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ABSTRACT

Stress is a significant risk factor for the development and recurrence of anxiety disorders. Stress can profoundly impact the immune system, and lead to microglial
functional alterations in the medial prefrontal cortex (mPFC), a brain region involved in the pathogenesis of anxiety. High mobility group box 1 protein (HMGB1) is a
potent pro-inflammatory stimulus and danger-associated molecular pattern (DAMP) released from neuronal and non-neuronal cells following stress. HMGB1 pro-
vokes pro-inflammatory responses in the brain and, when administered locally, alters behavior in the absence of other stressors. In this study, we administered
dsHMGBI into the mPFC of male and female mice for 5 days to investigate the cellular and molecular mechanisms underlying HMGB1-induced behavioral
dysfunction, with a focus on cell-type specificity and potential sex differences. Here, we demonstrate that dSHMGB1 infusion into the mPFC elicited behavior changes
in both sexes but only altered microglial morphology robustly in female mice. Moreover, preventing microglial changes with cell-specific ablation of the MyD88
pathway prevented anxiety-like behaviors only in females. These results support the hypothesis that microglial MyD88 signaling is a critical mediator of HMGB1-

induced stress responses, particularly in adult female mice.

1. Introduction

Anxiety is a common cause of mental health-related disability (Amer
et al.,, 2021; Angum et al., 2020; Anxiety disorders, 2023). Anxiety
disorders describe a class of disorders in which the affected person ex-
periences consistent and often unfocused anxiety and worry (Bandelow
and Michaelis, 2015). Though generally high in prevalence in both
sexes, anxiety is twice as common in women throughout their lifetime
(Mclean et al., 2011). Few biological mechanisms have been elucidated
that explain the increased prevalence of depression or anxiety in women
(Rainville and Hodes, 2019); however, we do understand that stress is a
pivotal factor in the development and recurrence of anxiety disorders
regardless of sex or age (McEwen and Akil, 2020; Deppermann et al.,
2014; Park and Kim, 2020).

Stress instigates many alterations throughout the brain-body axis
(Fonken et al., 2018a,b). Specifically, changes in the peripheral and
central immune systems have been observed in patients with anxiety
and comorbid depression (Costi et al., 2021; Brydges et al., 2022).
Preclinical models also show immune responses to physical and

psychological stressors (Ménard et al., 2017; Kokkosis et al., 2024).
Psychological stress acts as a sterile immune challenge that elicits
proinflammatory responses centrally and peripherally (Hodes et al.,
2014, 2015). Sterile immune responses increase the release of
danger-associated molecular patterns (DAMPs), which are recognized
by conserved pattern recognition receptors (PRRs) primarily on immune
cells. This response has been demonstrated to be an essential mechanism
by which stress elicits behavioral changes (Weber et al., 2019). High
mobility group box one (HMGB1) is one such DAMP released during
stress that activates multiple PRRs, including toll-like receptors (TLRs)
and the receptor for advanced glycation end products (RAGE) (Kang
et al., 2014; Zhang et al., 2020). Previous results demonstrate that stress
is associated with increased HMGB1 release in the brain and subsequent
activation of TLR2, TLR4, and RAGE signaling (Pluma-Pluma et al.,
2024; Chen et al., 2023). However, the mechanisms by which HMGB1
can impact behavioral sequelae such as increasing anxiety-like behavior
is not well understood in cell type-specific manner.

This is due in large part because nearly all cell types express HMGB1
or one of its putative receptors within the brain and little work has been
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done to investigate the cell type specificity of HMGB1 signaling in stress
responses in the brain (Fonken et al., 2016). Microglia, the resident
innate immune cells of the brain, play key roles in proinflammatory
signaling (Lenz and Nelson, 2018; Nimmerjahn et al., 2005) in response
to stress (Cathomas et al., 2022; Mondelli et al., 2017) and express PRRs
at high levels relative to other CNS cells. Microglia can respond broadly
to PRR ligand binding via multiple functional alterations, including
increased lysosomal activity, cytokine release and direct interactions
with neurons (Fleshner et al., 2017). Genetic deletion of TIr2/4 in
microglia yields a highly stress-resilient phenotype (Nie et al., 2018).
Therefore, we hypothesized that microglia have a key role in the
mechanisms by which increased HMGB1 causes immune activation in
the CNS and alters behavior.

To test this hypothesis, we utilized disulfide HMGB1 (dsHMGB1)
locally infused into the medial prefrontal cortex (mPFC), a highly
interconnected brain region critical for regulating stress responses and
emotional behaviors. The mPFC integrates inputs from limbic structures,
such as the amygdala and hippocampus, and exerts top-down control
over hypothalamic-pituitary-adrenal (HPA) axis activity, which is
essential for modulating stress reactivity and adaptive responses
(Carvalho-Netto et al., 2011; Hinwood et al., 2012; Tynan et al., 2010).
Dysfunction in mPFC circuits has been implicated in the pathophysi-
ology of stress-related disorders such as anxiety and depression
(Kenwood et al., 2022; Zhang et al., 2020).

HMGB1 exists in multiple redox forms, and previous studies
demonstrate that both disulfide and fully reduced HMGB1 alter
behavior, unlike non-oxidized HMGB1. DsHMGBI1 is an established
pharmacological stressor that alters depressive-like behavior when
circulated throughout the whole brain via direct infusion (Lian et al.,
2017). Here, we utilize localized administration of dsSHMGBI1 to focus on
the mPFC including surrounding areas, the infralimbic cortex and
anterior cingulate cortex, aiming to dissect region-specific contributions
to behavior and immune signaling in the context of stress.

We found that dsHMGBI locally administered to the mPFC produces
a robust and reproducible anxiety-like phenotype in both male and fe-
male adult mice. Additionally, we observed striking sex-specific differ-
ences in microglial morphology and transcriptional activity following
dsHMGB1 infusion. Notably, in females, conditional knockout of
myeloid differentiation adaptor protein 88 (Myd88)—a critical adaptor
protein for many pattern recognition receptors (PRRs)—in microglia
prevented cellular morphology changes and anxiety-like behavior
induced by dsHMGBI infusion.

2. Results

2.1. HMGBI infusion into the mPFC increases anxiety-like behavior in
males and females

HMGB1 has been previously shown to increase anhedonia-like
behavior (Wang et al., 2018). However, no studies to date have uti-
lized HMGBI1 as a pharmacological stressor in female subjects, calling
into question how relevant sterile inflammatory mechanisms are to the
stress response in females. Here, we sought first to define the impact of
sub-chronic exposure to a stress-related danger signal on behavior in
male and female mice. To do so, mice were infused via cannula with
dsHMGBI once daily for 5 consecutive days. Behaviors related to anxi-
ety, sociability, and anhedonia were assessed following HMGB1 infusion
into the mPFC.

Anxiety-like behavior was assessed by measuring center exploration
time in the open field test (Fig. 1B), open arm exploration and latency to
explore open arms of the elevated plus maze (EPM) (Fig. 1F-I), and la-
tency to feed in a novelty suppressed feeding assay (Fig. 1I). We found
that exploration of the open arms in the EPM was significantly decreased
in mice treated with dsHMGBI1, main effect of treatment, F (1, 36) =
3.608, p = 0.0030. EPM Latency was significantly increased, main effect
of treatment, F (1, 36) = 8.136, p = 0.0148. In addition, we found that
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there was a significant main effect of treatment in the Home Cage
Feeding latency, F (1,44) = 4.322, p = 0.0435 (Fig. 1I). No changes in
social preference or behavior in the tail suspension test were found
(Fig. 1C and J). The results show that dsHMGBI1 infusion to the mPFC
selectively alters some measures of anxiety, and this phenotype is shared
between males and females. Furthermore, we found that females spe-
cifically had a significant decrease in weight following dsHMGB1
treatment, interaction effect, F (1,43) = 4.844, p = 0.0053 (Fig. 1C). We
monitored estrus cycle in females on each day behavior was tested. Due
to the high variability of n in each group at a given collection, we ran
non-parametric statistics and compared the medians between groups in
the assays with significant treatment effects. We found no significant
correlation between estrus cycle and either weight loss or novelty-
suppressed feeding in response to dsHMGB1 (Suppl Figs. 1A-B). All
remaining behavioral measures were insufficiently powered to assess
impacts of estrus, due to most female mice falling in the same part of the
cycle at the time of testing. Taken together, these results demonstrate
that dsHMGB1 elicits a shared behavioral phenotype of increased
anxiety-like behavior in male and female mice.

2.2. Microglial reactivity is stronger in females following dsHMGB1
infusion to mPFC

The mPFC is often described as a key node for stress responsiveness
and emotional processing; these are key processes in the context of
anxiety. Sex differences in stress-associated microglial functional
changes are well documented (Bollinger et al., 2016; Gonzalez Ibanez
et al., 2023). We sought to determine if microglia transcriptional and
morphological changes would be a shared phenotype between males
and females underlying the similar behavioral outcomes. In a smaller
cohort of mice, we repeated the implantation and dosing scheme as
outlined in the previous section. 16 h after the final infusion of
dsHMGB1, mice completed the elevated plus maze assay and were
immediately sacrificed for tissue collection. Again, an anxiety pheno-
type in the EPM was observed in males and females (Suppl. Fig. 2A and
2B). We triple stained Ibal, Tmem119, and CD68 to distinguish between
surveillant/homeostatic, and reactive/phagocytic microglia respec-
tively. We quantified the volume of Ibal(Fig. 2B and F) and Tmem119
(Suppl. Fig. 2D and 2E). We utilized a nested t-test to compare treatment
groups within sexes. There was no significant difference in Tmem119
vol alone for males or females; however, Ibal volume differed signifi-
cantly in females (1647 vs. 893.4 ym"3; CI 95 %, 73.79 to 1434; p =
0.0358) (Fig. 2F). We then calculated the ratio of Tmem119 normalized
to Ibal for each reconstructed cell. We interpret this measurement as a
ratio of homeostasis, as Tmem119 is often downregulated in the context
of inflammation, injury, or disease progression (Spiteri et al., 2021). We
observed a clear linear relationship between Ibal volume and Tmem119
in control mice (Suppl. Fig 2F). However, in dSsHMGB1 treated mice we
found this relationship was significantly altered in females but not males
(Fig. 2C and G). Female mice treated with dsHMGB1 showed decreased
Tmem119:Ibal relative to controls (0.9163 vs. 1.481; CI 95 %, —1.048
to —0.08094; p = 0.0301) (Fig. 2I). Next, we calculated phagocytic ca-
pacity by normalizing CD68 vol to Tmem119 and Ibal merged volumes.
Females but not males treated with dsHMGB1 had significantly
increased lysosomal volume (5.275 vs. 1.829; CI 95 %, 0.2604 to 6.632;
p = 0.0389) (Fig. 2J). Finally, we examined changes in morphology by
calculating the number of Sholl intersections using concentric distances
from the radius of each cell soma. In both males and females, dsHMGB1
decreases the number of intersections and we interpret this to reflect a
decrease in complexity and an increase in reactivity (Fig. 2E and I).

2.3. dsHMGBI exerts sex specific changes in RAGE/MyD88 signaling
Noting the sex-specific effects of dSHMGB1 on microglial measures,

we hypothesized there could also be sex-specific changes in gene
expression canonically associated with a proinflammatory state. HMGB1
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Fig. 1. HMGBI infusion to mPFC causes specific anxiety-like behavior
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(A) Schematic of Experimental Workflow and Protocols (B) Center Exploration of the OFT is unchanged by HMGB1 (C) Weight Decrease Associated with dsHMGB1
Infusion is Specific to Females (D) Social Preference is not altered by HMGB1 E) Elevated Plus Maze Open Arm Exploration (F) Elevated Plus Maze Latency to Explore
Open Arms (G) Total Distance Traveled in EPM is consistent between sex/treatment groups (H) Mean Velocity in EPM is not significantly impacted by sex or
treatment (I) Home cage Feeding Latency (J) TST Immobility is not significantly affected by HMGB1 Statistical analyses were performed using 2-way ANOVA to
confirm primary effect of treatment and a Bonferroni post-hoc test is displayed on each graph. (*p < 0.05, **p < 0.01), n = 8-12 mice for each group Results are

expressed as the mean + SEM.

<

is a putative ligand for TLR4 and RAGE receptors (Xu et al., 2019; Plu-
ma-Pluma et al., 2024; Sparvero et al., 2009). Canonical activation of
either of these receptors requires subsequent binding of the adaptor
protein MyD88 (Yao et al., 2023). We utilized a CD11b + cell specific
isolation protocol where CD11b marks myeloid cells, which are solely
expressed by microglia and macrophages in the intact brain. CD11b- and
CD11b + cell fractions were isolated from mice 16 h after the final dose
to maintain the same timeframe as behavioral and immunohistochem-
ical experiments. All cells were isolated from the frontal cortex (Bregma
2.62 — Bregma 1.15), including tissue with primarily PFC as well as
surrounding areas containing the infralimbic, cingulate, and motor
cortex.

In males, no significant changes were found in TIr4, Rage, or Myd88
in CD11b + cells. However, we did identify a main effect of cell type, F
(1,12) = 8.994, p = 0.0111 for Male TLR4 (Fig. 3A). In females we found
a main effect of treatment in all measured genes. CD11b + cells showed
significant increases in Tlr4, F (1,14) = 4.712, p = 0.0476, Bonferroni’s
Post-Hoc p=< 0.0001(Fig. 3E); as well as Rage, F (1,14) = 13.52, p =
0.0025, Bonferroni’s post-hoc p = 0.0003 (Fig. 3D); and Myd88, F
(1,14) = 18.25, p = 0.0008. Bonferroni’s post-hoc p < 0.0001(Fig. 3F).

2.4. Microglial MyD88 is necessary for HMGB1-induced anxiety in
females

To test the hypothesis that microglial MyD88 is necessary for
anxiety-like behavioral responses to HMGB1, we utilized our previously
characterized mouse line that has conditional deletion of the Myd88
gene for CX3CR1 expressing cell types (Rivera et al., 2019; Smith et al.,
2020), which includes all microglia in the CNS (Suppl. Fig 4). We first
investigated the microglial specific response to dsHMGB1 administra-
tion in control and cKO mice. To do so all animals were administered
dsHMGBLI for 5 days as previously described (Fig. 1A). We utilized IHC
to assess reactivity changes in microglia in the mPFC as before. No
significant genotype differences in dsHMGB1 response were observed in
males. In contrast, we found that female cKO mice have increased
TMEM119: Ibal ratio (Fig. 4H) compared to control females (0.9138 vs.
1.407, 95 % CI 0.1199 to 0.8674, p = 0.0167), as well as decreased
lysosomal volume (Fig. 41) (5.166 vs. 2.329, 95 % CI -4.890 to —0.7852,
p = 0.0151), indicating a rescue/prevention of dsHMGB1-induced
microglial changes in females.

Both male and female control mice responded with an anxiety-like
phenotype following dsHMGBI1 treatment as we have seen previously.
Both male and female Cre- (control) mice show a main effect of treat-
ment in EPM Exploration, F (1,24) = 17.63, p = 0.0003 (Fig. 5B); F
(1,20) = 0.0033 (Fig. 5C). cKO males looked similar to control mice,
demonstrating increased latency in the NSF. We report a main effect of
treatment for males in the NSF, F (1,21) = 24.26, p < 0.0001 (Fig. 5D).
However, female cKO mice do not demonstrate an anxiety-like pheno-
type in the EPM, main effect of interaction, F (1,20) = 8.567, p = 0.0081
(Fig. 4C), or in the Novelty Suppressed Feeding (NSF) assay, F (1,21) =
24.26, p < 0.0001 (Fig. 5E).

3. Discussion

Understanding cell-type specific mechanisms of stress response may
facilitate improved treatment of disorders of which stress is a key
precipitating factor, like depression and anxiety. The hypothesis that
inflammation is a critical mechanism which drives behavioral changes

after stress exposure has a substantial precedent in the literature (Won
and Kim, 2020; Frank et al., 2018). Previous studies demonstrate that
anti-inflammatory treatments can prevent and/or reverse behavioral
deficits caused by stress in preclinical models (Bassett et al., 2021).
However, non-specific anti-inflammatory treatment is likely not suffi-
cient or ideal to treat anxiety in humans (Hellmann- Regen et al., 2022).
Therefore, more work is needed to unravel mechanisms of stress induced
neuroinflammation to determine if therapeutics can be more precisely
targeted.

HMGB1 preclinical models are emerging as a robust and reliable way
to induce stress-associated behavioral effects (Huang et al., 2023).
HMGB1-induced behavioral changes are reversed by antidepressants as
well as the anti-inflammatory drug minocycline (Wang et al., 2019).
More recent studies, including this one, demonstrate dsHMGB1’s utility
as a pharmacological stressor which can impact specific behavior based
on site of drug delivery. Moreover, dsHMGB1 does so while enacting
other physiological changes associated with stress, e.g. weight loss in
females, potentially providing novel insights into the pathophysiology of
anxiety disorders.

Though anxiety and depression are twice as common in women, the
current body of work related to stress, anxiety, and depression has been
done primarily in male subjects (Kalin, 2020; Farhane-Medina et al.,
2022). Pre-clinical stress models do not utilize female subjects to a
comparable degree as male subjects nor to a degree that mimics the
increased prevalence of these disorders in women (Lopez and Bagot,
2021). Various models of stress are utilized throughout the field, each
exerting both specific and generalizing effects (Saxena et al., 2020). A
now growing body of work is revisiting these canonical mechanisms of
stress response in female subjects (Yin et al., 2019) and uncovering both
convergence and distinct mechanisms compared to males (Baugher
et al., 2022; Gonzalez Ibanez et al., 2023; Woodburn et al., 2021). In the
present study our findings echo this trend; male and female adult mice
infused with dsHMGB1 in the mPFC exhibit a shared anxiety-like
phenotype in the EPM and NSF assay. However, the mechanisms were
distinct, as changes in microglial reactivity were not evenly observed in
both sexes.

Increased microglial reactivity may be a necessary mechanism by
which stress alters behavior (Lehmann et al., 2018, 2019). Very little is
established in the literature concerning understanding HMGB1-induced
cellular mechanisms in a cell-specific manner. We hypothesized that
increased microglial reactivity via PRRs would prove to be a crucial
mechanism by which HMGB1 induces behavioral changes. We examined
several previously identified hallmarks of stress-associated microglial
pathology. Only females demonstrated significant alterations in micro-
glia volume, lysosomal volume, and homeostatic marker expression in
C57BLJ/6 mice. Similarly, females specifically displayed significant
increases in transcription of Tlr4, Rage, and Myd88 in microglial cells
isolated from the frontal cortex. The role of microglial RAGE in the
context of stress was first identified in male rats (Franklin et al., 2018).
Here we demonstrate that adult female mice display increased ligation
of microglial Rage, Tlr4 and Myd88 following dsHMGB1 infusion.
Finally, to elucidate the specificity of this MyD88-dependent PRR driven
mechanism, we investigated how previously established phenotypes of
behavioral changes and robust morphological changes would be
affected in the cKO condition. We found that cKO females only showed
prevention of behavioral changes and microglial reactivity. From this
we conclude that microglial MyD88 is key for HMGB1 associated
behavioral changes and we believe this may have high relevance for
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are expressed as the mean + SEM.

sex-specific mechanisms of stress.

We must acknowledge several limitations with our study. Firstly, we
infused 75 nL of 20 % dsHMGB1 into the mPFC once daily for five
consecutive days. This dose was first validated by its ability to signifi-
cantly alter anxiety-like behaviors in males. We then utilized this same
dosing scheme in the female experimental group. Due to all animals
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being of adult age 13-20 weeks, we did not adjust dosing based on
weight since direct infusion allows the bypassing of peripheral absorp-
tion routes. A previous study utilizing dSSHMGBI at a significantly higher
dose and over a longer period reports a similar behavioral effect (Du
et al., 2022). It is possible that some findings may be dose dependent.
Specifically, the transcriptional responses in male microglia trend in
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16 h following the final infusion of HMGB1, mice were sacrificed, and the frontal cortex was collected for cell isolation protocol as described in methods and
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individual mouse. Results are expressed as the mean + SEM.

opposite directions than females. This was not surprising as it has been
previously demonstrated that sub-chronic stress transiently down-
regulates RAGE and TLR4 in male rodent models (Franklin et al., 2018a,
b). However, it highlights the importance of potentially utilizing this
model in both sexes across a broader dosing range to better delineate the
tunability of HMGBI1 responses. In addition, it is exciting to report re-
sults from the first utilization of dSHMGB1 as a pharmacological stressor
in normally cycling females. Mice typically cycle across a period of 4-5
days. Both dosing and the initial behavior battery occurred over a period
of 4-5 days meaning mice were dosed and assayed at each point in their

cycle. We were under-powered to investigate potential hormonal
mechanisms more thoroughly in this study, but it is a possibility that
warrants future investigation.

Finally, and possibly most importantly, it would be exciting to draw
broader conclusions about the role of microglial MyD88 in the physio-
logical stress response, e.g. in response to psychological distress models.
However, more work is needed to understand the role of microglial
MyD88 in the stress response in such a way that generalizes across stress
models.

There are several interesting future directions based on the findings
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of this study. Now that we have elucidated the importance of microglial
MyD88 in female HMGBI1 response, understanding the time course of
resolution as well as investigating how this mechanism relates to stress-
induced priming would be an interesting investigational aim. In line
with this, we observed an almost bivalent effect of ASHMGB1 at this dose
in both males and females. As previously stated, we utilized a signifi-
cantly lower dose of dsHMGB1 that we believe allowed us to potentially
capture a pseudo resilient v. Susceptible phenotype. It would be inter-
esting to follow up this observation with studies that examine how
HMGB1-induced responses correlate with the response to stressors and
subthreshold stressors. The male data in this study is quite interesting,
though we observed behavioral changes in response to dsHMGBI1
administration, the microglia reactivity changes were not as robust as in
females. Further studies could investigate if another glial and/or
neuronal-mediated mechanism underlie male response to HMGBL1.

This study adds to a growing body of work that demonstrates that
similar behavioral response following stress may be the result of distinct
sex-specific mechanisms (Woodburn et al., 2021; Yao et al., 2023). We
also report the first use of dsHMGB1 as a model of anxiety in female
adult mice. Models of localized HMGB1 drug delivery could be utilized
to further probe the effects of neuroinflammation with increased spec-
ificity. Expanding our understanding of mechanisms upstream of
HMGBI1 release as well as downstream signaling could continue to
provide novel insights into stress pathology and other disease etiology
(Xue et al., 2021; Yang et al., 2021) with potential broader implications.
This work highlights the importance of utilizing both males and females
in studies, when applicable, to identify sex-specific effects and/or shared
phenotypes between sexes (Labonté et al., 2017).

Beyond the potential utility of HMGBI1, this study highlights an
important and potentially necessary role for microglia in female
behavioral responses to increased extracellular alarmins. Increased
extracellular alarmins are commonly associated with stress (Zhang et al.,
2020); however, they are also observed in auto-immune diseases (Desai
and Brinton, 2019). Microglia and macrophages have a demonstrated
role in stress-associated psychiatric conditions (Shimo et al., 2023),
auto-immune disease, and certain neurodegenerative diseases
(Frederiksen et al., 2019; Wang and Russo, 2024). These diseases also
have increased prevalence in adult and aging women (Slavich and
Sacher, 2019). These findings potentially provide further evidence for
the hypothesis that the ability of microglia to confer vulnerability to
disease shifts from being male-biased in early life, to female-biased as we
age (Lynch, 2022). In conclusion, the data found in this study supports
utilization of a local dsHMGB1 model to provide insight into patholog-
ical stress. Moreover, we uncover a sex-specific role for microglia in
mediating responses to alarmins. Due to the ubiquitous nature PRR
pathways, this work has broad potential for future work and possible
utility for therapeutic development.

4. Materials and methods
4.1. Mice

All procedures involving animals were reviewed and approved by the
Institutional Animal Care and Use Committee of Duke University, IACUC
protocol number: 206-2310. MyD88-floxed mice were purchased from
Jackson Laboratories (Bar Harbor, ME; Stock # 00888). Cx3Cr1-CreBT
(MW126GSat) mice were generated and initially provided by L. Kus
(GENSAT BAC Transgenic Project, Rockefeller University, NY). All
methods for breeding and genotyping transgenic mice were conducted
according to Rivera et al. (2019). Cx3Cr1- CreBT mice were crossed with
MyD88-floxed mice over 3 generations until all offspring were fully
MyD88-floxed (F/F) and either Cre negative (Cre 0/0: no modification to
microglial MyD88) or Cre positive (Cre tg/0: removal of microglial
MyD88), and then back-crossed onto a fully Jackson background. Gen-
otyping of transgenic animals was conducted using polymerase chain
reaction (PCR) on tail-snip DNA. Primer sequences used for PCR can be
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found in Table 1. Wild-type (WT) C57Bl/6J mice (used as stimuli for
social preference experiments) were purchased from Jackson Labora-
tories (Bar Harbor, ME; Stock # 000664). All animals, age 13-20 weeks
at the time of experimentation, were group housed in standard mouse
cages under standard laboratory conditions (12-h light/dark cycle,
23°C, 60 % humidity) with same-sex littermates with free access to food
and water.

4.2. MyD88 KO recombination efficiency

For recombination efficiency experiments, microglia were isolated
from cortex and hippocampus of MyD88-cKO, MyD88-CON, and C57BL/
6 wild-type (WT) mice using CD11b bead isolation method (see below),
and DNA was isolated from CD11b+ and CD11b-fractions. A primer set
was designed to capture the recombined Exon 3 of the MyD88 allele
(outside of 1oxP sites), with predicted band sizes for CD11b + fraction as
follows: WT MyD88 Exon 3: ~600 bp, Floxed MyD88 allele, unrecom-
bined (CON) = ~750 bp, Recombined MyD88 allele (cKO) = ~250 bp.
Amount of DNA loaded into each PCR for each animal was as follows:
Cd11b+ = 25 ng, Cd11b- = 100 ng, tail = 100 ng (Suppl. Fig. 4B). All
primer sequences can be found in Table 1.

4.3. Surgery

Mice were anesthetized with 1.5 % isoflurane at a flow rate of 0.4 L/
min and stereotaxically implanted with an intracerebral ventricular
(ICV) guide cannula (26G, 2.25 mm from the pedestal; Plastics One, VA)
into the left medial prefrontal cortex using the following coordinates
from bregma (33): 1.5 mm anterior-posterior, —0.4 mm medial-lateral,
and —2.25 mm dorsal-ventral from the skull. Following surgery, re-
covery was monitored daily, and mice were treated with saline and/or
dextrose for post-operative care. After 10 days of recovery, the free
moving mice were infused with 75 nl of aCSF(vehicle solution) or re-
combinant HMGB1 (dsHMGB1 certified LPS free (0.2ug/ul); HMGBio-
tech) using a 26G internal cannula (Plastics One, VA) once daily for five
consecutive days. If at anytime mice appeared to show impaired
mobility or dropped below 93 % of their pre-operative body weight, they
were euthanized and removed from the study. In total less than 5 % of
mice were removed due to health concerns.

4.4. Estrus cycle analysis

Smears were obtained by vaginal cytology collected at the end of
behavioral tests and stained using the heamatoxylin-eosin method.
Three cell types (nucleated epithelial cells, cornified epithelial cells and
leukocytes) were counted to define the reproductive cycle (estrus),

Table 1
Primer Sequences for qPCR Experiments.
Primer Sequence Annealing
Temperature C

TLR4 F: CAG CAG AGG AGA AAG CAT 55.8
R: CAC CAG GAA TAA AGT CTC
TG

RAGE F: AAC ACA GGA AGA ACT GAA 52.8
R: GCC ATC GGG AAT CAG AAG
TT

MyD88 F: CAA GGC GAT GAA GAA GGA 54.8
C
R: CGC ATC AGT CTC ATC TTC
CC

MyD88 recombined F: TAATGGCAGTCCTCTCCCAG 60.0

(used for genotyping R:
only) AGGACTACATTACCCAGGCG

18S F: GAA TAA TGG AAT AGG ACC 58.8
GC
R: CTT TCG CTC TGG TCC GTC
TT
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which is defined by the prevalence of each cell type: proestrus (nucle-
ated), estrus (cornified), metestrus (all types in same proportion) and
diestrus (leukocytes) (Westwood, 2008). Images were acquired with a
light microscope Leica DM 4000 B (Leica, Wetzlar, Germany) with a x
10 objective lens (Plan 10 x /0.25PH1).

4.5. Weight collections

Animals were weighed on the day of and the day preceding dosing.
This weight was averaged to establish a baseline. Animals were weighed
daily on dosing days and behavior days. The weight change reported for
(Fig. 1Q) is the difference between baseline weight and weight 24 h after
dosing ends.

A
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4.6. Behavioral tests

All behavioral tests were conducted approximately 12 h apart from
one another alternating between light and dark phase, with the excep-
tion of feeding assays and the tail suspension test (TST). Dosing occurred
in the morning/light cycle with the first test being run approximately 12
h after the administration of the final dose, during the dark cycle (Day
0). On Day 1, mice completed two behavioral assays, one in each stage of
the light cycle. Following the completion of Day 1 testing, mice were
subjected to food restriction (~16 h) in preparation for home cage
Feeding Assay or Novelty Suppressed Feeding. The feeding assays were
completed on Day 2 and immediately following completion of the assay
mice were allowed unrestricted access to food (24 h). Once body weight
reached approximately 98 % of pre-food restricted body weight, mice

Light Dark Box Test
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completed the tail suspension test. Mice were habituated in the testing
room for at least 30 min before the test. Examiners were blinded to the
groups of mice. The testing room was sound-proof and temperature
controlled at 24-26 °C. After each trial, the mice were put back into their
home cages and the experimental apparatus was cleaned with 75 %
alcohol and Rescue cleaning solution to eliminate the odor that may
affect animal behavior. Behaviors were tested in order consistent with
experimental outlines provided in Figs. 1A and 5A.

4.7. Open field test (OFT)

The OFT was performed in an open rectangular box with a bottom
edge length of 50 cm and a height of 60 cm. The box was placed directly
on the floor. After placing the mouse in the intermediate region of the
box, animal behavior was recorded by a camera for 10 min. The bottom
of the box was divided into the central zone (25 x 25 cm?) and the rest of
the outer zone by EthovisionXT. The time spent by the animal in each
region as well as the moving distance in the box were calculated.

4.8. Elevated plus maze (EPM)

The apparatus used for the EPM test was a cross-shaped device
consisting of an intermediate platform region (5 x 0.5 cm?) and two
pairs of open arms and closed arms (25 x 5 cm?) connected to one
another. The closed arms are surrounded by walls (16 cm), whereas the
open arms have slight walls (0.5 cm). The entire maze was elevated to a
height of 50 cm. The mouse was first placed in the intermediate region at
the same position with its head toward closed arms, and its behavior in
the device was then recorded by a camera for 5 min and the time spent
by the animal in each arm was analyzed by EthovisionXT.

4.9. Social preference assay

Social preference was measured using a two-chamber assay in which
animals explored a novel object, or a novel mouse as described in
(Mague et al., 2022). The assay was run in a rectangular arena (61 cm x
42.5 cm x 22 cm, L x W x H) fabricated from clear plexiglass with a
clear wall separating the arena into two equal chambers with an opening
in the middle allowing free access between both chambers. Plastic, cir-
cular holding cages (8.3 cm diameter and 12 cm tall) were centered in
each of the two chambers and were used to hold either a novel object or
sex- and age-matched C3H target mouse. The arena was evenly lit with
indirect white light (~125 lux). Plastic toys and glass objects were used
as novel objects with the object being between 3 and 5 cm in all di-
rections. For the test mouse, time spent interacting with a novel object
and time spent interacting with the C3H mouse were measured. Social
preference ratio was calculated by normalizing the social interaction
time to the object interaction time.

4.10. Home Cage Feeding assay

Mice were placed in a cage with bedding material from their home
cage to increase familiarity within the arena. Again, a mouse began the
trial in the corner of the cage and the food pellet was placed in the
center. Each trial was limited to 3 min and at the end of that time or after
the mouse began its first feeding bout, the mouse was removed, and the
trial completed. The latency to feed was recorded as the trial occurred
and confirmed via video hand scoring.

4.11. Novelty Suppressed Feeding

Following the completion of EPM, mice were food-deprived 18 h
prior to the test, with free access to water. On the day of testing, mice
were moved to the dimly lit testing room 1 h before the test. Mice were
placed into one corner of a clear plexiglass open field apparatus (17 in.
x 17 in. x 12 in.) with an opaque white acrylic floor covered with a thin

10

Neurobiology of Stress 36 (2025) 100721

layer of home cage bedding material. The room was maintained with red
light conditions. A food pellet was placed in the center of the open field
and mice were placed in one corner. Latencies to approach and to begin
eating were recorded with a limit of 8 min. As soon as the mouse was
observed to eat, or the 8-min time limit was reached, the mouse was
removed from the open field. And placed in the home cage and observed
until it began to eat in the home cage.

4.12. Light Dark Box test (LDB) test

The apparatus for LDB test was a rectangular box comprising two
connected chambers: a light open chamber with white walls (~100 Lux,
15 x 20 x 25 cm3) and a dark covered chamber with black walls (~5
Lux, 30 x 20 x 25 cm®). The apparatus was placed on a table two feet off
the ground. For every trial, the mouse was placed at the same position in
the dark box. Animal behavior in the apparatus was then recorded for 8
min by a digital camera and the time the animal spent in each box was
analyzed by EthovisionXT.

4.13. Tail suspension test

For TST, mice were suspended from the side of a behavioral arena
with white background for video tracking. At the beginning of the test,
the mouse was fixed to the side of the arena with tape 1.5 cm wide and
approximately 15 cm long. Mice were taped at the distal end of the tail
and suspended 15 cm from the base surface. The camera was then turned
on to record the animal behavior for 6 min. Immobility was defined by
mobility (>2.8 %) and velocity parameters (>3 cm/s) set in
EthovisionXT.

4.14. Immunohistochemistry

Mice were perfused intracardially with ice-cold saline followed by
phosphate-buffered 4 % paraformaldehyde (pH 7.4) after anesthetized
with CO2. The brain was removed and post-fixed overnight in the same
fixative and dehydrated in 30 % sucrose for 48 h at 4 °C. Coronal brain
sections were cut at 30 pm by a cryostat (NX50, Thermo, USA). For
immunohistochemical staining, the sections containing the mPFC and
surrounding tissue containing the infralimbic and cingulate cortex,
conventionally implicated in anxiety, were incubated in 0.1 % Triton X-
100 for 15 min and in 5 % normal goat serum for 2 h firstly, and then
were incubated with guinea pig, chicken, and rabbit anti-mouse primary
antibodies against TMEM119 (1:500, Synaptic Systems, 400 004)/Ibal
(1:1000, Synaptic Systems, 234 009)/CD68 (1:500, Abcam, 125 212)
overnight at 4 °C, then with anti-chicken IgG-Alexa Fluor 568 (1:1000,
Invitrogen, USA), anti-rabbit IgG-Alexa Fluor 647 (1:1000, Invitrogen,
USA), anti-guinea pig IgG-Alexa Fluor 488 (1:1000, Invitrogen, USA) for
2 h at room temperature (RT). After repeated washing, the sections were
then covered with glass coverslips and fluorescent images were captured
by a confocal microscope (Olympus FV3000 inverted confocal) utilizing
a 60x objective. The analysis of fluorescence intensity and cell counting
were performed by Image J software (NIH, USA). Microglia re-
constructions and individual cell analysis were performed utilizing
IMARIS 10.0 software. Structural analysis included the total length and
the 3D arrangement of microglial branching using the Sholl analysis
(number of intersections with concentric circles positioned at radial
intervals of 1 pm). For each animal (3-6 per group), 6-10 microglia from
mPFC were analyzed and microglia from the same animal were aver-
aged. Observers were blinded to the experimental condition of each
subject.

4.15. Microglia isolation
Microglia were isolated from rodent brains using a protocol adapted

from Bordt et al. (2020). Brains were dissected to grossly extract the
frontal cortex as judged by the boundaries of the cannula implant. Then
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sections were enzymatically digested using a dissociation cocktail con-
taining papain or trypsin at 37 °C for 20-30 min. The tissue was then
mechanically dissociated through trituration to obtain a single-cell
suspension. The suspension was subjected to a density gradient centri-
fugation using Percoll to separate microglia from other brain cell pop-
ulations. Both the microglia-enriched fraction and non-microglia
enriched fraction were collected, washed, and resuspended in appro-
priate media for subsequent RNA isolation for the qPCR experiments.

4.16. RNA extraction

Samples were homogenized in Trizol® (Thermo-fisher scientific, NY)
and then vortexed for 10 min at 2000 rpm. After 15 min resting at room
temperature (RT), chloroform was added (1:5 with Trizol) and samples
were vortexed for 2 min at 2000 rpm. Samples were next allowed to sit at
RT for 3 min and then centrifuged (15 min at 11 800 rpm; 4 °C). This
resulted in a gradient from which the top, clear, aqueous phase was
separated and placed into a fresh tube. Isopropanol was then added to
the new tube to precipitate RNA (1:1 with aqueous phase) and samples
were again vortexed, allowed to set at RT for 10 min, and then centri-
fuged (15 min at 11 800 rpm; 4 °C). Pellets obtained after this step were
rinsed twice in ice-cold 75 % Ethanol and then resuspended in 8 pl of
nuclease-free water. RNA was frozen at —80 °C until cDNA synthesis and
qPCR. A NanoDrop Spectrophotometer (Thermo Scientific, Wilmington,
DE) was used to determine RNA quantity and purity. RNA was consid-
ered pure enough for further use based on 260,/280 (RNA:protein; range:
1.8-2.0) and 260/230 (RNA: Ethanol; range 1.6-2.0) ratios.

4.17. qPCR

cDNA was synthesized using the QuantiTect Reverse Transcription
Kit (Quiagen, Hilden, Germany). Briefly, 200 ng of RNA/12 pl of
nuclease-free water was pre-treated with gDNase at 42 °C for 2 min to
remove genomic DNA contamination. Next, master mix containing both
primer-mix and reverse transcriptase was added to each sample and all
samples were heated to 42 °C for 30 min and then 95 °C for 3 min (to
inactivate the reaction) in the thermocycler. Quantitative real-time PCR
(qPCR) was conducted using QuantiTect SYBR Green PCR Kit (Quiagen,
Catalog #:204057, Hilden, Germany. To examine HMGB1-dependent
signaling that is mediated by the MyD88-dependent pathways, we
selected 3 genes within the signaling cascade of HMGBI1 including pu-
tative receptors RAGE, TLR4, as well as MyD88 (Magna and Pisetsky,
2014). qPCR primers were designed in the lab and ordered from Inte-
grated DNA technologies (Coralville, IA).

PCR product was monitored using a Mastercycler ep realplex
(Eppendorf, Hauppauge, NY). Male and female samples were run on
separate plates, and thus, cannot be directly compared. 18S was used as
a house-keeping gene and relative gene expression was calculated using
the 2— AACT method, relative to 185 and the lowest sample on the plate
(Williamson et al., 2011; Livak and Schmittgen, 2001).

4.18. Statistical analysis

All data are expressed as the mean + SEM. The required sample sizes
were estimated based on our experience and Power analysis was used to
justify the sample size. Statistical analysis was conducted by GraphPad
Prism10.2 (GraphPad Software, USA). The Shapiro-Wilk test was used
to assess whether the data followed a normal distribution. If the data was
normally distributed, two-tailed Welch’s t-test was used for comparison
between two groups; if not, Mann-Whitney test was used instead. For
groups with a normal distribution, a two-way ANOVA was utilized to
assess the significance of two factors and the interaction of those factors
(ie: sex and treatment) either Bonferroni or Dunnett’s post-hoc test was
used. The significance level was set at P < 0.05.
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