress exposure in the light versus dark phase. To test this, rats received IS or remained in
their home cage at either ZT6 or ZT16 and microglia were rapidly isolated 24 h later. After
the isolation procedure, microglia were plated for 3 h with media alone, 10 ng/mL LPS, or
100 ng/mL LPS. To determine stress-induced sensitization of the microglia proinflammatory
response, area under the curve (AUC) for LPS concentrations was calculated for each
animal to reflect the cumulative proinflammatory response. Stress significantly elevated
IL-1p gene expression in microglia (main effect of time and stress: F1 17 = 45.9 and 10.1, p
< 0.05; Fig. 4A). Post hoc analysis demonstrated that stress only significantly potentiated
IL-1B gene expression to LPS if the stressor occurred during the light phase (p < 0.05). A
similar result was observed for IL-6; stress elevated microglial IL-6 gene expression to LPS
if IS occurred during the light but not during the dark phase (main effect of time and stress:
F117 =12.7 and 6.9, and post hoc analysis, p < 0.05; Fig. 4B). Additionally, TNF- a gene
expression to LPS was significantly elevated in microglia isolated in the light as compared
to the dark phase (main effect of time: Fq 17 = 20.0, p < 0.05, Fig. 4C). However, there was
not a significant effect of stress. Overall, IL-1p and IL-6 results indicate that microglia from
rats stressed during the light, but not dark phase are primed to inflammatory challenge.

3.3. Experiment 3: Microglia isolated at ZT6 versus ZT16 did not show different phenotypic
changes induced by ex vivo corticosterone treatment

Glucocorticoids are believed to be the proximal signal through which stress primes
microglia (Frank et al., 2012, Frank et al., 2014). Thus, here we evaluated whether microglia
isolated from rats during the light or the dark phase exhibited differential responses to ex
vivo corticosterone treatment. More specifically, we examined expression of several
inflammatory pathway genes including CD200R, CX3CR1, MHCII, and NFKBIA in
response to increasing concentrations of corticosterone. Corticosterone significantly
decreased expression of CD200R (main effect of corticosterone: F3 24 = 8.4, p < 0.05; Fig
5A) and CX3CR1 (main effect of corticosterone: F3 24 = 3.3, p < 0.05; Fig 5B), receptors
involved in the anti-inflammatory regulation of microglia. Furthermore, NFKBIA, a
negative regulator of NFxB, was upregulated by corticosterone treatment (main effect of
corticosterone: F3 24 = 3.2, p < 0.05; Fig 5C). There was no effect of corticosterone
treatment on MHCII mRNA expression. Furthermore, there were no time-of-day dependent
changes in gene regulation. That is, microglia isolated during the light and dark phase
exhibited similar responses to corticosterone treatment.

3.4. Experiment 4: Corticosterone concentrations are comparable in rats that underwent
stress during the light and dark phase

It is possible that the corticosterone signal produced by IS was different in rats that received
the stressor during the light and dark phase. This could result in a different signal to
microglia and explain why microglia isolated at the two different times of day show
comparable responses to corticosterone (Fig. 5) but exhibit diurnal differences in responses
to LPS when isolated after stress (Fig. 4). Rats received 1S or HCC treatment at either ZT6
or ZT16 and then blood was immediately collected. As expected there was a significant
effect of stress on corticosterone concentrations (F1 29 = 206.4, p < 0.05) and an interaction
between stress and time (F1 29 = 4.9, p < 0.05; Fig. 6A). Corticosterone concentrations did
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not differ between the two time points following stress (post hoc). However, the percent
increase in corticosterone was greater during the light as compared to the dark phase (t1g =
13.0, p < 0.05; Fig. 6B).

4. Discussion

Here, we provide the first evidence that the time at which rats are exposed to a stressor
influences neuroinflammatory priming. Rats exposed to IS during the light (inactive) phase
showed the expected enhanced neuroinflammatory response to a subsequent LPS challenge.
In contrast, rats receiving IS during the dark phase did not show neuroinflammatory
priming. These striking in vivo findings were mirrored by ex vivo microglial inflammatory
state as microglia isolated from rats stressed during the light (but not dark) phase showed
enhanced LPS-elicited activation. Our data identify time-of-day as a novel regulator of
stress-induced neuroinflammatory state.

As has been previously shown, exposure to IS increased hippocampal cytokines following a
subsequent inflammatory challenge. Indeed, animals that received 100 inescapable
tailshocks during the light phase increased gene expression of the pro-inflammatory
cytokines IL-1B3, TNF-a, and IL-6 following an inflammatory challenge either 24 (ZT6) or
36 h (ZT16) later. However, this effect was limited to animals that experienced the stressor
during the light (inactive) phase. Pro-inflammatory cytokine induction was not significantly
amplified in rats stressed during the dark (active) phase. Previous work in our laboratory
investigated whether modulating timing of the inflammatory challenge, but not stress,
influences neuroinflammatory priming. This prior study demonstrated that IS during the
light phase (ZT1) significantly potentiated fever, corticosterone, and ACTH following LPS
during the light (ZT1) or dark phase (ZT14). However, a significant potentiation in the
cytokine response was not observed in animals that received IS during the light phase and
immune challenge during the dark phase. This result differed from our current findings and
may be due to the timing of the stressor relative to the LPS challenge: in the study by
Johnson et al. the immune challenge during the dark phase occurred 61 h following the
stressors (compared to 24 and 36 h as in our experiment) (Johnson et al., 2003).

Here, both 24 and 36 h time points after LPS exposure were included following stress
because inflammatory responses are elevated in the light as compared to the dark phase. A
preliminary study demonstrated that rats exposed to stress at ZT16 did not show
inflammatory priming 24 h later, however, it could not be ruled out that inflammatory
priming was not apparent because LPS has a diminished effect at ZT16. Thus, a time point
was included so that stress and LPS occurred at opposite phases of the circadian cycle (36 h
later). Importantly, rats that received stress during the light phase (~ZT4) that were
challenged with LPS during the dark phase (36 h later; ZT 16) still demonstrated
inflammatory priming, but the converse experiment (stress during the dark at ~ZT18 and
LPS at ZT6) did not produce priming.

To determine whether microglia might contribute to diurnal differences in
neuroinflammatory priming we isolated microglia 24 h after stress delivered either during
the middle of the light or dark phase. Only microglia isolated from rats that received IS
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during the light phase demonstrated an exaggerated inflammatory response when treated ex
vivo with LPS. Of course, the extrapolation of results from an ex vivo model to an intact
organism is difficult. However, these results do complement the in vivo findings and suggest
that microglia may partially mediate circadian differences in neuroinflammatory priming.
Taken together, results from both the in vivo and ex vivo studies indicate that the time at
which stress occurs is critical for priming neuroinflammatory responses.

Substantial evidence indicates that glucocorticoids are the proximal signal through which
acute and chronic stress primes microglia and neuroinflammatory responses (Frank et al.,
2010, Frank et al., 2012, Frank et al., 2014, Chijiwa et al., 2015). Indeed, blocking the
glucocorticoid response to stress (pharmacologically or surgically) prevents
neuroinflammatory priming (Frank et al., 2012, Chijiwa et al., 2015). Moreover, acute and
chronic glucocorticoid administration at doses that mimic the rises produced by stress
primes microglia to pro-inflammatory stimuli (Frank et al., 2010, Frank et al., 2014). Thus
here we tested whether microglia isolated during the light as compared to the dark phase are
differentially responsive to glucocorticoids. More specifically, we examined the effects of ex
vivo corticosterone on CX3CR1 (fractalkine receptor) and CD200R expression in microglia.
CD200 and CX3CL1 are both considered neuroinflammatory “off” signals for microglia
(Biber et al., 2007, Paolicelli et al., 2014). In support, downregulation or ablation of
CX3CR1 and CD200 are associated with heightened neuroinflammatory responses (Cardona
et al., 2006, Denieffe et al., 2013). Furthermore, reduced CX3CR1 may drive
neuroinflammatory priming of microglia in aged mice (Wynne et al., 2010). Here, we show
that in isolated microglia corticosterone decreased CX3CR1 and CD200R mRNA
expression in a concentration dependent manner. These data further support the idea that
glucocorticoids can have a pro-inflammatory influence and suggest a novel mechanism, the
dis-inhibition of microglial pro-inflammatory pathways, for this action. However, there was
no time of day effect of corticosterone on mMRNA expression of either receptor. There are
several limitations to the ex vivo approach that may explain the null effect of time of day on
microglia responses including: (1) the isolation procedure for microglia may change
responsiveness of the cells, (2) exposure to tonic corticosterone concentrations in vitro may
not properly mimic the dynamic pulsatile release of glucocorticoids in vivo, and (3) the
response of microglia to corticosterone in vivo may involve interactions with other cells
types. Furthermore it is possible that diurnal differences in microglia priming may be due to
different glucocorticoid responses to inescapable stress during the light as compared to the
dark phase.

To test this hypothesis, plasma corticosterone concentrations were assessed directly
following IS during the middle of the light or dark phase. Corticosterone concentrations
after the stressor did not differ between rats stressed at the two different time points
suggesting that differential regulation of corticosterone might not mediate time of day
differences in neuroinflammatory priming. However, the percent and absolute change in
corticosterone concentrations differed between the light and dark phase, with a greater
magnitude of change during the light phase.

Previous work indicates that the type of stressor is important for eliciting diurnal differences
in glucocorticoid response (Retana-Marquez et al., 2003). For example, circadian
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differences in the HPA stress response do occur in some cases, with peak corticosterone
induction during the light as compared to the dark phase (Dunn et al., 1972, Kant et al.,
1986). However, the stressors used in these studies were milder than that used here. A recent
study using inescapable predator scent also found that the glucocorticoid concentrations
following a stressor were similar at different circadian phases (Cohen et al., 2015). Again, it
is important to note that since basal corticosterone concentrations were lower in the light
phase than in the dark phase, the increase from baseline produced by IS was greater in the
light phase. It is possible that it is the increase in corticosterone produced by the stressor
rather than the absolute post-stressor concentration of corticosterone that is critical. In
addition, glucocorticoid receptor number and affinity might be different at different times of
day (Nader et al., 2009), and so it is possible that glucocorticoid signaling in response to the
stressor could still be different in the light and dark cycles.

It is also possible that the down-regulation of CD200R and CXC3CRL1 in microglia treated
with corticosterone is not sufficient to induce microglia priming and that other changes
occur in vivo. For example, upregulation of MHCII occurs in the hippocampus following
stress and has previously been implicated in stress-induced neuroinflammatory priming
(Frank et al., 2010, Weber et al., 2015). However, there was no effect of corticosterone
treatment on MHCII gene expression in microglia isolated during the light or the dark phase.
This may indicate that interactions with other cells types (such as neurons and astrocytes)
occur in the brain following stress and contribute to glucocorticoid priming of microglia. For
example, neurons may respond differentially to the effects of elevated glucocorticoids at
different times of day, providing an enhanced priming signal — such as HMGBL. release (Qiu
et al., 2008, Weber et al., 2015) or glutamatergic signaling (Mayhew et al., 2015) —to
microglia during the light but not dark phase.

Interestingly, nocturnal rodents are more susceptible to the effects of stress during the light
(inactive) phase as compared to the dark phase (Cohen et al., 2015). Rats exposed to a
stressor at the onset of their inactive phase displayed increased anxiety-like behaviors in the
elevated plus maze and acoustic startle response tests, compared to rats exposed to the same
stressor during their active phase (Cohen et al., 2015). These behavioral differences are
associated with differential regulation of NPY and Yrl in the hypothalamus. Taken together,
these results may indicate that rats are buffered against the effects of glucocorticoids during
the dark (active) phase when endogenous concentrations of corticosterone are higher
basally. Animals are more likely to be exposed to a variety of stimuli during their active
phase, and thus diminished inflammatory priming at this time may prevent potentially
harmful overreactions to such stimuli. Furthermore, it may be maladaptive to respond with
an energetically expensive heightened neuroinflammatory response during the active phase,
when energy resources are needed for other processes (e.g. foraging, mating, fighting).

The present work highlights the importance of studying circadian rhythms to understand the
biological mechanisms that mediate stress effects. The natural fluctuations in vulnerability
and resilience to stress that occur throughout the day may help elucidate the biological
mechanisms that underlie stressor susceptibility. In particular, these results indicate that
there are diurnal differences in heightened neuroinflammatory processes, which have been
implicated in the etiology of mood disorders (Dantzer et al., 2008). Overall, this work may
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have important implications for shift workers. Shift workers are more likely to be exposed to
stress when they are working during their inactive phase, which could lead to heightened
neuroinflammatory responses. Importantly, shift work is a known risk factor for the
development of mood disorders (Bedrosian and Nelson, 2013).

5. Conclusions

These experiments resulted in several important findings: (1) the time at which rats are
exposed to stress influences neuroinflammatory priming, (2) microglia inflammatory
responses are also differentially regulated by stress at different time of day, (3)
glucocorticoids directly down regulate genes involved in microglia inhibition, and (4) the
magnitude of the corticosterone response but not absolute concentrations of corticosterone
are enhanced following IS during the light as compared to the dark phase. While rats
exposed to IS during the light phase showed increase hippocampal cytokines following a
subsequent inflammatory challenge, stress during the dark phase did not significantly affect
inflammatory potential. Microglia likely contribute to diurnal differences in
neuroinflammatory priming as microglia also show circadian differences in stress induced
inflammatory priming to an ex vivo LPS challenge. These results highlight the importance of
time-of-day in regulating susceptibility to stress and inflammatory challenges, and may have
key implications for improving conditions for shift workers, hospital patients, and surgeries.
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Highlights
e Timing of stressor exposure influences neuroinflammatory priming

»  Microglia inflammatory responses are similarly regulated by time of stress
exposure

e The corticosterone response is enhanced following stress during the light phase

e Glucocorticoids directly down-regulate genes involved in microglia inhibition
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Figure 1.
Experimental design schematic.
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Figure 2. Inflammatory priming of interleukin-1f did not occur in rats that underwent
inescapable stress during the dark phase

(A) Hippocampal IL-1f gene and protein expression in rats that were injected with saline or
lipopolysaccharide either during the middle of the light (ZT6) or dark (ZT16) phase. (B)
Hippocampal IL-1p gene and protein expression in rats that received stress during the
middle of the light phase and were injected 24 or 36 h later with LPS. (C) Hippocampal
IL-1p gene and protein expression in rats that received stress during the middle of the dark
phase and were injected 24 or 36 h later with LPS. Gene expression data are presented
relative to { actin. All data are presented as mean + SEM. *main effect, Tsimple effect of
LPS, #simple effect of time, in all cases p < 0.05.
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Figure 3. Tumor necrosis factor-a and interleukin-6 were not elevated by inescapable stress
during the dark phase

(A&D) Hippocampal IL-6 and TNF-a gene expression in rats that were injected with saline
or lipopolysaccharide either during the middle of the light (ZT6) or dark (ZT16) phase.
(B&E) Hippocampal 1L-6 and TNF-a gene expression in rats that underwent stress during
the middle of the light phase and were injected 24 or 36 h later with LPS. (C&F)
Hippocampal IL-6 and TNF-a gene expression in rats that underwent stress during the
middle of the dark phase and were injected 24 or 36 h later with LPS. Gene expression data
are presented relative to p actin. All data are presented as mean + SEM. *main

effect, Tsimple effect of LPS, #simple effect of time, in all cases p < 0.05.
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Figure 4. Microglial were susceptible to priming in rats that underwent inescapable stress during
the light but not the dark phase

(A) IL-1p, (B) IL6, and (C) TNF-a mRNA expression from hippocampal microglia that
were isolated from animals that underwent inescapable stress during the middle of the light
(ZT 6) or dark phase (ZT 16). Microglia were stimulated ex vivo with 0, 10, or 100 ng/mL of
LPS. Gene expression data are presented relative to B actin. All data are presented as mean +
SEM. *main effect, Tdiffers from all other groups, in all cases p < 0.05.
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Figure 5. Microglia isolated during the middle of the light or dark phase an stimulated ex vivo
with corticosterone comparably regulated gene expression

Hippocampal microglia were isolated during the middle of the light (ZT6) or dark (ZT16)
phase and treated ex vivo with 0, 10, 100, or 1000 nM corticosterone for 2h. RNA was then
isolated to evaluate (A) CD200R, (B) CX3CR1, (C) MHCII and (D) NFKBIA mRNA
expression. Genes are expressed relative to 3 actin and presented as mean + SEM.
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Figure 6. Plasma corticosterone concentrations in rats that underwent IS during the middle of
the light or dark phase

(A) Blood samples were taken directly following a 2 h IS session or from home cage control
animals. (B) Percent increase in corticosterone concentrations relative to home cage control.
Data are presented as mean + SEM. *main effect, Tsimple effect of time, in all cases p <
0.05.

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 April O1.



