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Abstract

Chronic stress contributes to the development of psychiatric disorders including anxiety

and depression. Several inflammatory-related effects of stress are associated with increased
interleukin-1 (1L-1) signaling within the central nervous system and are mediated by IL-1 receptor
1 (IL-1R1) on several distinct cell types. Neuronal IL-1R1 is prominently expressed on the
neurons of the dentate gyrus, but its role in mediating behavioral responses to stress is unknown.
We hypothesize that IL-1 acts on this subset of hippocampal neurons to influence cognitive and
mood alterations with stress. Here, mice subjected to psychosocial stress showed reduced social
interaction and impaired working memory, and these deficits were prevented by global IL-1R1
knockout. Stress-induced monocyte trafficking to the brain was also blocked by IL-1R1 knockout.
Selective deletion of IL-1R1 in glutamatergic neurons (nIL-1R17/") abrogated the stress-induced
deficits in social interaction and working memory. In addition, viral-mediated selective IL-1R1
deletion in hippocampal neurons confirmed that IL-1 receptor in the hippocampus was critical for
stress-induced behavioral deficits. Furthermore, selective restoration of IL-1R1 on glutamatergic
neurons was sufficient to reestablish the impairments of social interaction and working memory
after stress. RNA-sequencing of the hippocampus revealed that stress increased several canonical
pathways (TREM1, NF-xB, complement, IL-6 signaling) and upstream regulators (INF-y,

IL-1B, NF-xB, MYDB88) associated with inflammation. The inductions of TREM1 signaling,
complement, and leukocyte extravasation with stress were reversed by nlL-1R17/~. Collectively,
stress-dependent IL-1R1 signaling in hippocampal neurons represents a novel mechanism by
which inflammation is perpetuated and social interactivity and working memory are modulated.
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Introduction

Psychosocial stress is a major contributing factor to anxiety and depression: 2. There is
evidence that stress is associated with increased inflammation3-5. For example, increases
in inflammatory cytokines, circulating monocytes, and microglial activation are detected in
patients with anxiety and mood disorders’: 8. This intersection between stress, inflammation,
and anxiety has been recapitulated in rodent models of stress including repeated social
defeat (RSD)%11, repeated social defeat stress12-15, and paired fighting1® 17. We have
previously detailed how psychosocial stress results in peripheral immune activation,
increased levels of circulating monocytes, and robust neuroimmunological responses in

the brainl8-20, These responses include increases in interleukin-1 (IL-1) beta and other
cytokines/chemokines, microglial activation, astrogliosis, monocyte trafficking to the brain,
and enhanced neuronal activity2l 22,

Several inflammatory-related effects of stress are associated with increased IL-1 signaling
within the central nervous system (CNS). Our previous work using RSD shows that stress-
induced anxiety-like behavior is augmented by inflammatory, 1L-1B-producing monocytes
which are actively recruited to the brain vasculature by microgliall. Moreover, expression
of the IL-1 receptor (IL-1R1) on endothelial cells is critical in mediating monocyte
communication to the brain endothelium during stress?3. Additionally, endothelial IL-1R1
contributes to microglial activation via release of soluble factors?4 25, Notably, if IL-1 can
act directly on neurons to cause behavioral alterations has not been determined. This is
relevant because direct IL-1 action on neurons might translate neuroinflammatory signals to
behavioral outcomes.

We have created and validated a unique genetic model to restrict IL-1R1 expression in
different cell types?4-26. We have since defined how cell type-specific IL-1R1 regulates
distinct neuroimmune activities in the brain4 25, For example, endothelial IL-1R1 mediates
IL-1B-induced sickness behavior via cyclooxygenase-11 (COX-2) signaling, and both
endothelial and ependymal IL-1R1 are involved in recruiting peripheral myeloid cells to
the brain. While we discovered that IL-1R1 is prominently expressed on glutamatergic
neurons of the dentate gyrus, its role in mediating responses to stress is unknown. To
define the IL-1R1-mediated neuronal response, we used novel and comprehensive IL-1R1
transgenic/reporter lines in which one can selectively delete IL-1R1 or restore IL-1R1

on specific cell types?5, including glutamatergic neurons. We also used viral vectors to
determine the specific role of hippocampal neurons on the stress response. The purpose of
this study was to determine the degree to which IL-1 acts directly on hippocampal neurons
to influence cognitive and mood changes with stress. Here we show novel data that social
defeat-dependent IL-1R1 signaling in hippocampal neurons perpetuated inflammation and
promoted deficits in social interaction and working memory.
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Methods

Mice:
Male C57BL/6 mice were housed in cohorts of two per cage, while CD-1 aggressors were
singly housed. Transgenic mouse lines were bred in-house and randomly distributed to

groups. All procedures were in accordance with the NIH Guidelines and were approved by
the Ohio State University Institutional Laboratory Animal Care and Use Committee.

Social stress paradigm:

Mice were subjected to social stress as described in Supplementary Materials. In brief,
experimental mice were placed individually into the cages of CD-1 aggressor mice

for one hour (between 16:00 to 18:00) per day for six consecutive days. During each
cycle, submissive behaviors were observed to ensure that the experimental mice showed
subordinate behavior.

Behavioral testing:

Distance traveled in the open field was determined as a measure of baseline activity, working
memory was determined via the Y-maze, and social exploratory behavior was measured as
described in Supplementary Materials.

Isolation of cells from blood and brain:

Tissues were collected immediately following CO, asphyxiation. Cells from blood and brain
were isolated as previously described?”.

RNA-sequencing of hippocampal tissue:

Bulk tissue RNA-sequencing was performed as described in Supplementary Materials.

Statistical analysis:

Data were analyzed as described in Supplementary Materials. All data are expressed as
mean = SEM.

Results

Stress-induced social withdrawal and working memory deficits are dependent on IL-1R1.

This study aimed to augment our understanding of IL-1R1 signaling in physiological and
behavioral responses to stress. Here, a modified social stress paradigm was implemented
using aggressive CD-1 intruders (Fig.1A), and IL-1R1*"* (wild-type IL-1R1 expression
with tdTomato reporter) and IL-1R1~~ mice (IL-1R1 knockout) were generated (Fig.1B—
C). First, IL-1R1 expression in the brain was assessed by tdTomato. Stress increased
endothelial tdTomato expression in IL-1R1*/* mice throughout the brain, with robust
neuronal expression within the granule cell layer of the dentate gyrus (Fig.1D-E).

Next, IL-1R1*/* and IL-1R1~/~ mice were exposed to social stress and several behaviors
were determined. In assessments of social avoidance of an aggressor, mice were exposed
to a caged male CD-1 mouse (Fig.1F). Baseline activity was unaffected (Fig.1G), but
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stress caused avoidance of the CD-1 aggressor with reduced interaction time (Fig.1H)

and increased corner time (Fig.1l) regardless of genotype. To investigate “sociability”, a
social interaction test with a juvenile conspecific was performed (Fig.1J). Baseline activity
was again unaffected by stress (Fig.1K). Stress reduced interaction time with the juvenile
(Fig.1L) and increased time spent in the corner in IL-1R1*/* mice, but not in IL-1R17/~
mice (Fig.1M). Stress increased spleen weight, a biomarker for psychosocial stress18: 28,
independent of IL-1R1 expression (Fig.1N).

Stress-induced working memory deficits in IL-1R1*/* and IL-1R1~/~ mice were assessed

by spontaneous alternations in the Y-maze2®: 30 (Fig.10). Overall mobility in the Y-maze
was unaffected (Fig.1P), but there were IL-1R1-dependent reduced spontaneous alternations
in stressed mice (Fig.1Q). These stress effects were recapitulated in wild-type mice
(Supplementary Fig.S1). Thus, social defeat-induced reductions in generalized sociability
and working memory were 1L-1-dependent.

IL-1R1 is associated with increased neuronal activity, microglial restructuring, endothelial
reactivity, and monocyte accumulation in the brain with social stress.

We investigated if stress-induced neuronal activity and long-term alteration (AFosB)3Z,
microglial restructuring (Iba-1)11, and endothelial reactivity (VCAM)32 were dependent
on IL-1R1 signaling (Fig.2A). Stress increased AFosB expression in the hippocampus in
both IL-1R1*/* and IL-1R17~ mice (Fig.2B). Notably, there was less AFosB expression in
IL-1R1~/~ mice compared to IL-1R1** mice. Microglial labeling (Iba-1) and endothelial
reactivity (VCAM) were increased by stress in IL-1R1*/* mice (Fig.2C-D). These stress
effects were attenuated in IL-1R17/~ mice. Stress-induced VCAM expression was highly
correlated with IL-1R1 expression on endothelial cells (Fig.2E-F).

Next, monocyte mobilization in the blood, accumulation in the brain, and
neuroinflammation were assessed. Stress increased circulating CD11b*/Ly6C" monocytes
in both IL-1R1*"* and IL-1R1~~ mice (Fig.2G—H). There was increased monocyte
accumulation in the brain of stressed I1L-1R1*/* mice, but not in IL-1R1~/~ mice (Fig.2I-
J). Thus, stress-induced increases in circulating monocytes were IL-1R1-independent,
while monocyte trafficking to the CNS was IL-1R1-dependent. In the same study,

MRNA expression levels of several cytokines, chemokines, and adhesion molecules were
determined in a Imm coronal brain section. IL-1p (Fig.2K) and CCL2 (Fig.2L) mRNA
levels were increased by stress, but were unaffected by IL-1R1 knockout. CXCL2 (Fig.2M)
and ICAM-1 (Fig.2N) mRNA levels were also increased by stress and these inductions
were absent in IL-1R17~ mice. Collectively, knockout of IL-1R1 attenuated stress-induced
activation of neurons, microglia, and endothelial cells and reduced monocyte accumulation
in the brain.

IL-1R1 on glutamatergic neurons is sufficient for stress-induced social withdrawal and
working memory deficits.

Previous data using RSD show that there are cell type-specific IL-1R1 responses to stress,
including monocyte-to-endothelium communication32. Based on the robust hippocampal
expression of IL-1R1 (Fig.1D) and evidence of cytokine-induced neuronal activity33,
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we next investigated neuronal-specific responses to IL-1f with social stress. To address
this, glutamatergic neuron-specific Vg/ut2-Cre-driven deletion of IL-1R1 (nIL-1R17") and
restoration of IL-1R1 in knockout mice (nIL-1R*/*) were generated (Fig.3A-B). These
transgenic lines were compared to IL-1R1*/* mice after stress.

Stress increased spleen weight independent of nIL-1R1 (Fig.3C). When exposed to a
juvenile, stress reduced sociability in IL-1R1*/* mice but nIL-1R1~/~ mice had neither
reduced social interactivity (Fig.3D) nor increased corner time (Fig.3E). Stress-induced
spontaneous alternation deficits in the Y-maze were also abrogated in nlL-1R17/~ mice
(Fig.3F). The same behavioral assessments were completed using nIL-1R1*/* mice. In
these mice, only Vg/utZ" glutamatergic neurons have been restored to functional IL-1R1
expression. Stressed nIL-1R1*"* mice had reduced social investigation of a juvenile mouse
(Fig.3G—H) and increased corner time (Fig.31). Additionally, stress-induced decreases

in spontaneous alternations were evident in nIL-1R1*/* mice (Fig. 3J). Behaviorally,
nIL-1R17~ mice resembled IL-1R17~ mice, but expression of nIL-1R1 was sufficient to
recapitulate stress-induced behavioral deficits evident in IL-1R1*/* mice.

We assessed if nlL-1R1 was involved in neuronal activity (AFosB) and microglial
restructuring (Iba-1) in the dentate gyrus following social stress. AFosB labeling was
unchanged in stressed nlL-1R1~/~ mice, while nIL-1R1*"* mice had increased AFosB after
stress that was consistent with 1L-1R1*/* mice (Fig.3K-L). The stress-induced microglial
Iba-1 labeling increases, however, were independent of nIL-1R1 (Supplementary Fig.S2).
These data indicate that nlL-1R1 was crucial for stress-induced neuronal activity in the
hippocampus.

Hippocampal-specific knockout of nIL-1R1 prevents stress-induced behavioral deficits.

We show a central role for the hippocampus in stress-induced nIL-1R1-mediated behaviors.
Therefore, we selectively knocked out hippocampal IL-1R1 by bilaterally injecting AAV2-
CreGFP (HPC-IL-1R177) into the dentate gyrus of //2r1oXP1oXP mjce (Fig.4A). AAV2-GFP
injections were used as controls (Sham-IL-1R1*/*). This virus specifically targeted neurons
as validated by GFP (Fig.4B), and induced regionally-specific IL-1R1 knockout within the
hippocampus. As expected, stress increased spleen weight independent of viral manipulation
(Fig.4C). Additionally, there were no differences in baseline activity (Fig.4D). The stress-
induced reduction in social interaction with a juvenile (Fig.4E) was not evident in the HPC-
IL-1R1~/~ mice. Corner time also appeared to be increased with stress, but these results
were not significant (Fig.4F). In the Y-Maze, reduction in the spontaneous alternations

in stressed Sham-1L-1R1*/* mice were not evident in HPC-IL-1R1~~ mice (Fig.4G-H).
Notably, a hippocampal-selective restoration approach was also used and the restoration of
IL-1R1 in hippocampal neurons was less effective for restoring the social interaction effects
of stress (Supplementary Fig.S3C-D) compared to Vg/ut2-driven restoration (Fig.3H-I).
Collectively, our data indicate that IL-1R1 signaling in hippocampal neurons was critical for
social withdrawal and cognitive deficits after stress.
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Stress-induced hippocampal gene expression is mediated by IL-1R1 on glutamatergic

neurons.

Our findings indicate a central role for nIL-1R1 in stress-induced behavioral alterations.
The prevention of behavioral effects in nlL-1R1~/~ mice led us to hypothesize that there
were neuronal processes initiated by nIL-1R1 driving these behaviors. In order to determine
the nlL-1R1-specific gene-expression effects of stress, we performed RNA-sequencing on
microdissected hippocampi from IL-1R1*/* and nIL-1R1~/~ mice.

There were 101 genes that were differentially expressed in the hippocampus after stress in
IL-1R1*/* mice (Fig.5A). Stress increased expression of 97 genes and decreased expression
of 4 genes. Of these, 27 genes (25 increased, 2 decreased) were reversed by nIL-1R17/~
and 15 were partially reversed. A heatmap of increased and decreased genes is shown
(Fig.5B), and all genes significantly increased and decreased in expression by stress are
provided (Supplementary Fig.S4). Ingenuity Pathway Analysis (IPA) was used to determine
canonical pathways (Fig.5C) and upstream regulators (Fig.5D) that were affected by stress.
Here, pathways of interest were selected from the larger list of pathways that were altered
by stress (Supplementary Fig.S5). Next, we analyzed the effect of nIL-1R1 knockout.
Previously-increased canonical pathways (Fig.5E) and upstream regulators (Fig.5F) were
reversed in stressed nlL-1R1~/~ mice compared to stressed IL-1R1** mice. TREM1
signaling, leukocyte extravasation, pattern recognition receptor signaling, and complement
system were all decreased in stressed nlL-1R1~~ mice compared to stressed IL-1R1*/*
mice. Collectively, stress-induced neuronal IL-1R1 signaling augmented inflammatory and
immune signaling profiles within the hippocampus.

Discussion

Previous work shows that social stress-induced behavioral deficits are augmented by
inflammatory IL-1p-producing monocytes, which are actively recruited to the brain
vasculature by microgliall. Expression of inflammatory receptors on endothelia and blood-
brain barrier integrity are critical in mediating cytokine communication with the brain

after stress23: 34-37_|L-1R1 is prominently expressed on glutamatergic neurons within the
hippocampus (Fig.1D), but its role in modulating stress responses is unclear. Thus, we aimed
to determine if IL-1 acts on neurons to influence cognitive and behavioral impairments with
stress. To address this, we used a comprehensive IL-1R1 transgenic/reporter line in which
one can selectively knockout or restore IL-1R1 on specific cell types2®. Consistent with
other findings, IL-1R1 knockout prevented social defeat-induced neuronal and microglial
activation, social withdrawal, and working memory deficits, while social avoidance of an
aggressor mouse was IL-1R1-independent. Selective knockout of IL-1R1 in glutamatergic
neurons (nlL-1R17/") abrogated stress-induced deficits in social interaction and working
memory. In addition, selective restoration of nIL-1R1 was sufficient to reestablish changes
in social interaction and working memory with stress. These data were corroborated by

a hippocampus-specific knockout of neuronal IL-1R1. Hippocampal RNA-sequencing data
suggested that IL-1R1-mediated neuronal activation with stress corresponds with enhanced
inflammatory gene expression. Overall, stress-dependent IL-1R1 signaling in hippocampal
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neurons represents a novel mechanism by which specific behaviors are modulated in
association with neuron-dependent expression of inflammatory genes.

We used a modified paradigm of repeated social defeat (RSD) in the current study. Paired
fighting social stress was used so that aggressive interactions would be abbreviated and
individually monitored. Similar to previous studies using RSD10: 11. 38  stressed mice
showed social withdrawal, cognitive impairment, and monocyte accumulation in the brain.
For manipulation of IL-1R1 expression, we used previously-validated transgenic/reporter
mouse lines in which one can selectively delete or express IL-1R1 on specific cell

types24 26, This construct is an improvement over previous knockout models because it
prevents expression of IL-1R1 and its truncated isotype IL-1R339, and carries a tdTomato
reporter that tracks IL-1R1 mRNA expression. Consistent with previous studies?3, stress-
induced increases in IL-1R1 were prominent within the blood vessels of regions associated
with fear and threat appraisal, including the frontal cortex and hippocampus. It was

also highly correlated with stress-induced VCAM expression on endothelial cells. The
hippocampus is important because it is a key region of neuronal plasticity and memory
integration4?: 41, The robust expression of hippocampal 1L-1R1 at baseline suggests that the
hippocampus is modulated by IL-1 signaling.

There were unique differences in working memory and degrees of sociability with social
stress. Stress reduced Y-Maze spontaneous alternations in IL-1R1*/* mice, but had no effect
in IL-1R17~ mice. Spontaneous alternations represent a measure of hippocampal working
memory, and a reduced percentage of alternations indicates a deficit with spatial reasoning
and memory30. We interpret these results to indicate that stress-induced memory impairment
is IL-1R1-mediated, consistent with previous literature?? 43 and with studies using RSD38
and other stress models#4-46. It is important to discuss that one aspect of sociability, social
interaction with a juvenile, is dependent on IL-1R1 but social avoidance of an aggressive
mouse is not. Consistent with our previous studies®®, the IL-1R1-independent avoidance

of the aggressor CD-1 mouse indicates that this type of fear learning is neuronally-driven
via fear circuitry. This suggests that evolutionarily-conserved fear circuitry and learned fear
responses are IL-1R1-independent, and that stress-induced withdrawal from novel juveniles
is a behavior augmented by IL-1 signaling. Taken together, reduced social interaction with
a juvenile and increased corner time are aspects of anxiety-like or depressive-like behavior
that are 1L-1R1-dependent.

It is important to highlight other results from social stress that were either IL-1R1-dependent
or -independent. Neurons (AFosB), microglia (Iba-1), and endothelia (VCAM) in the
hippocampus had increased activity after stress, and all of these increases were dependent
on IL-1R1. Monocyte trafficking to the brain with social stress was eliminated by IL-1R1
knockout while learned fear (discussed above), splenomegaly, and monocyte increases in
circulation occurred independently from IL-1R1. Some aspects of inflammation detected in
a coronal brain section through the hippocampus were also IL-1R1-dependent. Note that
coronal brain section mMRNA levels showed no difference from microdissected hippocampal
mMRNA levels, likely due to the relatively large increase in mRNA levels after stress

and the amount of the coronal brain section that was comprised of hippocampal tissue
(Supplementary Fig.S6). Stress increased expression of CXCL2 and ICAM-1 mRNA, and
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this induction was prevented in the IL-1R1~/~ mice. While mRNA levels of IL-1f and
CCL2 were increased by stress, these increases were not prevented by IL-1R1 knockout.
This finding is surprising because their induction by RSD is important for increased
microglial labeling and monocyte accumulation®: 11, both of which were attenuated by
IL-1R1 knockout. It is possible that this IL-1p is being transported into the brain®’

or that IL-1R1 knockout leads to a compensatory increase in IL-18 mRNA, while the
increased CCL2 was unable to recruit monocytes due to the prevention of ICAM-1
induction. Furthermore, increased microglial Iba-1 labeling does not fully align with
cytokine production/release*8, and there are functional aspects of microglia activation that
still occur after IL-1R1 knockout. These data indicate that IL-1R1~~ mice still interpreted
the stress and sent sympathetic signals to the immune system to release monocytes.
Therefore, IL-1R1-mediated behavioral deficits are mediated within the CNS rather than
in the periphery.

A key advancement here is that there are selective behaviors induced by social stress

that are dependent on glutamatergic neuron expression of IL-1 receptor (nIL-1R1). Since
glutamate is the primary neurotransmitter in the dentate gyrus*®, we used Vg/ut2-Cre-
driven manipulations to study aspects of nIL-1R1 signaling. Previous studies have linked
psychosocial stress norepinephrine in the locus coeruleus®®-52, neurons in the prefrontal
cortex®3 54 or undergoing dendritic atrophy®>, while other studies show central roles for
oxidative stress®® or BDNF57-59, There are indeed other brain regions and substrates
important for regulating anxiety and mood disorders, but our focus on the hippocampus

is relevant for its major role in limbic pathways and mood regulation®0-62, Here, we used
anlL-1R1 knockout (nIL-1R17/7) and a selective restoration of nIL-1R1 (nIL-1R1*/*) to
target the glutamatergic neurons throughout the brain, including the dense population of
VglutZ" neurons within the hippocampus. The stress-induced reduction of juvenile social
interaction was prevented in nlL-1R1~/~ mice, while the same social interaction effect

was restored in nIL-1R1*/* mice. A similar dependence on nIL-1R1 was evident with
stress-induced working memory deficits. For instance, nIL-1R1 knockout prevented Y-Maze
deficits after stress, and these working memory deficits were restored in nIL-1R1*/* mice.
Thus, nIL-1R1~/~ mice recapitulated the stress-resistant behavioral phenotype observed in
global IL-1R1 knockout mice. Furthermore, selective restoration of nlL-1R1 was sufficient
to restore the stress-induced deficits in social interaction and working memory. These
behavioral deficits were paralleled by differences in stress-induced cumulative neuronal
activity in the hippocampus, as AFosB was increased by stress in IL-1R1*/* and nIL-1R1*/*
mice, but not nIL-1R1~/~ mice. Taken together, nIL-1R1 is both necessary and sufficient to
mediate deficits in social interaction and working memory after social stress.

To further investigate the role of the hippocampus-specific neurons in responding to I1L-1
and driving behavioral alterations, we used an approach to knockout IL-1R1 in hippocampal
neurons with AAV2-CreGFP63. 64 The prevention of stress-induced behavioral deficits in
HPC-1L-1R1~/~ mice was indicative of the central role for hippocampal neurons in the
IL-1-driven behaviors we have discussed. Notably, the restoration of IL-1R1 in hippocampal
neurons was less effective in restoring the social interaction effects of stress (Supplementary
Fig.S3). In addition, the hippocampal-selective restoration approach did not affect cognition
in the Y-Maze. Again, nlL-1R1 restoration using Vg/ut2-Cre was effective at recapitulating
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stress-induced social withdrawal and cognitive deficits. Thus, we interpret these data to
indicate that Vg/ut2* neurons inside and outside the hippocampus were involved in these
effects, and a region-specific restoration of IL-1R1 may be more nuanced than the related
knockout approach. Overall, we conclude that hippocampal neuronal IL-1R1 signaling was
critical for the social withdrawal and cognitive deficits after psychosocial stress.

Our novel data have shown that social stress increased neuronal activation in

the hippocampus through an IL-1R1-dependent mechanism. Next, we investigated if
nlL-1R1 knockout prevented stress-altered neuronal transcription. RNA-sequencing of the
hippocampus revealed that genes altered by social stress in IL-1R1*/* mice were associated
with increases in neuroinflammatory pathways. These pathways share genes of interest
from previous stress work!! 22. General neuroinflammation, TREM1 signaling, leukocyte
extravasation, NF-xB signaling, and complement system pathways were increased after
stress in IL-1R1*/* mice. Notable stress-dependent genes reversed by nIL-1R17/~ include
those involved in complement signaling (C1ga, CIgb, C1qc), interferon signaling (/fitm1,
Ifitm2, Ifitm3), and the integrin pathway (Cyba, Esam, Myolf, Rac2). Stress-induced
upstream regulators of interest include interferon-gamma (IFN-y), interferon regulatory
factor 7 (IRF7), MYD88, and NF-xB. The RNA-sequencing results suggest that these
upstream regulators and associated inflammatory pathways that were induced by stress in
the hippocampus were attenuated in nlL-1R1~/~ mice. These pathways were associated
with increased microglia activation. There were still increases in Iba-1 labeling with stress
in the nIL-1R17~~ mice, indicating that stress-induced microglia activation was reliant on
both nIL-1R1-dependent and nlL-1R1-independent pathways. This coincides with previous
studies showing a role for endothelia and endothelial IL-1R1 in microglial reactivity23: 24,
It is unclear from RNA-sequencing which IL-1R1-dependent neuronal signal can activate
microglia, so follow-up studies are needed. Taken together, IL-1-mediated activation of
neurons in the hippocampus was paralleled by an enhanced inflammatory profile and
corresponded with deficits in social interaction and working memory.

In conclusion, IL-1R1 has a critical, cell-specific role in interpreting stress responses.

Here, the activity of hippocampal neurons was directly tied to the behavioral consequences
of psychosocial stress, and these neurons were activated by IL-1R1 (summarized in
Supplementary Fig.S7). We do not exclude the role of other brain regions and neuron
subtypes in mediating stress effects, but by combining these novel data with previous
studies about peripheral monocyte trafficking and endothelial reactivity we provide a more
complete picture of the brain after stress. Additionally, we show IL-1R1 as a target for
future pharmaceuticals, as nlL-1R1 and HPC-IL-1R1 knockout prevented the manifestation
of stress-induced social and cognitive deficits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Stress-induced social withdrawal and working memory deficits are dependent on
IL-1R1.

A) Male IL-1R1*"* and IL-1R17/~ mice were left undisturbed in their home cage (Control)
or exposed individually to a male CD-1 aggressor mouse for 1 h per day for six consecutive
days (Stress). 14 h after Stress, behavior was determined and then the brain was collected
for tdTomato analysis. B) Illustration and denotation of the IL-1R1 transgenic construct

in C57BL/6 mice. IL-1R1*"* mice are homozygous and express germline Cre, resulting

in global restoration of wild-type-like genotype in which all IL-1R1 mRNA is tagged

with tdTomato. I1L-1R1~/~ mice are functional knockouts of IL-1R1 in all cell types. C)
Validation by gPCR for IL-1R17/~ mice (P< 0.001, Student’s t-test). D) Representative
images of tdTomato levels in IL-1R1*/* mice exposed to Control or Stress in the cortex
(CTX) and hippocampus (HPC). E) Quantification via percent area in CTX (£ = 0.006;
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HPC), and via mean fluorescence intensity (MFI) in the HPC neurons (P < 0.001) (1= 6).
F) Social avoidance of a CD-1 aggressor mouse was assessed (7= 6, two replicates) with G)
Total distance travelled (n.s.), H) Interaction time with a CD-1 mouse (main effect of Stress;
F(1,29) = 5.6, P=0.01) and I) time spent in corner (main effect of Stress; F(1,29) =5.2,
P=0.01). J) In a separate experiment, mice were subjected to stress as above and social
interaction with novel C57BL/6 juvenile mice was determined (7= 11, three replicates).

K) Total distance traveled (n.s.), L) Interaction time with the C57BL/6 juvenile (Stress x
Genotype; F(2,47) = 12.6, = 0.0001), and M) time spent in corner (Stress x Genotype;
F(2,47)=3.8, P=0.1). N) Spleen weight (main effect of Stress, F(1,26) = 17.8, < 0.001).
O) In the same mice, working memory was determined in the Y-maze. P) Total entries (n.s.)
and Q) percentage of spontaneous alternations (Stress x Genotype; F(2,32) = 3.4, =0.10).
Bars represent the mean £ SEM. Means with asterisk (*) are significantly different from the
corresponding controls (A< 0.05), and means with (#) tended to be different from control (P
< 0.1), according to F-protected post hoc analysis.
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Figure2. IL-1R1 isrequired for vascular adhesion and monocyte accumulation with social stress.
Male IL-1R1*"* and IL-1R17~ mice were left undisturbed in their home cage (Control) or

exposed individually to a male CD-1 aggressor mouse for 1 h per day for six consecutive
days (Stress). 14 h after stress, mice were sacrificed, brains were PFA fixed and the
hippocampal sections were labeled (AFosB, 1ba-1 or VCAM-1). A) Representative images
are shown for each experimental group (7= 5, two replicates). Boxes indicate the areas
used in insets. B) Mean fluorescence intensity of neuronal AFosB labeling in the dentate
gyrus 14 h after stress (main effect of Stress; F(1,17) = 8.3, = 0.02; main effect of
Genotype; F(1,7) = 28.9, =0.001). C) Percent area of Iba-1 microglial labeling in the
hippocampus after stress (Stress x Genotype; F(2,18) = 7.9, £=0.02). D) Percent area of
VCAM labeling in the hippocampus after stress (Stress x Genotype; F(2,23) = 10.1, P=
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0.004). E) Representative labeling of VCAM and expression of tdTomato in the cortex of
control and stress mice. F) Quantification and scatterplot of VCAM/IL-1R1 colocalization
of Control (R% = 0.0006, A= 0.78) and Stress (R? = 0.8577, P< 0.001) cortical blood
vessels. In a separate experiment, IL-1R1*/* and IL-1R1~/~ mice were subjected to social
stress as above and the percentage of monocytes were determined in the blood and brain
(n=6, two replicates). G) Representative bivariate dot blots of Ly6C* and Ly6G™ cells in
circulation. H) Percentage of Ly6CM monocytes in circulation (main effect of Stress; F(1,19)
=11.1, P=0.01). I) Representative bivariate dot blots of CD45" and CD11b* cells in the
brain. J) Percentage of CD45" macrophages in the brain (Stress x Genotype; F(2,25) =
3.01, £=0.09). In a separate experiment (7= 4, two replicates), IL-1R1*/* and IL-1R17/~
mice were subjected to social stress as above; mice were transcardially perfused with PBS
14h after the final cycle of stress and a 1mm coronal section through the hippocampus was
used to determine the mRNA levels of K) IL-1p (main effect of Stress; F(1,13) = 11.4, P
=0.004), L) CCL2 (main effect of Stress; F(1,13) = 4.7, P=0.05), M) CXCL2 (Stress x
Genotype; F(2,13) = 8.8, P=0.01), and N) ICAM-1 (Stress x Genotype; F(2,14) = 4.1, P=
0.002). Bars represent the mean + SEM. Means with asterisk (*) are significantly different
(P<0.05), and means with (#) tended to be different (£ < 0.1) from the corresponding
control mice, according to F-protected post hoc analysis.
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Figure 3. IL-1R1 on glutamatergic neuronsis sufficient for stress-induced social withdrawal and
working memory deficits.

Male transgenic mice were left undisturbed in their home cage (Control) or exposed
individually to a male CD-1 aggressor mouse for 1 h per day for six consecutive days
(Stress). 14 h after stress, IL-1R1*/* and nIL-1R1~/~ mice were subjected to the social
interaction and spontaneous alternations tests (7= 12, three replicates). A) Illustration

and denotation of the IL-1R1 transgenic construct in C57/BL6 mice. IL-1R1*/* mice are
homozygous and express Cre in all cell types resulting in a global restoration of wild

type genotype in which all IL-IR1 mRNA is tagged with tdTomato. nIL-1R1~/~ mice are
functional knockouts of IL-1R1 in Vg/ut2* neurons, and nlL-1R1*/* mice have restoration
of IL-1R1 in Vg/utZ" neurons. B) Chart summarizing transgenic lines. C) Spleen weight
(main effect of Stress; F(1,31) = 9.8, < 0.01), D) time spent interacting with novel caged
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C57BL/6 juvenile mice (Stress x Genotype; F(2,31) = 6.6, A= 0.01), E) time spent in either
far corner of the arena (Stress x Genotype; F(2,31) = 7.01, = 0.01), and F) percentage of
spontaneous alternations among the arms of the Y-maze (Stress x Genotype; F(2,31) = 6.01,
P=0.02). Measures are displayed in IL-1R1*/* and nIL-1R1*/* mice for G) spleen weight
(main effect of stress; F(1,37) = 34.4, P< 0.0001), H) time spent interacting with novel
caged C57BL/6 juvenile mice (main effect of Stress; F(1,37) = 8.02, A= 0.007), I) time
spent in either far corner of the arena (main effect of Stress; F(1,37) = 4.03, £=0.05), and J)
percentage of spontaneous alternations in the Y-maze (main effect of Stress; F(1,37) = 6.9,
P=0.01). K) Representative images within the hippocampus of control (top) and stressed
(bottom) mice that were labeled for AFosB (7= 5, two replicates). Boxes indicate the

areas used in insets. L) AFosB mean fluorescence intensity quantified within HPC (Stress x
Genotype; F(2,19) = 2.7, P=0.02). Bars represent the mean + SEM. Means with asterisk

(*) are significantly different from the corresponding control mice (P < 0.05), and means
with (#) tended to be different from control mice (P < 0.1), according to F-protected post hoc
analysis.
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Figure 4. Hippocampal-specific knockout of the neuronal IL-1 receptor is sufficient to eliminate
stress-induced behavioral changes.
Male //1r119%P/1oxP mice were injected bilaterally with either AAV2-GFP (Sham-IL-1R1*/*)

or with AAV2-CreGFP (HPC-IL-1R17") into the dentate gyrus (coordinates AP -1.82, DV
2.26, ML +0.75). After two weeks of recovery, mice were either left undisturbed in their
home cage (Control) or exposed individually to a male CD-1 aggressor mouse for 1 h per
day for six consecutive days (Stress). A) Experimental design is shown. 14 h after stress,
behavior was determined and brains were fixed with 4% PFA. B) Representative images of
hippocampal sections that were examined for verification of viral injection into the dentate
gyrus (7= 8, two replicates). Inset (a) shown to the right. Measures are displayed for C)
spleen weight (main effect of Stress; F(2,23) = 15.06, £=0.0007), D) total distance traveled
(n.s.), E) time spent interacting with a novel caged C57BL/6 juvenile mouse (Stress x
Condition; F(2,23) = 3.56, A= 0.10), F) time spent in the corner of the social interaction
arena (n.s.), G) total entries into the arms of the Y-Maze (n.s.), and H) percentage of
spontaneous alternations in the Y-Maze (Stress x Condition; F(2,23) = 4.15, £=0.05).
Means with asterisk (*) are significantly different from the corresponding control mice (P<
0.05), and means with (#) tended to be different from control mice (P < 0.1), according to
F-protected post hoc analysis.
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Figure5. Stress-induced hippocampal gene expression ismediated by IL-1R1 on glutamatergic
neurons.
Male IL-1R1*"* and nIL-1R17/~ mice were left undisturbed in their home cage (Control) or

exposed individually to a male CD-1 aggressor mouse for 1 h per day for six consecutive
days (Stress). A) 14 h after stress, mice were sacrificed, brains were harvested, and
hippocampi were microdissected for RNA-sequencing (7= 6, two replicates). B) Heat

map shows mean expression of 101 genes significantly increased or decreased by stress
(IL-1R1** Control vs. IL-1R1*/* Stress: P-adj < 0.05 and fold change > 1.5). These are
divided into categories based on patterns of expression following neuronal IL-1R1 knockout:
Partially Reversed (nIL-1R17/~ Stress vs. IL-1R1*/* Stress: A< 0.05; nIL-1R17/~ Stress vs.
IL-1R1*/* Control: £< 0.05), or Reversed (nIL-1R17/~ Stress vs. IL-1R1*/* Stress: P<
0.05; nIL-1R17~ Stress vs. IL-1R1*"* Control: 2= 0.05). Heat maps are normalized by row.
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Ingenuity Pathway Analysis (IPA) was used to determine significantly altered C) canonical
pathways and D) upstream regulators of differentially expressed genes in the IL-1R1*/*
Stress versus IL-1R1*"* Control comparison. Bars represent pathway z-score and (*) denotes
P<0.05. IPA determined significantly altered E) canonical pathways and F) upstream
regulators of differentially expressed genes in the nIL-1R17/~ Stress versus IL-1R1*/* Stress
comparison. Detailed gene lists and mRNA counts can be found in Supplementary Data.
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