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Diazepam limits microglia-mediated neuronal remodeling in
the prefrontal cortex and associated behavioral consequences
following chronic unpredictable stress
Justin L. Bollinger1, Matthew J. Horchar1 and Eric S. Wohleb1

Chronic stress induces neuronal atrophy and synaptic loss in the medial prefrontal cortex (PFC), and this leads to behavioral and
cognitive impairments. Our recent findings indicate that microglia contribute to structural remodeling of neurons via increased
colony-stimulating factor (CSF)-1 in the medial PFC. Other work shows that chronic stress induces aberrant neuronal activity in the
medial PFC, and that neuronal hyperactivity increases CSF1 signaling and alters microglia function. Thus, the present studies were
designed to examine the role of neuronal activity in stress-induced CSF1 signaling and microglia-mediated neuronal remodeling in
the medial PFC. Additional analyses probed stress effects on the dorsal hippocampus (HPC), basolateral amygdala (BLA), and
somatosensory cortex (SSCTX). Mice were exposed to chronic unpredictable stress (CUS) or handled intermittently as controls, and
received daily injection of vehicle or diazepam (1mg/kg). As anticipated, diazepam attenuated CUS-induced behavioral despair and
cognitive impairments. Further studies showed that diazepam normalized Csf1 and C3mRNA in the PFC, and prevented increases in
Csf1r and Cd11b in frontal cortex microglia following CUS. Stress had no effect on neuroimmune gene expression in the HPC.
Confocal imaging in Thy1-GFP(M) mice demonstrated that diazepam limited microglial engulfment of neuronal elements and
blocked CUS-induced dendritic spine loss in the medial PFC. Altogether, these findings indicate that modulation of chronic stress-
induced neuronal activity limits microglia-mediated neuronal remodeling in the medial PFC, and subsequent behavioral and
cognitive consequences.
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INTRODUCTION
Stress-linked psychiatric disorders, such as major depressive
disorder (MDD), are a significant contributor to global disease
burden, leading to substantial socioeconomic costs [1, 2].
Evidence suggests that altered synaptic plasticity in corticolimbic
brain regions, including the medial prefrontal cortex (PFC)
underlie depressive symptoms [3, 4]. The rodent model, chronic
unpredictable stress (CUS), causes neuronal remodeling and
synaptic deficits in the medial PFC that contribute to behavioral
despair, anhedonia, and cognitive impairment [5–7]. In concert
with neuronal remodeling, emerging data indicate that chronic
stress alters microglial morphology and function [8, 9]. This is
compelling as microglia can shape neuroplasticity through direct
contact with neuronal structures (i.e., dendrites, synapses) and
engulfment or trogocytosis of synaptic elements [10–12]. In this
context, it is possible that stress-induced alterations in microglia
contribute to the synaptic deficits underlying behavioral despair
and cognitive impairment. Indeed our prior work indicates that
CUS perturbs neuron-microglia interactions by increasing colony-
stimulating factor (CSF)-1 signaling in the medial PFC, provoking
microglia-mediated neuronal remodeling and depressive-like
behaviors [13, 14]. While these studies provide evidence that
microglia contribute to stress effects on medial PFC structure and
function, it remains unclear what neurobiological mechanisms

promote CSF1 signaling and direct microglia-mediated neuronal
remodeling.
Several lines of evidence indicate that stress causes aberrant

neuronal activity in the PFC, which is thought to underlie synapse
loss and associated behavioral consequences [6, 15–17]. Consis-
tent with this idea, pharmacological interventions that dampen
neuronal activity in the medial PFC have been shown to attenuate
synaptic and behavioral deficits following chronic stress [18].
Benzodiazepines (i.e., diazepam) are a well-characterized drug
class that acts on GABAA receptors to diminish excitatory neuronal
activation [19, 20]. Indeed diazepam pre-treatment can dampen
stress-evoked release of excitatory neurotransmitters in the medial
PFC [21, 22]. In separate studies, diazepam is shown to attenuate
anxiety- and depressive-like behaviors following stress exposure
[23, 24]. These neurophysiological responses are important
because microglia are responsive to changes in neuronal activity,
and reciprocally influence neuroplasticity through the release of
neuromodulators (i.e., cytokines, growth factors) and interactions
with synaptic elements [11, 12, 25]. Notably, microglia show
increased surveillance and synaptic interactions in response to
localized neuronal activity [26, 27]. In addition, other model
systems show that elevated neuronal activity promotes
CSF1 signaling. For example, kainic acid-induced neuronal
hyperactivity increases CSF1 expression, and this is associated
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with microglial activation in the hippocampus [28]. Moreover, a
recent study showed that optogenetic-induced neuronal activity
increases Csf1 levels in the cortex and, in turn, promotes microglial
phagocytosis of amyloid plaques in a model of Alzheimer’s disease
[29]. In this context, it is plausible that aberrant neuronal activity in
response to chronic stress increases CSF1 signaling and microglia-
mediated neuronal remodeling, leading to synaptic deficits and
associated behavioral consequences [13].
Expounding upon our previous findings [13], we used diazepam

to test the role of stress-induced neuronal activation in microglia-
mediated neuronal remodeling in the PFC and associated
behavioral or cognitive consequences. In addition to the PFC,
we examined two brain regions implicated in stress responses
(dorsal hippocampus, HPC; basolateral amygdala, BLA) as well as a
brain region that is less responsive to stress (somatosensory
cortex, SSCTX). Our results demonstrate that modulation of stress-
induced neuronal activation with diazepam prevents behavioral
and cognitive impairments, attenuates microglial phagocytosis of
neuronal elements, and reduces synaptic deficits in the PFC.
Notably, diazepam did not alter neuronal activation in the dorsal
HPC, BLA, or the SSCTX, and expression of neuroimmune factors
was not altered in the HPC following stress. Altogether, these
results provide initial evidence that aberrant neuronal activity in
response to chronic stress alters neuroimmune function in the
PFC, and initiates microglia-mediated neuronal remodeling that
contributes to synaptic deficits and associated behavioral
consequences.

MATERIALS AND METHODS
Animals
Transgenic (and wild-type littermate) male Thy1-GFP(M) mice
were obtained from in-house breeders (Jackson Laboratories; Tg
(Thy1-EGFP)MJrs/J; #007788). Behavioral and gene expression
experiments were performed using male wild-type C57BL/6 mice
(Jackson Laboratories; C57BL/6J; #000664). Immunohistological
experiments were conducted in Thy1-GFP(M) mice. All mice
(6–8 weeks old) were group-housed (3-4/cage) in 11.5×7.5×6 inch
polypropylene cages under a 12-hour light-dark cycle with ad
libitum access to food and water. Animal use and procedures were
in accordance with the National Institutes of Health guidelines and
approved by the University of Cincinnati Institutional Animal Care
and Use Committees (IACUC).

Chronic unpredictable stress (CUS)
CUS was performed as previously described [13, 14]. Mice were
exposed to random intermittent stressors over 14 days (2 stres-
sors/day), including: cage rotation, isolation, restraint, radio noise,
food or water deprivation, light on overnight, light off during day,
rat odor, stroboscope overnight, crowding, wet bedding, no
bedding, or tilted cage.

Drug administration
Diazepam (Millipore-Sigma; Saint Louis, Missouri, #D0899) was
diluted to 0.5 mg/ml in 0.9% sodium chloride/0.1% ethanol.
Diazepam was administered daily via intraperitoneal (i.p.) injection
at 1 mg/kg. To limit acute effects of drug treatments, injections
were performed after behavioral testing in specified cohorts.

Behavior and cognitive tests
Forced swim test (FST), novelty-suppressed feeding test (NSFT),
and temporal order recognition testing (TOR) were conducted as
previously described [6, 13, 14]. All behavioral tests were
performed in a normally lit room (white light), between 0800
and 1000 h. Mice were allowed to habituate to this room for
30min prior to testing. For the FST, mice were placed in a 2-liter
beaker of water (24° ± 1 °C) for 10min and immobility was
measured. For the NSFT, mice were placed in a white plastic

arena (22×30×14 cm) with fresh cage bedding covering the
bottom. Three small pellets of chow were placed in the center of
the arena and latency for the mice to feed was recorded. In the
first trial phase of the TOR, mice were placed in a plastic arena
with two plastic Lego™ trees secured to the bottom of the arena.
For each phase of the TOR, mice were given 5min to explore the
arena and objects. After a 30 min latency, mice were placed in the
same arena with Lego™ blocks (second trial phase). An hour after
the second trial phase, mice were placed in the arena with one
block and one tree, counterbalanced to prevent bias (test phase).
The time spent exploring each of these objects was measured and
a discrimination index was calculated as follows: difference
between time spent exploring the tree or the block divided by
the total time spent exploring the tree and the block.

RNA isolation and quantitative real-time PCR
Whole PFC (medial frontal cortex between forceps minor prior to
joining of corpus callosum) and HPC (dorsal and ventral) were
rapidly dissected out 4 h after the final behavioral test. Total RNA
was extracted from whole-brain regions using TRIzol Reagent
according to manufacturer’s protocol (Invitrogen). RNA was
extracted from microglia using a Single Cell RNA purification kit
(Norgen Biotek Corp., Thorold, Canada, #51800). Samples were
reverse transcribed, and quantitative real-time PCR was conducted
as previously described [13, 14]. Primer sequences are listed in
Table S1.

Percoll gradient enrichment of microglia
Dissected frontal cortex (medial frontal cortex between forceps
minor prior to joining of corpus callosum) was passed through a
70 µm cell strainer. Homogenates were centrifuged at 1200 × g for
5 min. Supernatant was then removed and cell pellets were re-
suspended in 70% isotonic Percoll (GE Healthcare, Uppsalla,
Sweden, #17089102). A discontinuous Percoll density gradient was
layered as follows: 30 and 0% isotonic Percoll (phosphate-buffered
saline, PBS). The gradient was centrifuged for 20 min at 2000 × g
and enriched microglia were collected from the interphase
between the 70 and 30% Percoll layers. Enriched microglia were
then labeled with antibodies for flow cytometry.

Fluorescence-activated cell sorting (FACS)
Staining of cell surface antigens was performed as previously
described [14]. In brief, Fc receptors were blocked with anti-CD16/
CD32 antibody (BioLegend, San Diego, CA, U.S.A., #553141). Cells
were washed and then incubated with conjugated antibodies
(FITC-CX3CR1, #149020; PE-CD45, #103105; PE-Dazzle(564)-CD115,
#135528; PerCp-Cy5-CD11b; BioLegend) for 1 h at 4 °C. Cells were
washed and re-suspended in fluorescence-activated cell sorting
(FACS) buffer. Approximately 15,000 microglia were sorted based
on CD11b/CD45 expression using a BioRad S3e four-color
cytometer/cell sorter (Hercules, CA, U.S.A.). Data were analyzed
using FlowJo software (Ashland, OR, U.S.A.).

Immunohistology
Thy1-GFP(M) mice were transcardially perfused with sterile PBS
and 4% paraformaldehyde (PFA) 4 h after the final stressor. Brains
were post-fixed in 4% PFA for 24 h and incubated in 30% sucrose
for an additional 24 h. Frozen brains were sectioned on a Leica
CM2050 S cryostat (40 µm). Free-floating sections containing
either the medial PFC (2.68–1.54 mm Bregma), BLA (−0.58–
2.06mm Bregma), or dorsal HPC and SSCTX (−1.06–2.30 mm
Bregma) were selected for immunohistology. Sections were
washed, blocked for 1 h at room temperature, washed, and then
incubated with primary antibody: rabbit anti-IBA1 (1:1000, Wako;
019-19741) or rabbit anti-FosB (1:1000, Abcam; ab184938) over-
night at 4 °C. Sections were then washed and incubated with
conjugated secondary antibody overnight at 4 °C (1:1000, Invitro-
gen; Alexa Fluor 488, A21206; Alexa Fluor 546, A10040).
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Quantitative immunofluorescence. Confocal images were
obtained on a Nikon C2+ microscope interfaced with a Nikon
C2si+ camera. Quantification of immunolabeling and dendritic
spine density was performed as previously described using ImageJ
and NeuronStudio software [13, 30]. Confocal images were
captured from adjacent brain sections in both hemispheres of
each region of interest (3–4 sections/sample). All regions were
identified using structural landmarks within Bregma coordinates
listed above. To quantify FosB+ cells, immunolabeled cells were
counted using the ImageJ count function (circularity: 0.2–1, size:
30–300) for all brain regions except BLA. Given its unique shape
and the abundance of nearby nuclei, the BLA was traced and
measured in ImageJ. Cells were counted by a trained researcher in
this region. Cell counts were standardized to image- (medial PFC,
dorsal HPC, SSCTX) or region- size (BLA) and total FosB+ cell
density was calculated (cells per mm2). For microglia analyses
(IBA1): individual cell counts were obtained on standardized
images and cell density was calculated (cells per mm2). For
proportional area images were thresholded and total area was
recorded (IBA1 % area). In Thy1-GFP(M) mice, layer I of the medial
PFC was identified in multiple adjacent sections and apical
dendritic segments were imaged using 40x objective lens (NA
0.95; zoom 2.5×, z-stack: 0.1 µm). Images were analyzed using
NeuronStudio (6–8 segments/ sample) as previously described
[13]. To quantify GFP+ inclusions, confocal images were obtained
in multiple adjacent sections and microglia with complete
morphological profiles were identified (14-24 cells/sample).
Confocal images (40×; zoom 2.5×, NA 0.95, z-stack: 0.1 µm) were
examined in 3-dimensional space and orthogonal z-stacks with
Nikon Elements Image Analysis software. Confocal imaging with
these settings provides sufficient resolution to detect synaptic
inclusions (average inclusion diameter: 0.25 µm) [12].
Statistical analysis. Data were analyzed using GraphPad Prism

8.1.2 (La Jolla, California). Significant main effects and interactions
were determined using two-way ANOVA (stress × drug treatment).
Differences between group means were evaluated with Tukey’s
multiple comparisons test. The linear relationship between
behavioral measures and gene expression analyses, and histolo-
gical measures was examined using Pearson’s correlation coeffi-
cient. One outlier was identified using the Grubb’s method and
was subsequently removed from analysis (microglial CD68 mRNA,
control-diazepam sample). The number of animals examined in
each analysis are noted in Table S2.

RESULTS
Diazepam reduced neuronal activation in the prefrontal cortex
and prevented behavioral despair and working memory deficits
following CUS
Prior work indicates that the GABAA receptor modulator diazepam
reduces neuronal activity in the medial PFC, and may attenuate
stress-induced cognitive and behavioral deficits [23, 31]. To assess
this, we analyzed FosB levels in the medial PFC in vehicle- or
diazepam-treated mice following CUS (Fig. 1a). Stress exposure
caused a significant increase in FosB+ cells/mm2 in the medial PFC,
and treatment with diazepam blocked this effect (interaction:
F1,19= 7.59, p= 0.01; Fig. 1b, f). Post-hoc analyses confirmed that
CUS increased the number of FosB+ cells in vehicle-treated animals
as compared to all other groups (p ≤ 0.02, Fig. 1f). To determine the
brain region-specificity of these effects, the CA1 region of the dorsal
HPC, BLA, and SSCTX was examined. These brain regions were
selected because they express GABAA receptors, and both the BLA
and the CA1 region of dorsal HPC show altered function in chronic
stress [32–34], whereas neuronal function in the SSCTX and SSCTX-
associated behaviors are not significantly altered [35]. There were
no effects of stress or diazepam treatment on the number of FosB+
cells/mm2 in the CA1 region of dorsal HPC (Fig. 1c, f), BLA (Fig. 1d, f),
or SSCTX (Fig. 1e, f).

In a separate cohort, mice were assessed for forced swim test
immobility (FST), novel environment aversion (NSF), and working
memory performance (TOR; Fig. 2a). CUS exposure increased
immobility in the FST, whereas diazepam administration blocked
this effect (interaction: F1,37= 4.53, p= 0.04; Fig. 2b). Likewise, CUS
mice had increased latency to feed in the NSF, and this effect was
attenuated by diazepam (interaction: F1,34= 5.73, p= 0.02; Fig. 2c).
In addition, mice exposed to CUS showed discrimination deficits in
the TOR, and diazepam prevented these cognitive impairments
(interaction: F1,28= 7.69, p= 0.01; Fig. 2d).
Following behavioral testing, both PFC and HPC were dissected

to examine gene expression of factors associated with microglia-
neuron interactions and neuroimmune function. Mice exposed to
CUS had increased expression of Csf1 in the PFC, and diazepam
normalized Csf1 levels (interaction: F1,28= 6.64, p= 0.01; Fig. 2e).
Analyses indicate that Cx3cl1 transcript levels in the PFC varied
with CUS exposure and diazepam administration (interaction:
F1,28= 6.41, p= 0.02), however, no significant differences
emerged with post-hoc comparisons (Fig. 2e). Levels of Tgfb1
mRNA differed with diazepam treatment (drug: F1,28= 4.45, p=
0.04), but not stress. There were no effects of diazepam or stress
on Il34 transcript expression in the PFC of mice. Expression of Tnfa
in the PFC differed with both CUS exposure (stress: F1,28= 3.45,
p= 0.07) and diazepam treatment (drug: F1,28= 13.08, p= 0.001).
Post-hoc comparisons suggest that these effects were driven by
modest increases in Tnfa in both control (p= 0.10) and CUS (p=
0.05) mice treated with diazepam (Fig. 2e). Mice exposed to CUS
also had increased C1q transcript in the PFC (stress: F1,28= 28.44,
p < 0.0001), but diazepam did not affect this response (Fig. 2e).
There was a significant effect of CUS on C3 expression, and
diazepam attenuated this stress-induced increase (interaction:
F1,28= 7.39, p= 0.01).
Expression levels of specific neuroimmune factors in the medial

PFC correlated with behavioral performance. Increased expression
of Csf1 was associated with greater immobility in the FST (r(30) =
0.36, p= 0.04; Fig. S1A), increased latency to feed in the NSFT
(r(27) = 0.55, p= 0.002; Fig. S1B), and dysfunction in the TOR
(r(30)=−0.54, p= 0.002; Fig. S1C). Likewise, heighted expression
of C1q and C3 was associated with deficits in the NSFT (C1q: r(27)=
0.49, p= 0.007; C3: r(27)= 0.42, p= 0.02; Fig. S1B) and TOR (C1q:
r(30)=−0.37, p= 0.04; C3: r(30)=−0.40, p= 0.02; Fig. S1C).
Decreases in Tnfa were associated with poorer working memory
performance in the TOR (r(30)= 0.41, p= 0.02; Fig. S1C). Neither
Il34, Cx3cl1, nor Tgfb1 correlated with behavioral function.
In the HPC, stress effects on both Csf1 and Il34 expression varied

with diazepam treatment (Csf1 interaction: F1,27= 5.00, p= 0.03;
Il34 interaction: F1,26= 4.72, p= 0.04; Fig. 1g), however, post-hoc
analyses revealed no significant group differences for either gene.
Transcript levels of Cx3cl1 differed with diazepam treatment
(F1,27= 6.11, p= 0.02), but not stress. There were no effects of
diazepam or stress on Tgfb1 expression. Levels of TnfamRNA were
affected by CUS (F1,25= 4.71, p= 0.04), regardless of diazepam
administration. There were no effects of diazepam or stress on C1q
or C3 expression in the HPC. In contrast to the medial PFC, greater
expression of Csf1 in the HPC was associated with reduced
immobility in the FST (r(29)=−0.41, p= 0.02; Fig. S2A). Heigh-
tened expression of Il34 was also associated with reduced
immobility in the FST (r(28)=−0.41, p= 0.02; Fig. S2A), alongside
reduced latency to feed in the NSFT (r(26)=−0.41, p= 0.03; Fig.
S2B). Likewise, increased Tgfb1 was associated with decreased
immobility in the FST (r(28)=−0.53, p= 0.003; Fig. S2A). Neither
Cx3cl1, C1q, C3, nor Tnfa correlated with behavioral measures, nor
were any genes in the HPC associated with performance in the
TOR (Fig. S2C). These studies indicate that diazepam reduced CUS-
induced neuronal activation in the medial PFC, attenuated
behavioral and cognitive impairments, and normalized expression
of select neuroimmune factors in the PFC. In comparison, the HPC
was largely unaffected by CUS. Moreover, correlational analyses
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indicated a stronger link between neuroimmune gene expression
in the medial PFC and behavior, particularly working memory
function. As such, the effects of diazepam on microglial function
and microglia-neuron interaction following CUS were examined in
the PFC.

Diazepam partially attenuated chronic stress effects on the
molecular profile of frontal cortex microglia
To further study the effects of diazepam on stress-induced
neuroimmune activity in the PFC, microglia were enriched from
frontal cortex via Percoll gradient and then purified via

Fig. 1 Diazepam attenuates stress-induced increases in neuronal activation in the PFC. a Male C57BL/6 J mice were exposed to 14 days of
CUS or handled intermittently as controls. Mice received daily injection of either vehicle or diazepam (1mg/kg, i.p.). Following CUS, animals
were perfused, and brains extracted and processed for immunohistology. Left: Schematic representation of the b medial PFC, c CA1 region of
the dorsal HPC, d BLA, and e the SSCTX directly lateral to the dorsal HPC. One hemisphere shown for simplicity. Right: Representative images
of FosB immunolabeling in each region sampled. f Left to right: Average number of FosB+ cells/ mm2 in the medial PFC, CA1 region of the
dorsal HPC, BLA, and the somatosensory cortex (right; n= 5–8/group). Bars represent mean ± S.E.M. * denotes p < 0.05, compared to
respective control group. ‡ denotes p < 0.05, compared to CUS-diazepam group.
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fluorescence-activated cell sorting (FACS) (Fig. 3a). Representative
dot plots show the distribution of microglia (CD11b+/CD45lo) and
brain macrophages (CD11b+/CD45hi) from the frontal cortex
(Fig. 3b). Of note, the proportion of microglia and brain
macrophages were not significantly altered by CUS or diazepam
treatment (Fig. 3c). Further analyses showed that CUS increased
CSF1R (CD115) surface expression on microglia (mean fluores-
cence intensity [MFI], +7.5%) (interaction: F1,25= 4.48, p= 0.04),
however post-hoc comparisons did not reveal significant group
differences (Fig. 3d). Moreover, surface expression of CX3CR1 on
microglia was unchanged (Fig. 3e), but CUS increased CD11b
levels on microglia (MFI, +8.3%), and this effect was prevented by

diazepam administration (interaction: F1,25= 6.19, p= 0.02;
Fig. 3f).
Following FACS, gene expression of select factors were assessed

in microglia. As expected, CUS caused a robust increase in
microglial Csf1r expression, and treatment with diazepam blocked
this effect (interaction: F1,26= 7.63, p= 0.01; Fig. 3g). In contrast,
microglial Cx3cr1 expression was elevated after CUS (stress:
F1,25= 6.15, p= 0.02), but did not vary with diazepam treatment
and no significant post-hoc differences were evident (Fig. 3g).
There were no changes observed in microglial Tgfbr1 expression.
Further, CUS increased microglial Cd11b expression (stress: F1,28=
7.00, p= 0.01), and diazepam treatment blocked this response

Fig. 2 Diazepam prevents stress effects on behavior, cognitive function, and neuroimmune gene expression in the PFC. a Male C57BL/6 J
mice were exposed to 14 days of CUS or handled intermittently as controls. Mice received daily injection of either vehicle or diazepam (1 mg/
kg, i.p.). Forced swim test (FST), novelty-suppressed feeding (NSF), and temporal object recognition (TOR) were assessed on subsequent days
(n= 8–11/group). b Immobility in the forced swim test (FST), c Latency to feed in the novelty-suppressed feeding test (NSF), and
d Discrimination index in the temporal object recognition (TOR) is presented. Two hours after the final behavioral assay, e PFC and f HPC were
dissected for gene expression analyses. Relative fold change in mRNA levels is shown (n= 6–8/group). Bars represent mean ± S.E.M. * denotes
p < 0.05, compared to respective control group. ‡ denotes p < 0.05, compared to CUS-diazepam group.
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(drug: F1,28= 10.52, p= 0.003). Post-hoc comparisons showed that
microglia from CUS-vehicle mice had significantly higher levels of
Cd11b transcript compared to all other groups (p= 0.018; Fig. 3g).
Similarly, CUS increased microglial expression of Cd68 (stress:
F1,27= 10.70, p= 0.003), and diazepam attenuated this effect
(drug: F1,28= 9.44, p= 0.005). Microglial Il1b expression differed
with stress (F1,25= 11.46, p= 0.002) and diazepam treatment
(F1,25= 9.95, p= 0.004; Fig. 3g). In addition, CUS and diazepam
administration caused a robust decrease in microglial Tnfa
expression (interaction: F1,26= 6.73, p= 0.015; Fig. 3g). Altogether
these results demonstrate that diazepam partially attenuates

chronic stress-induced molecular adaptations in frontal cortex
microglia.

Diazepam blocked chronic stress-induced dendritic spine loss and
microglia-mediated neuronal remodeling in the medial PFC
In the same tissue used for FosB immunohistology (Fig. 1b),
confocal imaging was performed to examine the morphological
features of IBA1+microglia and dendritic spine density of Thy1-
GFP(M) pyramidal neurons in the medial PFC. Neither diazepam
treatment nor CUS exposure affected the number of IBA1+ cells/
mm2 or the proportional area of IBA1+microglia in the medial

Fig. 3 Diazepam attenuates stress effects on microglial gene expression in the PFC. a Male C57BL/6 J mice were exposed to 14 days of
chronic unpredictable stress (CUS) or handled intermittently as controls. Mice received daily injection of either vehicle or diazepam (1 mg/kg,
i.p.). Two hours after the final stressor, frontal cortex was dissected and brain myeloid cells were enriched via Percoll gradient. Fluorescence-
activated cell sorting (FACS) was used to isolate microglia based on CD11b+/CD45lo expression. b Representative dot plots of FSC/CD11b and
CD45/CD11b in samples. c Average proportion of microglia (CD11b+/CD45lo) and brain macrophages (CD11b+/CD45hi) in each experimental
group. Normalized mean fluorescent intensity is shown for d CSF1R (CD115), e CX3CR1, and f CD11b (CR3). Following FACS, mRNA was
collected from microglia. g Relative fold change in mRNA levels in sorted frontal cortex microglia is shown (n= 6–8/group). One outlier was
removed from analysis of microglial Cd68. Bars represent mean ± S.E.M. * denotes p < 0.05, compared to respective control group. ‡ denotes
p < 0.05, compared to CUS-diazepam group.
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PFC (Fig. 4a–c). However, stress-reduced dendritic spine density
on the apical dendrites of pyramidal neurons in the medial PFC in
vehicle – but not diazepam – treated mice (interaction: F1,17=
5.18, p= 0.04; Fig. 4d, e). Increased FosB+ cell density correlated
with dendritic spine loss in the medial PFC (r(15)=−0.72, p=
0.001; Fig. S3).
To further examine neuron-microglia interactions, confocal

images were collected in lamina I of the medial PFC of Thy1-
GFP(M) mice. These analyses revealed that CUS increased the
proportion of microglia with GFP+ inclusions in the medial PFC,
and microglial engulfment of GFP+ inclusions was limited by
treatment with diazepam (interaction: F1,17= 10.34, p= 0.005;
Fig. 5a, b, Fig. S4). Further analyses showed that CUS increased the
number of GFP+ inclusions per microglia, and this effect was
attenuated by diazepam (interaction: F1,17= 14.45, p= 0.001;
Fig. 5c). Likewise, CUS increased the total volume of GFP+
inclusion per microglia, and diazepam prevented this response
(interaction: F1,17= 12.46, p= 0.003; Fig. 5d). Heightened FosB+
cell density in the medial PFC was associated with increased
microglial engulfment of GFP+ inclusions (r(15)= 0.66, p= 0.004;
Fig. S3), a greater number of GFP+ inclusions per microglia

(r(15)= 0.53, p= 0.03; Fig. S3), and increased volume of GFP+
inclusions per microglia (r(15)= 0.74, p < 0.001; Fig. S3). All
measures of microglial engulfment were correlated with dendritic
spine loss in the medial PFC (proportion of microglia with
inclusions: r(19)=−0.69, p < 0.001; number of inclusions per
microglia: r(19)=−0.72, p < 0.001; volume of inclusions: r(19)=
−0.70, p < 0.001; Fig. S3). Altogether these results provide
evidence that diazepam limited microglia-mediated neuronal
remodeling following CUS, which was linked to attenuated spine
deficits in the medial PFC.

DISCUSSION
Clinical and preclinical studies indicate that stress exposure plays a
role in the etiology of several psychiatric diseases, and promotes
pathophysiological changes in the brain including synapse loss in
the medial PFC [36–38]. In particular, chronic stress leads to
significant reductions in dendritic length and dendritic spine
density on apical (lamina I) – but not basilar (lamina V) – dendritic
branches in the medial PFC [38, 39]. Though intrinsic pathways in
neurons have been identified [7, 40], recent findings indicate that

Fig. 4 Chronic stress-induced dendritic spine deficits are blocked by diazepam administration. Male Thy1-GFP(M) mice were exposed to
14 days of chronic unpredictable stress (CUS) or handled intermittently as controls. Mice received daily injection of either vehicle or diazepam
(1mg/kg, i.p.). The same brains used for FosB immunolabeling in Fig.1 were used for IBA1 immunohistology and dendritic spine analyses.
a Representative images of IBA1 immunofluorescence in the medial PFC of all experimental groups is shown. b Average number of IBA1+
cells/mm2 in the medial PFC, and c Quantification of IBA1 proportional (%) area in the medial PFC is presented (n= 6–9/group).
d Representative confocal images of layer I apical dendrites in the medial PFC of each experimental group. White scale bar represents 5 µm.
e Quantification of average dendritic spine density is shown (n= 5–6/ group). Bars represent mean ± S.E.M. * denotes p < 0.05, compared to
respective control group. ‡ denotes p < 0.05, compared to CUS-diazepam group.
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Fig. 5 Diazepam limited microglia-mediated neuronal remodeling in layer I of the medial PFC following chronic stress. Male Thy1-GFP(M)
mice were exposed to 14 days of chronic unpredictable stress (CUS) or were handled intermittently as controls. Mice received daily injection
of either vehicle or diazepam (1mg/kg, i.p.). The same brains used for FosB immunolabeling in Fig.1 were used for analyses of neuron-
microglia interactions. a Confocal images of individual and merged channels obtained from lamina I of the medial PFC in control or CUS mice
treated with vehicle or diazepam. The last panel (right) shows an orthogonal cross-section at designated coordinates. White scale bar
represents 10 µm. b Proportion of microglia in layer I of medial PFC with GFP+ inclusions. c Average number of GFP+ inclusions in microglia
with neuronal elements. d Total volume of inclusions (µm3) per microglia in layer I of the medial PFC (n= 5–6/ group). Bars represent mean ±
S.E.M. * denotes p < 0.05, compared to respective control group. ‡ denotes p < 0.05, compared to CUS-diazepam group.
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dynamic microglia-neuron interactions contribute to stress-
induced neuronal remodeling in the medial PFC [13, 41]. Indeed
microglia can modulate synaptic activity through release of
signaling molecules and can contribute to structural remodeling
of neurons through phagocytosis of pre- and post- synaptic
elements [11, 25]. Of note, our recent work shows that chronic
stress drives microglial phagocytosis of neuronal elements in
lamina I – but not lamina V – of the medial PFC and this
contributes to reductions in apical dendritic spine density [13, 14].
Here we expound on these studies providing initial evidence that
increased microglia-mediated neuronal remodeling and asso-
ciated behavioral consequences following chronic stress are
mediated, in part, by neuronal activity in the medial PFC.
In the present study, diazepam was used to pharmacologically

block chronic stress-induced neuronal activation in the medial
PFC. Diazepam is a benzodiazepine that enhances the inhibitory
function of GABAA receptors, thereby reducing the excitability of
pyramidal neurons [42]. Indeed prior studies show that diazepam
reduces neuronal activity in corticolimbic circuitry and these
neurophysiological effects are associated with reduced arousal
and attenuated stress effects on behavior [19, 43]. Consistent with
these reports, our results showed that diazepam reduced FosB+
cells in the medial PFC, and this effect was associated with
diminished behavioral and cognitive consequences following CUS
exposure. It is relevant to note that these analyses are limited as
FosB immunolabeling is an indirect measure of neuronal activity.
Moreover, our studies used peripheral administration of diazepam.
Though stress and diazepam did not affect FosB levels in other
corticolimbic brain regions (i.e., CA1 of the dorsal HPC, BLA), we
cannot rule out the possibility that other corticolimbic brain
regions contribute to the neurobiological and behavioral effects of
diazepam. Future work can utilize more direct approaches to
manipulate PFC function (i.e., chemogenetics) and to assess
circuit-specific changes in neuronal activity (i.e., patch-clamp
electrophysiology or fiber photometry). In all, our findings lend
support to studies connecting stress-associated neuronal activity
in the medial PFC with subsequent behavioral consequences
[15, 18].
One novel finding in this study is that modulation of neuronal

activation via diazepam influences neuron-microglia interactions
in the medial PFC. In particular, diazepam diminished stress-
induced increases in Csf1 transcript in the medial PFC, and
reduced expression of Csf1r in sorted microglia following chronic
stress. Several studies show that CSF1 signaling is critical in
regulating microglial homeostasis and survival [44, 45]. Moreover,
our prior work indicates that CSF1 signaling provokes functional
alterations in microglia following chronic stress [13, 14]. Interest-
ingly, other studies demonstrate that increased neuronal activity
can induce CSF1 signaling and microglia activation in different
models of neurological disease [28, 29]. Our findings also show
that chronic stress increased C1q and C3 expression in the medial
PFC, alongside heightened expression of CD11b transcript and
surface protein on microglia. Notably, diazepam normalized
expression of these complement factors in the medial PFC, and
reduced microglial CD11b expression following chronic stress. This
is important because recent studies show that the CD11b (CR3)-C3
phagocytic pathway directs microglia-mediated synaptic pruning
in an activity-dependent manner [46–48]. In addition, complement
pathways in the PFC are implicated in the emergence of stress-
induced behavioral deficits [14, 49]. These data provide initial
evidence that neuronal activity in the medial PFC regulates
neuroimmune signaling in the context of chronic stress.
Another important finding in this study is that diazepam limited

microglia-mediated neuronal remodeling in lamina I of the medial
PFC, which was associated with attenuated dendritic spine deficits
in this region following CUS. This supports our prior work in which
we found that microglia-mediated neuronal remodeling in lamina
I of the medial PFC modulated synaptic deficits after CUS [13]. As

noted, microglia are responsive to dynamic changes in neuronal
activity [25, 27, 50], and microglia can contribute to structural
remodeling of pre- and post-synaptic elements [12]. Thus, it is
plausible that aberrant neuronal activity in response to chronic
stress might initiate CSF1 signaling and complement activation in
the medial PFC, which provokes microglia-mediated neuronal
remodeling. Prior studies also indicate that increased glucocorti-
coid signaling modulates neurophysiological and neuroimmune
responses to stress [18, 51]. This work is supported by our recent
findings that showed blocking stress-induced glucocorticoid
signaling prevents microglia-mediated neuronal remodeling in
the PFC and associated behavioral consequences [14]. It is also
interesting to consider how microglia may shape neuronal
structures in other corticolimbic brain regions following chronic
stress. Indeed there is evidence that microglia contribute to
synaptic deficits in the CA1 region of the HPC in chronic stress
[52]. The role of microglia in brain regions that display dendritic
hypertrophy following chronic stress (i.e., nucleus accumbens or
BLA) remains to be explored. Undoubtedly, brain region-specific
cues will direct neuron-microglia interactions in the context of
stress [53]. Altogether, these findings indicate that converging
molecular and physiological mechanisms contribute to neuronal
dysfunction and microglia-mediated neuronal remodeling in
chronic stress. Future studies will need to define the neuron-
and microglia-specific mechanisms that lead to stress-induced
synaptic plasticity across corticolimbic brain regions and asso-
ciated behavioral consequences.
Despite these compelling findings, there are several points that

warrant further discussion. One limitation is that these studies
were conducted in males only. Chronic stress drives varied
neuronal responses in male and females rodents [54–56], and
initial sex-dependent differences in microglia likely contribute to
divergent microglial responses [13, 57, 58]. Additional experiments
will be needed to determine how microglia shape the varied
neurobiological effects of stress in males and females. Moreover,
other studies have shown that chronic stress alters microglial
morphology (IBA1+ area) in the PFC [13, 59, 60], but in this study
we did not observe a significant increase in IBA1+ area. These
findings are consistent with other reports indicating no change in
microglial area [57, 60, 61]. Nonetheless, flow cytometry revealed
that CUS increased microglial CD11b levels, and gene expression
analyses showed that CUS increased Csf1r and Cd11b levels in
sorted PFC microglia. These results indicate that CUS shifted
microglia function without causing robust morphological changes
in the PFC. It is also important to note that microglia express
negligible levels of GABAA receptors, suggesting that the effects of
diazepam are primarily mediated by actions on neurons [62, 63].
However, microglia (and endothelial cells) express low levels of
the peripheral benzodiazepine receptor (PBR) or translocator
protein (TSPO), which can bind diazepam (albeit with low affinity)
[64, 65]. This is pertinent because increased levels of TSPO are
observed in several brain regions of individuals suffering from
MDD, and this is attributed to alterations in microglia function
[66]. In this context, it is possible that modulatory effects of
diazepam on microglia are mediated, in part, by TSPO. Further
studies are needed to determine the role of microglial TSPO in
stress responses.
In summary, these studies demonstrate that diazepam mod-

ulates chronic stress-induced neuronal activation, and thereby
regulates neuron-microglia interactions in the medial PFC. These
data provide initial evidence that aberrant neuronal activity in the
medial PFC directs microglia-mediated neuronal remodeling and
subsequent behavioral consequences. In particular, pharmacolo-
gical blockade of neuronal activation with diazepam attenuates
stress effects on CSF1 and complement signaling, microglia-
mediated neuronal remodeling, and resultant cognitive and
behavioral deficits. Notably, these neuroimmune responses to
stress resemble features of an intermediate immune state, termed
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parainflammation, which may be adaptive initially [67, 68]. Indeed
engaging microglia to eliminate hyperactive synaptic connections
may help to preserve neuronal integrity. However, with chronic
stress microglia-mediated neuronal remodeling may drive patho-
logical synapse loss that contributes to the development of
behavioral or cognitive consequences [69]. These findings provide
insight into the neurophysiological pathways that provoke
alterations in microglia function, and implicate neuronal activity-
dependent CSF1-CSF1R and complement signaling in synapse loss
following chronic stress.
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