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Abstract

Exposure to stressors induces anxiety- and depressive-like behaviors, which are mediated, in part,
by neuroinflammatory processes. Recent findings demonstrate that treatment with the
immunoregulatory and anti-inflammatory bacterium, Mycobacterium vaccae (M. vaccae),
attenuates stress-induced exaggeration of peripheral inflammation and stress-induced anxiety-like
behavioral responses. However, the effects of M. vaccae on neuroimmune processes have largely
been unexplored. In the present study, we examined the effect of M. vaccae NCTC11659 on
neuroimmune regulation, stress-induced neuroinflammatory processes and anxiety-like behavior.
Adult male rats were immunized 3x with a heat-killed preparation of M. vaccae (0.1 mg, s.c.) or
vehicle. M. vaccae induced an anti-inflammatory immunophenotype in hippocampus (increased
interleukin (/)4, Cd200r1, and Mrc1 mRNA expression) and increased 1L4 protein 8 d after the
last immunization. Central administration of recombinant IL4 recapitulated the effects of M.
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vaccae on Ca200r1 and Mrc1 mRNA expression. M. vaccae reduced basal levels of genes (N/lrp3
and Nrkbia) involved in microglial priming; thus, we explored the effects of M. vaccae on stress-
induced hippocampal microglial priming and HMGB1, which mediates priming. We found that M.
vaccae blocked stress-induced decreases in Cad200r1, increases in the alarmin HMGB1, and
priming of the microglial response to immune challenge. Furthermore, M. vaccae prevented stress-
induced increases in anxiety-like behavior. The present findings suggest that M. vaccae enhances
immunomodulation in the CNS and mitigates the neuroinflammatory and behavioral effects of
stress, which may underpin its capacity to impart a stress resilient phenotype.

Keywords
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1. Introduction

Anxiety and trauma-related disorders are the most commonly occurring of all mental
disorders, with estimated lifetime prevalence as high as 25% (Kessler, 2002). In addition to
high prevalence, these disorders have an early age at onset, have high chronicity, and involve
substantial role impairment (Kessler, 2002). Furthermore, anxiety and trauma-related
disorders have significant psychiatric comorbidities including major depression, non-
affective psychosis, and alcohol and drug abuse/dependence. It is estimated that the annual
total cost of anxiety and trauma-related disorders in the U.S. is between $42 billion
(Greenberg et al., 1999) and $47 billion (DuPont et al., 1996).

Recent studies suggest that chronic inflammation contributes to risk of anxiety disorders,
trauma, and stress-related disorders, as well as affective disorders (Eraly et al., 2014; Miller
and Raison, 2016; Rohleder, 2014). Indeed, it has been proposed that an enhanced stress-
induced inflammatory immune activation plays a causal role in the development of these
disorders (Khandaker et al., 2014; Kivimaki et al., 2014; Pervanidou et al., 2007). This
hypothesis is supported by preclinical studies demonstrating that interleukin (I1L)-6, a
pleiotropic cytokine released in association with inflammatory responses, is predictive for
subsequent development of anxiety and depressive-like symptoms (Hodes et al., 2014).
Furthermore, lower numbers of regulatory T cells (Treg) have been found in individuals with
a diagnosis of anxiety, trauma, and stress-related disorders such as posttraumatic stress
disorder (PTSD) (Sommershof et al., 2009) as well as in major depression (Li et al., 2010).
Some evidence is accumulating to support improved outcomes following anti-inflammatory
treatment in individuals with major depressive disorder (Dean et al., 2017; Kohler et al.,
2014; Raison et al., 2013).

Increases in chronic low-grade inflammation in modern urban societies have been attributed
in part to reduced immunoregulation secondary to decreases in microbial exposures, as
proposed by the hygiene hypothesis (Rook and Lowry, 2008), “Old Friends” hypothesis
(Rook et al., 2015; Rook et al., 2013, 2014), and biodiversity hypothesis (von Hertzen et al.,
2015). Immunoregulation refers to a balanced expression of effector T cells (i.e., Thl, Th2,
and Th17 cells) and regulatory T cells (Treg) that produce anti-inflammatory cytokines such

Brain Behav Immun. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frank et al.

Page 3

as IL-10 and transforming growth factor beta (TGFB)(Lowry et al., 2016; Rook, 2013).
Throughout human evolution, “Old Friends” needed to be tolerated by the immune system,
as they were either part of host physiology (human microbiota), were harmless but
inevitably contaminating air, food and water (environmental microbiota), or caused severe
tissue damage when attacked by the host immune system (e.g., helminthic parasites).
Myrcobacterium vaccae (M. vaccae) is a saprophytic bacterium found in soil, water, and mud
(Hoisington et al., 2015), and is considered an “Old Friend” with potent immunoregulatory
effects (Rook et al., 2004).

Given the evidence for reduced immunoregulation and chronic low-grade inflammation in
anxiety and trauma-related disorders, microbial interventions that increase Treg, promote
immunoregulation, and increase anti-inflammatory signaling may have value in the
prevention or treatment of these disorders. M. vaccae increases induction of Treg and
production of anti-inflammatory cytokines, including IL-10 and TGFf (Reber et al., 2016b;
Zuany-Amorim et al., 2002). Furthermore, immunization with M. vaccae in mice prevents
development of a PTSD-like syndrome, stress-induced colitis, chemically induced colitis in
a model of inflammatory bowel disease, stress-induced exaggeration of proinflammatory
cytokine secretion from freshly isolated and stimulated mesenteric lymph node cells, and
anxiety-like behaviors (Reber et al., 2016a; Reber et al., 2016b).

These findings suggest that treatment with immunoregulatory and anti-inflammatory agents
can promote a peripheral anti-inflammatory immunophenotype and buffer organisms against
the proinflammatory effects of stress. However, the effects of M. vaccae on stress-induced
neuroinflammation have not been studied. Because peripheral immune signals are
communicated to the CNS, we explored the possibility that immunization with a heat-killed
preparation of M. vaccae might induce an anti-inflammatory immunophenotype in the
central nervous system (CNS) and thus mitigate the neuroinflammatory and behavioral
effects of stress exposure (Frank et al., 2015b, 2016).

Exposure to acute and chronic stressors induces proinflammatory cytokines in the CNS
(Goshen and Yirmiya, 2009) as well as sensitization of these inflammatory processes to
subsequent immune challenges (Frank et al., 2016). For example, a number of studies have
found that prior exposure to either acute or chronic stressors potentiates the
neuroinflammatory and microglial proinflammatory response to subsequent immune
challenges (de Pablos et al., 2006; Espinosa-Oliva et al., 2011; Frank et al., 2007; Johnson et
al., 2003; Johnson et al., 2004; Munhoz et al., 2006; Wohleb et al., 2011). These findings
suggest that stressors might sensitize or prime microglia, which are considered a key
substrate of this stress-induced phenomenon (Frank et al., 2015b). Also, neuroinflammatory
processes have been found to play a mediating role in the depressogenic and anxiogenic
effects of stress, and induction of neuroinflammatory processes is sufficient to recapitulate
these behavioral effects of stress (Goshen and Yirmiya, 2009). In light of M. vaccae’s effects
on peripheral anti-inflammatory processes as well as its anxiolytic effects, we examined the
effects of immunization with a heat-killed preparation of M. vaccae on an anti-inflammatory
immunophenotype in the CNS as well as stress-induced microglial sensitization in
association with stress-induced anxiety-like behavior.
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2. Materials and Methods

2.1. Animals

Adult male Sprague-Dawley rats (60-90 d old; Envigo) were pair-housed with food and
water available ad /ibitum. The colony was maintained at 22 °C on a 12 h light/dark cycle
(lights on at 07:00 h). All experimental procedures were conducted in accord with the
University of Colorado Boulder Institutional Animal Care and Use Committee.

2.2. Mycobacterium vaccae (M. vaccae) treatment

M. vaccae is a saprophytic environmental mycobacterium (Rook et al., 2004), which we
have used previously to mitigate stress-induced anxiety-like behavior and peripheral
proinflammatory responses (Reber et al., 2016b). Briefly, whole heat-killed M. vaccae
(5train NCTC 11659, batch ENG 1; Bio Elpida; 10 mg/ml) was suspended in sterile borate-
buffered saline (BBS) to yield a final concentration of 1 mg/ml. Sterile BBS served as the
vehicle control.

Consistent with our prior work with M. vaccae (Reber et al., 2016b), experimental animals
received 3x subcutaneous (s.c.) immunizations with 0.1 mg whole heat-killed M. vaccae
suspension (0.1 ml) or vehicle (0.1 ml). Injections occurred at -21 d, -14 d and -7 d prior to
stress exposure. Fig. 1 provides a timeline of M. vaccae treatment relative to stress exposure,
behavioral testing and tissue/microglia collection.

2.3. Recombinant rat IL4 (rIL4) treatment

Vehicle (sterile 1x PBS + 0.1% BSA) or rIL4 (100 ng dissolved in vehicle; R & D Systems,
cat. no. 504-RL) was injected intra-cisterna magna (i.c.m.; 5 pl total volume). Two and 24 h
post-injection, hippocampus was collected for gene expression analysis of IL4-sensitive
target genes. The dose of rIL4 used here was based on findings of Lyons and colleagues
(Lyons et al., 2007), who demonstrated that intracerebroventricular (i.c.v.) administration of
this dose of rIL4 was sufficient to induce robust expression of IL4-sensitive genes in
hippocampus. We have demonstrated that i.c.m. injections of substances reach distal target
regions in the CNS (i.e., hippocampus) consistent with more typical i.c.v. procedures, and
this procedure produces no detectable inflammatory responses (Frank et al., 2012a). Rats
were anesthetized with 5% isoflurane in oxygen and then maintained on 3% isoflurane
during the brief procedure (~3 min). The dorsal aspect of the skull was shaved and swabbed
with 70% EtOH. A sterile 27-gauge needle attached via sterile PE50 tubing to a 25 pl
Hamilton syringe was inserted transcutaneously at midline between the base of the skull and
first vertebrae into the cisterna magna (verified by withdrawing 2 pl of clear CSF), and drug
was injected over a 30 s period. After injection, the needle was left in place for 30 s to allow
for diffusion of drug.

2.4. Inescapable tailshock (IS)

Details of the stressor protocol have been published previously and this protocol reliably
potentiates proinflammatory cytokine responses in the hippocampus after peripheral immune
challenge (Johnson et al., 2003) and sensitizes ex vivo lipopolysaccharide (LPS)-induced
proinflammatory cytokine secretion from isolated hippocampal microglia (Frank et al.,
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2007). Briefly, animals were placed in Plexiglas® tubes (23.4 cmin length x 7 cm in
diameter) and exposed to 100 1.6 mA, 5-s tailshocks with a variable inter-trial interval (ITI)
ranging from 30 — 90 s (average ITI = 60 s). All IS treatments occurred between 09:00 and
11:00 h. IS animals were returned to their home cages immediately after termination of
shock. Home cage control (HCC) animals remained undisturbed in their home cages.

2.5. Tissue and blood collection

Animals were given a lethal dose of sodium pentobarbital. Cardiac blood was collected by
cardiac puncture after opening the thoracic cavity. Transcardial perfusion was then
performed with ice-cold saline (0.9%) for 3 min to remove peripheral immune leukocytes
from the CNS vasculature. Brain was rapidly extracted, placed on ice and brain regions
bilaterally dissected with each hemisphere designated for either protein or mMRNA analysis.
Hippocampus was collected given our prior findings of robust stress-induced priming effects
in this region (Frank et al., 2015b) and amygdala was also collected as a stress-sensitive
limbic structure (Vecchiarelli et al., 2016). Choroid plexus was removed from hippocampus
prior to tissue processing. For experiments involving measurement of /n vivo cytokine
MRNA expression and protein, hippocampus and amygdala were flash frozen in liquid
nitrogen and stored at -80° C. For experiments involving measurement of IL4 mRNA
expression and protein in dorsal, intermediate, and ventral hippocampus, hippocampus was
dissected and each hemisphere was trisected into these distinct subregions based on the
method of Lee et al. (Lee et al., 2017). Hippocampal subregions were flash frozen in liquid
nitrogen and stored at -80° C. For experiments involving ex vivo LPS stimulation of isolated
hippocampal microglia, hippocampal microglia were immediately isolated.

2.6. Serum corticosterone (CORT) assay

Blood was collected in untreated Eppendorf tubes, centrifuged (10 min, 14,000 x g, 4° C)
and serum collected. CORT was measured in duplicate using a competitive immunoassay
(Enzo Life Science) as described in the manufacturer’s protocol (intra-assay mean %CV =
7.7; inter-assay mean %CV =9.7).

2.7. Ex vivo immune stimulation of hippocampal microglia with LPS

Hippocampal microglia were isolated using a Percoll density gradient as previously
described (Frank et al., 2006). We have previously shown (Frank et al., 2006) that this
microglia isolation procedure yields highly pure microglia (/ba-1+/ Cd163-/ Gfap- mRNA).
In the present experiments, immunophenotype and purity of microglia were assessed using
real time RT-PCR. Microglia were suspended in DMEM+10% FBS and microglia
concentration was determined by trypan blue exclusion. Microglia concentration was
adjusted to a density of 1 x 104 cells/100 ul and 100 pul added to individual wells of a 96-well
v-bottom plate. LPS (£. coli serotype 0111:B4; Sigma-Aldrich; cat. no. L3012) was utilized
to challenge microglia ex vivo as we have previously determined the optimal /n vitro
conditions under which LPS stimulates a microglial proinflammatory cytokine response
(Frank et al., 2006). Cells were incubated with LPS (1, 10, and 100 ng/ml) or media alone
for 2 hat 37 °C, 5% CO,. The plate was centrifuged at 1000 x g for 10 min at 4 °C to pellet
cells and cells were then washed 1x in ice-cold PBS and centrifuged at 1000 x g for 10 min
at 4 °C. Cell lysis/homogenization and cDNA synthesis were performed according to the
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manufacturer’s protocol using the SuperScript 11 CellsDirect cDNA Synthesis System
(Invitrogen).

2.8. Real time RT-PCR measurement of gene expression

Total RNA was isolated from whole hippocampus and amygdala utilizing a standard method
of phenol:chloroform extraction (Chomczynski and Sacchi, 1987). For detailed descriptions
of RNA isolation, cDNA synthesis and PCR amplification protocols refer to prior
publication (Frank et al., 2007). cDNA sequences were obtained from Genbank at the
National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov). Primer
sequences were designed using the Operon Oligo Analysis 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 analyses. All primers were designed to span exon/
exon boundaries and thus exclude amplification of genomic DNA (see Table 1 for primer
description and sequences).

PCR amplification of cDNA was performed using the QuantiTect SYBR Green PCR Kit
(Qiagen). Formation of PCR product was monitored in real time using the MyiQ Single-
Color Real-Time PCR Detection System (Bio-Rad). Relative gene expression was
determined by taking the expression ratio of the gene of interest to p-actin.

2.9. Enzyme-linked immunosorbent assay (ELISA)

Hippocampus was sonicated in a mixture containing extraction buffer (Invitrogen; Cat. No.
FNNO0O071) and protease inhibitors (Sigma-Aldrich; Cat. No. P2714). Ice-cold tissue
sonicates were centrifuged at 14,000 rpm for 10 min at 4 °C. The supernatant was removed
and the total protein concentration for each sample was quantified using the Bradford
method. High Mobility Group Box 1 (HMGB1; LifeSpan Biosciences, Inc.; cat. no. LS-
F4039), IL1B (R & D Systems; cat. no. RLB00) and IL4 (R & D Systems; cat. no. R4000)
protein was measured using a standard colorimetric sandwich ELISA according to the
manufacturer's instructions. Protein was quantified as pg/mg total protein.

2.10. Juvenile social exploration (JSE)

Stress exposure (IS) produces robust decrements in JSE (Christianson et al., 2008), which is
a widely used and validated measure of anxiety (File and Seth, 2003) and is sensitive to the
neuroinflammatory effects of stress (Goshen and Yirmiya, 2009). Here, JSE was measured
24 h prior to (baseline) and 24 h after IS (test). Each experimental subject was transferred to
a novel cage with shaved wood bedding in a dimly lit room (40 Ix). After a 15-min
habituation period, a 28-32 day-old juvenile male rat was introduced to the subject's cage
for 5 min. Exploratory behaviors of the adult (sniffing, pinning, licking and allo-grooming of
the juvenile) were timed by an observer blind to treatment condition. After the test, the
juvenile was removed and the experimental adult rat was returned to its homecage. Although
juvenile stimulus rats were reused for multiple tests, the adult was never re-tested with the
same juvenile. For each animal, JSE test data were quantified as a percent of baseline JSE.
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2.11. Statistical analysis and data presentation

3. Results

All data are presented as mean + s.e.m. Statistical analyses consisted of Student’s £tests or
ANOVA followed by post hoc tests (Newman-Keuls) using Prism 5 (Graphpad Software,
Inc.). Threshold for statistical significance was set at two-tailed a = 0.05. Sample sizes are
provided in figure captions. Area under the LPS concentration curve (AUC) was computed
to capture the cumulative effect of stress and M. vaccae treatment on the cytokine response
to LPS ex vivo.

3.1. Effect of M. vaccae on hippocampal and amygdalar anti-inflammatory mediators and
markers of alternative activation

M. vaccae treatment has been found to increase peripheral levels of anti-inflammatory
cytokines including IL10 and transforming growth factor beta (TGFB1) (Rook et al., 2004).
Therefore, we conducted an initial investigation into whether M. vaccae treatment induces
an anti-inflammatory immunophenotype in the CNS independent of stress exposure. Here,
the effect of M. vaccae on the gene expression of several anti-inflammatory mediators (//4,
1110, 1113, and Tgfb1) was examined. As depicted in Fig. 2A, M. vaccae treatment increased
expression of //4(t=3.61, df = 18, p=0.002) in hippocampus; however, all other analytes
were either not affected by M. vaccae treatment (7gfbZ) or not detected due to low
expression levels (//10, 1/13). M. vaccae also increased IL4 protein levels in hippocampus
(contralateral hemisphere) of the same animals (see Fig. 2A inset; £=2.86, df =22, p=
0.008). Interestingly, M. vaccae failed to affect the expression level of these analytes in the
amygdala (Suppl. Fig. 1A).

IL4 is considered a powerful stimulus of alternative macrophage activation (Ransohoff and
Perry, 2009), also termed a wound healing macrophage phenotype (Mosser and Edwards,
2008). IL4 has been found to induce markers of alternative macrophage activation including
arginase 1 (ARG1) (Ransohoff and Cardona, 2010), the mannose receptor (MRC1)
(Ambarus et al., 2012; Ransohoff and Cardona, 2010) and CD200R1 (Ambarus et al., 2012).
In addition, IL4 is a stimulus of neuronal CD200 expression (Lyons et al., 2007), which is
thought to constrain microglial activation via ligation of CD200R1 (Gorczynski, 2005).
Therefore, we examined the effect of M. vaccae on these IL4-sensitive antigens in
hippocampus. As depicted in Fig. 2B, M. vaccae treatment increased expression of Ca200r1
(¢=2.71,df =22, p=0.01) as well as Mrc1 (t=2.48, df = 22, p=0.02), but failed to alter
expression of Cad200and arg1. In the amygdala, M. vaccae failed to significantly alter the
expression levels of any of these IL4-sensitive targets (Suppl. Fig. 1B), which is consistent
with the lack of an M. vaccae effect on amygdalar IL4 as well as other anti-inflammatory
cytokines. Because M. vaccae failed to induce an anti-inflammatory milieu in amygdala,
subsequent experiments excluded amygdala analyses and focused solely on M. vaccae's
effects in hippocampus.

3.2. Effect of M. vaccae on hippocampal proinflammatory mediators

Under basal conditions, IL4 largely fails to modulate expression of proinflammatory
cytokines; however, it attenuates the proinflammatory response to immune challenge (Awad
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etal., 2017; Edwards et al., 2006). Interestingly, IL4 is capable of down-regulating basal
mMRNA levels of NLR family pyrin domain containing 3 (M/rp3) (Niebuhr et al., 2014),
which is an inflammasome component that mediates the processing of pro-1L1B into its
mature, bioactive form (Leemans et al., 2011). Here, we tested whether basal levels of
proinflammatory mediators in the hippocampus were altered in the context of increased
hippocampal I1L4. We found that M. vaccae treatment failed to affect basal gene expression
of proinflammatory cytokines (//16, /16, and Tnf) as well as IL1B protein, but reduced
expression of Nlrp3(t=2.25, df = 22, p=0.035) and nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor, alpha (Nfkbid) (t=2.71, df = 22, p=0.013)

(Fig. 3).

3.3. Effect of rIL4 on the hippocampal immunophenotype

The data presented thus far suggest that IL4 might play a pivotal role in M. vaccae's anti-
inflammatory effects in the CNS. To address this possibility, we examined whether
administration of rlL4 is sufficient to recapitulate the anti-inflammatory effects of M.
vaccae. Here, rlL4 was administered i.c.m. and the effect on M. vaccae-sensitive antigens
(Cd200, Cd200r1, Mrc) was then examined in hippocampus 2 h and 24 h post-injection. As
depicted in Fig. 4, rlL4 induced a significant increase in Mrc1 at 2 h post-injection (¢=3.09,
df =12, p=0.009) and Cad200r1at 2 h (t=2.7, df = 12, p=0.04) and 24 h post-injection (¢
=5.1,df =6, p=0.002), but failed to significantly alter expression of Cad200 at either
timepoint, thus recapitulating the effects of M. vaccae.

3.4. Effect of M. vaccae on stress-induced microglial priming

NLRP3 and NFKBIA signaling have been implicated in stress-induced microglial priming
(Weber et al., 2015). Given the effects of M. vaccae on basal expression of these genes, we
examined the possibility that M. vaccae’s anti-inflammatory effects may buffer the CNS
against the neuroinflammatory priming effects of stress. Exposure to acute stress sensitizes
microglia to proinflammatory immune challenges ex vivo such that acute stress exposure
potentiates the microglial proinflammatory cytokine response to subsequent immune
challenges (e.g. LPS). Here, animals were exposed to stress 7 d after the final M. vaccae
injection. Consistent with our prior studies (Frank et al., 2007), hippocampal microglia were
isolated 24 h after termination of the stressor and challenged with LPS ex vivo. Depicted in
Fig. 5A/C are data showing the proinflammatory response of microglia to several
concentrations of LPS /n vitro and the differential effects of stress and M. vaccae treatment.
Area-under-the-curve (AUC) analysis (Fig. 5B/D) was used to represent the overall
magnitude of the proinflammatory response across LPS concentrations and to examine the
interaction between stress and M. vaccae treatment on this response. The interaction
between stress and M. vaccae treatment was significant for //16 (interaction effect, F=
15.48, df = 1, 12, p=0.002; Fig. 5B) and Nrkbia (interaction effect, /= 10.75,df =1, 12, p
= 0.007; Fig. 5D), while the interaction between these treatments on //6and 7nffailed to
attain significance (data not shown). Post hoc comparisons show that in vehicle-treated
animals, stress potentiated the //16 (p < 0.05; Fig. 5B) and Nfkbia (p < 0.05; Fig. 5D)
responses to LPS compared to HCC animals. In 1S-exposed animals, M. vaccae treatment
significantly reduced the //16 (p < 0.05; Fig. 5B) and Nfkbia (p < 0.05; Fig. 5D) responses
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compared to vehicle treatment, thus blunting the proinflammatory response to levels
comparable to HCC animals.

3.5. Effect of M. vaccae on basal and stress-induced serum CORT levels

It is important to consider the possibility that M. vaccae's effect on microglial priming could
be due to M. vaccae's effects on basal as well as stress-induced levels of glucocorticoids,
which have profound anti-inflammatory effects (Cain and Cidlowski, 2017) as well as
paradoxical effects on neuroinflammatory processes (Sorrells et al., 2009). Serum CORT
levels were measured 24 h after IS exposure in animals immunized with M. vaccae.
Consistent with our prior work (Johnson et al., 2003), IS induced a persistent elevation in
serum CORT 24 h after termination of the stressor independent of M. vaccae treatment (Fig.
6; main effect of IS, F=29.88, df =1, 39, p<0.0001). In addition, M. vaccae treatment
failed to alter basal levels of serum CORT in HCC animals.

3.6. Effect of M. vaccae on stress-induced reductions in Cd200r1

Recent evidence from our laboratory demonstrates that exposure to IS reduces Cd200r1
expression 0 h and 24 h after termination of the stressor (Frank et al., 2017). Further, we
found that IS disrupts CD200:CD200R1 signaling, thereby leading to microglial
disinhibition and priming of microglial proinflammatory responses ex vivo (Frank et al.,
2017). Considering that M. vaccae induces hippocampal Cd200r1 expression, we explored
the possibility that M. vaccae treatment might prevent the stress-induced reductions in
Cd200r1 gene expression. Consistent with our prior findings (Frank et al., 2017), we found
that stress reduced expression of Ca200r1 compared to HCC animals (Fig. 7A; main effect
of IS, F=14.68, df = 1, 41, p< 0.001) and that M. vaccae treatment increased Ca200r1
expression compared to vehicle treatment (main effect of M. vaccae, F=24.47,df=1,41, p
< 0.0001), thus preventing stress-induced reductions in Ca200r1 expression. To examine
whether these effects of stress and M. vaccae on Cad200r1 extended to microglia,
hippocampal microglia were isolated 24 h after stress exposure in animals treated with
vehicle or M. vaccae. Similar to our observations in whole hippocampus, stress induced a
reduction in microglial Ca200r1 expression, which was prevented by M. vaccae
immunization (Fig. 7B; interaction effect, /=9.82, df =1, 12, p< 0.01). Post hoc
comparisons demonstrated that in vehicle-treated animals, exposure to IS reduced Ca200r1
expression compared to HCCs (p < 0.001); however, in 1S-exposed animals, M. vaccae
treatment abrogated this effect of IS on Cd200r1 compared to vehicle treatment (p < 0.001).

3.7. Effect of M. vaccae on stress-induced HMGB1

Alarmins are host biomolecules that can initiate and perpetuate a noninfectious
inflammatory response, often in response to cell or tissue damage, or immune activation
(YYang et al., 2017). We have previously found that stress induces the alarmin HMGBL in
hippocampus and increases release of HMGB1 protein from hippocampal microglia ex vivo.
In addition, we found that HMGB1 mediates stress-induced priming of microglial
proinflammatory responses assessed ex vivo (Weber et al., 2015). Interestingly, we also
found that HMGB1 induces a primed phenotype in primary microglia, which was
characterized by up-regulation of M/rp3and Nfkbia, but not proinflammatory cytokines
(Frank et al., 2015a). Furthermore, we found that stress-induced increases in HMGB1 are a
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consequence of disrupted CD200:CD200R1 signaling (Frank et al., 2017). Considering the
effects of M. vaccae on Nirp3, Nfkbia, and Cd200r1 (in the absence of any effects on
proinflammatory cytokines) as well as its effects on stress-induced microglial priming, we
explored the possibility that M. vaccae might modulate stress-induced HMGB1. Consistent
with our prior findings (Weber et al., 2015), exposure to IS resulted in a significant
upregulation of hippocampal HMGB1 protein levels compared to levels in HCC animals;
however, this effect of IS was blocked by prior immunization with M. vaccae (Fig. 8;
interaction effect, /=5.19, df = 1, 39, p=0.03). Post hoc comparisons demonstrate that
HMGB1 levels in vehicle-treated IS animals were significantly increased compared to levels
observed in vehicle-treated HCC (p < 0.01), M. vaccae-treated HCC (p< 0.01) and M.
vaccae-treated 1S (0 < 0.01) animals.

3.8. Effect of M. vaccae on stress-induced anxiety-like behavior

Exposure to acute and chronic stressors induces anxiety-like behavior in a number of
behavioral tests including the juvenile social exploration (JSE) test, which is blocked by
central administration of anti-inflammatory mediators such as IL1 receptor antagonist
(Goshen and Yirmiya, 2009). Likewise, central administration of rlL4 blocks LPS-induced
anxiety-like behavior (Bluthe et al., 2002). Therefore, given M. vaccae'sinduction of an anti-
inflammatory milieu in the CNS, we examined whether M. vaccae would mitigate the effects
of stress on anxiety-like behavior. As depicted in Fig. 9, M. vaccae treatment differentially
modulated the effect of IS on JSE (interaction effect, /=5.41, df = 1, 42, p=0.02).
Consistent with our prior findings (Christianson et al., 2008), IS reduced JSE 24h after stress
exposure in vehicle-treated animals (p < 0.05). However, M. vaccae treatment blunted this
effect of IS on JSE compared to vehicle treatment (p < 0.05).

3.9. Effect of M. vaccae on IL4 mRNA and protein expression in subregions of the
hippocampus

A number of studies now suggest that there is an anatomical segregation of hippocampal
function (for review see (Fanselow and Dong, 2010)); such that, the dorsal hippocampus
mediates spatial navigation and contextual memory (Holt and Maren, 1999; Kim and
Fanselow, 1992), while the ventral hippocampus plays a role in fear and anxiety (Kjelstrup
et al., 2002). Indeed, the ventral hippocampus selectively provides input to the amygdala
(Maren and Fanselow, 1995), a brain structure critical for mediating fear and anxiety
responses (Janak and Tye, 2015). Furthermore, the anti-inflammatory cytokine 1L4 has been
found to regulate learning and memory (Derecki et al., 2010) as well as depressive- and
anxiety-like behavior (Wachholz et al., 2017). Therefore, given the effect of M. vaccae on
IL4 (section 3.1.) and stress-elicited anxiety-like behavior (section 3.8.), we explored the
possibility that M. vaccae might differentially induce 1L4 in the ventral versus the dorsal
hippocampus. Animals received vehicle or M. vaccae as outlined in Fig. 1 and, 8 days post-
injection, hippocampus was trisected into dorsal, intermediate, and ventral subregions
according to the experimental approach described in Lee et al. (Lee et al., 2017).
Interestingly, a number of genes are differentially expressed at high levels in rat dorsal
versus ventral hippocampus (Lee et al., 2017). For example, neurotensin (A£s) is highly
expressed in dorsal relative to ventral hippocampus, while Ar2f2is highly expressed in
ventral relative to dorsal hippocampus. Therefore, we initially assessed these mMRNAS in
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dorsal, intermediate and ventral hippocampus to verify that our trisection of hippocampus
resulted in the anatomical segregation of the hippocampus into the desired subregions.
Consistent with the findings of Lee and colleagues, we found that NVfswas highly expressed
in dorsal versus intermediate and ventral sub-regions (F=52.99, df = 2, 14, p< 0.0001)
(Suppl. Fig. 2A), while Nir2f2was highly expressed in ventral versus intermediate and dorsal
subregions (F=108.2, df = 2, 14, p< 0.0001)(Suppl. Fig. 2B). We also assessed expression
of Cd3e, which Lee et al. found to be the most enriched transcript in dorsal hippocampus
compared to ventral hippocampus and is a component of the T cell receptor-CD3 complex.
Indeed, we replicated the findings of Lee et al. and found that dorsal hippocampus exhibited
high levels of Cd3e expression compared to intermediate and ventral hippocampus (F=
189.2, df = 2, 14, p< 0.0001)(Suppl. Fig. 2C). Interestingly, M. vaccae treatment increased
Cd3e expression only in dorsal hippocampus (brain region X M. vaccae interaction, F= 6.24,
df =2, 14, p< 0.01). These findings support that our trisection method resulted in the
anatomical segregation of the hippocampus into dorsal, intermediate, and ventral subregions.
Therefore, we next examined the effects of M. vaccae on 1L4 in these subregions. Consistent
with our initial findings (section 3.1.), M. vaccae treatment induced IL4 mRNA (main effect
of M. vaccae, F=8.17,df = 1, 14, p< 0.05) and protein (main effect of M. vaccae, F=7.58,
df =1, 14, p< 0.05) and did so irrespective of hippocampal subregion (Fig. 10). It should be
noted that dorsal hippocampus tended to show a greater effect of M. vaccae on 1L4;
however, the interaction between M. vaccae and hippocampal subregion was not significant
for either mRNA or protein.

4. Discussion

A number of studies have demonstrated that microbial-based interventions can mitigate the
effects of stress on anxiety- and depressive-like behavior (Bharwani et al., 2017; Bravo et al.,
2011; Desbonnet et al., 2010; Liang et al., 2015; Marin et al., 2017; Reber et al., 2016b). In
light of 1) the pivotal role neuroinflammatory processes play in these behavioral effects of
stress, 2) the effect of microbial-based interventions on peripheral immunoregulation, and 3)
communication of peripheral immune signals to the CNS, we explored the possibility that
immunization with a heat-killed preparation of the immunoregulatory and anti-inflammatory
bacterium, M. vaccae, might mitigate the effects of stress via prevention of stress-induced
neuroinflammation.

Indeed, we found that treatment with the immunoregulatory and anti-inflammatory
bacterium, M. vaccae, induced a distinct immunophenotype in hippocampus characterized
by increased anti-inflammatory cytokines (//4 mRNA and IL4 protein) and IL4-sensitive
antigens including Cd200r1 and the mannose receptor (MrcI). These immunophenotypic
changes resemble, in large part, an alternative macrophage activation state, which is
characterized by low proinflammatory cytokine production and enhanced tissue repair
function (Ransohoff and Perry, 2009). Particularly noteworthy is the effect of M. vaccae on
Cd200r1, which plays a prominent role in microglial immunomodulation. In the CNS,
CD200R1 is expressed almost exclusively on microglia as well as other CNS macrophages
(Koning et al., 2009; Wright et al., 2000). In the CNS microenvironment, microglia are
maintained in a surveillant or quiescent state of activation through several inhibitory
signaling dyads (Hoarau et al., 2011; Ransohoff and Cardona, 2010) including the
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CD200:CD200R1 dyad. CD200R1 inhibits myeloid cell function via engagement of its
ligand CD200 (Gorczynski, 2005), which is expressed at high levels in the CNS on neurons,
endothelial cells and oligodendrocytes. Interestingly, disruption of CD200:CD200R1
signaling potentiates the proinflammatory response of microglia to immune stimuli (Costello
etal., 2011; Denieffe et al., 2013) and has been implicated in neuroinflammatory processes
observed in aging (Lyons et al., 2007), neuropathic pain (Hernangomez et al., 2016) and
Alzheimer’s disease (Walker et al., 2009). Furthermore, we found that central administration
of recombinant IL4 increased hippocampal Ca200r1 and Mrcl expression, thus
recapitulating the effect of M. vaccae on these genes. Taken together, the parallel effects of
M. vaccae and recombinant IL4 on Ca200r1 suggest that endogenous IL4 might mediate the
effects of M. vaccae on Cad200r1; however, additional studies are still required to definitively
address the causality of this relationship. It is important to consider that this effect of M.
vaccaeon IL4, Cd200r1 and Mrcl was observed 8 days after the last M. vaccae
immunization. Of course, the onset of these immunophenotypic changes relative to M.
vaccae treatment is unclear. It is worth noting, though, that the peripheral anti-inflammatory
effects of M. vaccae have been found to last up to 12 weeks after M. vaccae immunization
(Zuany-Amorim et al., 2002), which raises the intriguing possibility that M. vaccae might
induce long-term anti-inflammatory changes in the CNS.

An important consideration concerns mechanisms by which peripheral M. vaccae
immunization generates an anti-inflammatory milieu in the CNS. Potential mechanisms
might include meningeal immunity, through which T cells in the meningeal compartment
modulate CNS function (Walsh et al., 2014), movement of lipophilic M. vaccae-derived
metabolites, such as triacylglycerols, long-chain saturated fatty acid polyesters, or their fatty
acid derivatives (Agusti et al., 2008) across the blood-brain barrier, and movement of
alternatively activated dendritic cells (following phagocytosis of M. vaccae) into the CNS
(Sagar et al., 2012). In addition, M. vaccae's peripheral anti-inflammatory effects might alter
immune-to-brain signaling via modulation of humoral or neural (e.g. vagal) routes of
communication to the CNS (Sarkar et al., 2016). As a part of examining the effects of M.
vaccae on anatomical subregions of the hippocampus (see below), we found that M. vaccae
selectively increased expression of the T cell antigen Cd3ein the dorsal hippocampus,
suggesting the possibility that M. vaccae might induce influx of T cells, which are a source
of IL4, into the dorsal hippocampus. This possible mechanism of M. vaccae's anti-
inflammatory effects in the hippocampus is currently being explored.

The effect of M. vaccae on Cad200r1 suggests that myeloid cells in the CNS might be under
greater inhibitory control via enhanced CD200 engagement. Therefore, we examined the
effect of M. vaccae on several genes involved in neuroinflammatory processes. We found
that basal levels of proinflammatory cytokines (//15, /16, and 7nf) were not affected by M.
vaccae treatment despite increased Cad200r1 expression. However, these effects are
consistent with Denieffe and colleagues who found that disrupted CD200:CD200R1
signaling in CD200 knockout mice does not alter basal cytokine levels, but primes microglia
to subsequent challenges (Denieffe et al., 2013). Interestingly, we found that M. vaccae
reduced expression of N/rp3and Nfkbia, which have been implicated in stress-induced
priming of microglia (Weber et al., 2015). Therefore, we examined the effect of M. vaccae
on this priming phenomenon. Consistent with prior findings (Frank et al., 2016), exposure to
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an acute stressor potentiated the microglial proinflammatory response to an immune
challenge ex vivo; however, treatment with M. vaccae abrogated this priming effect of stress.
It is important to note that M. vaccae failed to alter stress-induced serum glucocorticoid
levels, which are largely anti-inflammatory (Cain and Cidlowski, 2017), but also exhibit
paradoxical effects on neuroinflammatory processes (Sorrells et al., 2009). This suggests
that M. vaccae’s effect on stress-induced microglial priming is not due to modulation of
either basal or stress-induced glucocorticoid levels. However, it is important to note that
stress-induced glucocorticoids were measured at one time-point post-stress (24h), thus we
cannot exclude the possibility that M. vaccae modulated the glucocorticoid response at a
time-point more proximal to stress exposure. In addition, the present findings do not exclude
the possibility that M. vaccae might have altered glucocorticoid receptor expression or
induced a glucocorticoid resistant phenotype.

Several studies have examined potential mediators of stress-induced neuroinflammatory and
microglial priming (Frank et al., 2012b; Johnson et al., 2005; Johnson et al., 2004; Weber et
al., 2015; Wohleb et al., 2011). We have recently found that exposure to acute stress reduces
hippocampal expression of Cad200r1 resulting in disrupted CD200:CD200R1 signaling and
priming of microglia (Frank et al., 2017) . In addition, exposure to acute stress increases
levels of the danger-associated molecular pattern HMGBL1 in hippocampus (Weber et al.,
2015), a finding replicated in alternate stress paradigms (Cheng et al., 2016; Lian et al.,
2017). We have found that this stress-induced increase in HMGBL is a consequence of
disrupted CD200:CD200R1 signaling (Frank et al., 2017) and that HMGB1 mediates the
effects of stress on microglial priming (Weber et al., 2015). Also, HMGBL is sufficient to
prime microglia /n vivoand in vitro (Frank et al., 2015a). Therefore, we examined the effect
of M. vaccae on stress-induced reductions in Ca200r1 expression and increases in HMGB1.
Here, we reproduced our prior findings demonstrating that acute stress downregulates
hippocampal and microglial Cad200r1 expression concomitant with up-regulating HMGB1
levels in hippocampus. Consistent with its effect on stress-induced microglial priming, M.
vaccae immunization abrogated these effects of stress on hippocampal Ca200r1 and
HMGB1 levels. This result suggests that M. vaccae's effect on microglial priming might be a
consequence of its capacity to up-regulate CD200R1 expression, thereby increasing
microglial inhibitory drive and blocking induction of HMGB.1.

Taken together, the effects of M. vaccae on anti-inflammatory mediators, microglial priming,
Cd200r1, and the alarmin HMGB1 suggest that M. vaccae skews the CNS
microenvironment towards an anti-inflammatory or alternatively activated
immunophenotype. We have previously found that central anti-inflammatory treatment (i.e,
IL1RA) blocks the effects of stress on depressive-like behavior (Maier and Watkins, 1995).
Therefore, we tested whether M. vaccae might mitigate the behavioral effects of stress using
the juvenile social exploration (JSE) test, which is a highly sensitive measure of the sickness
response to proinflammatory challenges and stress (Goshen and Yirmiya, 2009). Consistent
with prior findings (Christianson et al., 2008), exposure to acute stress reduced JSE 24 h
after stress. However, treatment with M. vaccae blocked this behavioral effect of stress. This
effect of M. vaccae immunization on IS-induced decrements in JSE is consistent with its
anxiolytic effects in animals exposed to a chronic subordinate colony housing stressor
(Reber et al., 2016b); the studies by Reber et al. (2016) found no effect of M. vaccae on
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measures of locomotor activity, suggesting that these effects of M. vaccae are not due to an
overall decrease in activity. While the present effects of M. vaccae on behavior occurred in
parallel with effects on anti-inflammatory mediators and neuroinflammatory processes,
additional studies are clearly warranted to explore causal relationships. Despite this
limitation, the current studies clearly demonstrate that microbial- or microbiome-based
interventions have potential for prevention of stress-induced microglial priming, stress-
induced exaggeration of neuroinflammation, and their behavioral sequelae, including
anxiety-like behavioral responses.

Accumulating evidence now suggests that there is an anatomical segregation of hippocampal
function (for review see (Fanselow and Dong, 2010)). The dorsal subregion is thought to
play a role in spatial memory, while the ventral subregion plays a role in affective responses
(e.g. anxiety/fear responses). Considering that M. vaccae mitigated the anxiogenic effect of
stress, we explored the possibility that M. vaccae might differentially induce an anti-
inflammatory effect across subregions of the hippocampus. Consistent with our initial
findings, M. vaccae induced 1L4 mRNA and protein; however, this effect occurred
independent of hippocampal subregion. These findings suggest that M. vaccae might exert
effects on both dorsal hippocampus-mediated behavior (i.e. contextual memory) as well as
ventral hippocampus-mediated behavior (i.e. anxiety-like behavior). It is worth noting that
IL4, via T helper 2 cells in the CNS, is thought to play a critical role in learning and memory
(Gadani et al., 2012).

Prior studies have demonstrated that M. vaccae induces long-lasting stress resilience (Reber
et al., 2016b) via enhanced peripheral immunoregulation. The present study extends these
findings by demonstrating that M. vaccae enhances anti-inflammatory mechanisms in the
CNS and mitigates the neuroinflammatory and behavioral effects of stress. These findings
suggest the possibility that M. vaccae'sinduction of an anti-inflammatory milieu in the CNS
may underpin, in part, its capacity to impart a stress resilient phenotype.
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M. vaccae immunization induced an anti-inflammatory milieu in the
hippocampus.

M. vaccae immunization blocked stress-induced decreases in CD200R1.
M. vaccae immunization blocked stress-induced increases in the alarmin HMGB1.

M. vaccae prevented stress-induced priming of the microglia proinflammatory
response.

M. vaccae immunization blocked stress-induced increases in anxiety-like
behavior.
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Fig. 1. Timeline of experimental treatments
This schematic depicts the timing of M. vaccae treatment relative to stress exposure (IS;

inescapable tailshock), behavioral testing (JSE; juvenile social exploration) and tissue
collection.
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Fig. 2. Effect of M. vaccae on hippocampal anti-inflammatory mediators and markers of
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Animals received 3 injections of either vehicle or M. vaccae (0.1 mg, s.c.). Eight d after the
third injection, gene expression of (A) anti-inflammatory mediators and (B) markers of
alternative macrophage activation were measured in hippocampus. Data are presented as the

mean + s.e.m. /= 9-12 animals per experimental group. Significant M. vaccae effects

compared to vehicle, * p< 0.05, ** p< 0.01. ND = non-detected.
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Fig. 3. Effect of M. vaccae on hippocampal proinflammatory mediators
Animals received 3 injections of either vehicle or M. vaccae (0.1 mg, s.c.). Eight d after the

third injection, gene expression of hippocampal proinflammatory mediators was measured.
Data are presented as the mean + s.e.m. /= 9-12 animals per experimental group.
Significant M. vaccae effects compared to vehicle, * p< 0.05.
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Fig. 4. Effect of recombinant interleukin 4 (riL4) on the hippocampal immunophenotype
Animals received injections of either vehicle or riL4 (100 ng, i.c.m.). IL4-sensitive target

genes were measured in hippocampus at 2 h (A= 6-8 per group) or 24 h post-injection (V=
4 per group). Data are presented as the mean + s.e.m. Significant M. vaccae effects
compared to vehicle at each timepoint post-injection, * p< 0.05, ** p< 0.01.
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Fig. 5. Effect of M. vaccae on stress-induced microglial priming
Animals received 3 injections of either vehicle or M. vaccae (0.1 mg, s.c.). Seven d after the

third injection, animals were exposed to stress (IS; inescapable tailshock) or served as home

cage controls (HCCs). 24 h post-IS, hippocampal microglia were isolated from all animals

HCC

and exposed to several concentrations of LPS (0, 1, 10 and 100 ng/ml) for 2 h. (A and C)

the cytokine response (/16 and Nikbia) at each concentration of LPS was captured and (B
and D) the overall magnitude of the cytokine response (area-under-the-curve; AUC)

computed. NV = 4/experimental group. Data are presented as the mean + s.e.m. For the AUC
data, the vehicle/IS treatment group significantly differed from all other treatment groups, *
p<0.05 ** p<0.01, *** p< 0.001.
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Fig. 6. Effect of M. vaccae on basal and stress-induced serum corticosterone (CORT) levels
Animals received 3 injections of either vehicle or M. vaccae (0.1 mg, s.c.). Seven d after the

third injection, animals were exposed to stress (IS; inescapable tailshock) or served as home
cage controls (HCCs). 24 h post-IS, serum CORT levels were measured. /= 9-12 animals
per group. Data are presented as the mean + s.e.m. IS independent of M. vaccae treatment
increased serum CORT compared to HCC, **** p < 0.0001.
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Fig. 7. Effect of M. vaccae on stress-induced reductions in Cd200r1
Animals received 3 injections of either vehicle or M. vaccae (0.1 mg, s.c.). Seven d after the

third injection, animals were exposed to stress (IS; inescapable tailshock) or served as home
cage controls (HCCs). Twenty-four h post-1S, Cad200r1 expression was measured in (A)
whole hippocampal tissue (A= 10-12 animals per group) and (B) hippocampal microglia ex
vivo (N = 4 animals per group). Data are presented as the mean + s.e.m. In panel (A), main
effect of HCC vs IS, *** p< 0.001; main effect of vehicle vs M. vaccae, **** p< 0.0001. In
panel (B), the vehicle/IS treatment group significantly differed from all other treatment
groups, *** p< 0.001.
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Fig. 8. Effect of M. vaccae on stress-induced HMGB1
Animals received 3 injections of either vehicle or M. vaccae (0.1 mg, s.c.). Seven d after the

third injection, animals were exposed to stress (IS; inescapable tailshock) or served as home
cage controls (HCCs). Twenty-four h post-1S, hippocampal HMGB1 protein levels were
measured. /= 9-12 animals per group. Data are presented as the mean + s.e.m. The
vehicle/IS treatment group significantly differed from all other treatment groups, ** p <
0.01.
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Fig. 9. Effect of M. vaccae on stress-induced anxiety-like behavior
Animals received 3 injections of either vehicle or M. vaccae (0.1 mg, s.c.). Six d after the

third injection, baseline juvenile social exploration (JSE) was measured in all animals.
Twenty-four h after baseline testing, animals were exposed to stress (IS; inescapable
tailshock) or served as home cage controls (HCCs). Twenty-four h post-1S, JSE was
measured. Data are presented as a percent of baseline JSE. V= 10-12 animals per group.
Data are presented as the mean + s.e.m. The IS/vehicle treatment group significantly differed
from all other groups, * p< 0.05.
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Fig. 10. Effect of M. vaccae on L4 mRNA and protein expression in subregions of the

hippocampus

Animals received 3 injections of either vehicle or M. vaccae (0.1 mg, s.c.). Eight d after the
third injection, (A) IL4 mRNA expression and (B) IL4 protein levels were measured in
dorsal, intermediate, and ventral hippocampus. Data are presented as the mean + s.e.m. /=
8 animals per experimental group. Significant main effect of M. vaccae compared to vehicle,

* p< 0.05.
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Table 1
Primer Specifications.
Gene Symbol | Primer Sequence5” — 3’ Function
Actb E:: g;%&;;gg;i?g;ﬁg??ggc Cytoskeletal protein (housekeeping gene)
Cd3e E:: %@?ggﬁ?%ﬁ?é%?géﬁg Epsilon chain of the T-cell receptor-CD3 complex
Cd163 E:: g-(gAGGCTﬁDGAE%AéTJTQr%Aé%%%L%AC Hemoglobin receptor expressed by macrophages, but not microglia
Cdz00 A LA L CAaS | Neuronal antigen that binds CD200R1.to inhibit microglial function
Ca200r1 E:: ﬁﬁ%ﬁ??%%%g%ﬁ%%’éﬁg@ Cognate receptor for CD200 that inhibits microglial function
Ibal E:: igi%gi?ﬁgﬁg:}gi?ggc Microglia/macrophage antigen
/i E:: %%ETCGTTF%CGAAA,\A%TSJ E.ITCG(?TAri Pro-inflammatory cytokine
14 E:: gﬁﬁ%ﬁ%@%g%ﬁ%%%%&%ﬁ% Anti-inflammatory cytokine in the CNS
16 E:: g%’éﬁﬁﬁ?ﬁ?gg$gg$€@}$ggA Pro-inflammatory cytokine
1o E:: igﬁ%;ﬁ%%ﬁ%ig}%cgg?gg Anti-inflammatory cytokine
113 E:: #gﬁi?ﬁcﬁ%ﬁgggﬁ%%ﬁ%T Anti-inflammatory cytokine
Mrcl E:: g%?gg;i;%%%?;;ﬁé‘g?}—c Receptor for mannose that is induced by IL4
Nits E:: ¥%8¢¥$$éég E;gﬁggéﬁ‘ég A highly enriched mRNA in dorsal hippocampus
Nfkbia R A A e Induced by NFxB to inhibit NFxB function
Nirp3 E:: égr’.l}\é.l(.;g; EEST%ETGGC%Q'AFET Inflammasome component mediating caspase-1/IL1B activation
Nrz2f2 E:: TA%TGTGC AA(%: Eggﬁiégiii}gc.r A highly enriched mRNA in ventral hippocampus
Tofbl E:: TFAGQFE%%TCST(?('?C%%:%C&GAQ Anti-inflammatory cytokine
nf E: CAAGGAGGAGAAGTTCCCA Pro-inflammatory cytokine

:TTGGTGGTTTGCTACGACG

Page 32

Abbreviations: Actb, beta actin; Argl, arginase 1; Cd, cluster of differentiation; Ca200r1, CD200 receptor 1; Gfap, glial fibrillary acidic protein; //,

interleukin; /ba-1, ionized calcium-binding adaptor molecule-1; Mrc1, mannose receptor, C type 1; Nifkbia, nuclear factor kappa light chain

enhancer of activated B cells inhibitor alpha; A/rp3, NACHT domain-, leucine-rich repeat-, and PYD-containing protein 3; Ar2f2, nuclear receptor
subfamily 2, group F, member 2; A/fs, neurotensin; 7gfbl, transforming growth factor-B1; 757 tumor necrosis factor.
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