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The Behavioral Sequelae of Social Defeat Require Microglia
and Are Driven by Oxidative Stress in Mice
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Chronic social defeat (CSD) in male mice can produce anxiety and aberrant socialization. Animals susceptible to CSD show activation of
microglia, which have elevated levels of oxidative stress markers. We hypothesized that microglia and reactive oxygen species (ROS)
production contribute to the CSD stress-induced changes in affective behavior. First, we selectively depleted microglia (99%) by admin-
istering the CSF1R (colony-stimulating factor 1 receptor) antagonist PLX5622 before and during the 14 d CSD procedure. Microglia-
depleted mice in contrast to nondepleted mice were protected from the stress effects measured by light/dark and social interaction tests.
ROS production, measured histochemically following dihydroethidium administration, was elevated by CSD, and the production was
reduced to basal levels in mice lacking microglia. The deleterious stress effects were also blocked in nondepleted mice by continuous
intracerebral administration of N-acetylcysteine (NAC), a ROS inhibitor. In a second experiment, at the end of the CSD period, PLX5622
was discontinued to allow microglial repopulation. After 14 d, the brain had a full complement of newly generated microglia. At this time,
the mice that had previously been protected now showed behavioral deficits, and their brain ROS production was elevated, both in all
brain cells and in repopulated microglia. NAC administration during repopulation prevented the behavioral decline in the repopulated
mice, and it supported behavioral recovery in nondepleted stressed mice. The data suggest that microglia drive elevated ROS production
during and after stress exposure. This elevated ROS activity generates a central state supporting dysregulated affect, and it hinders the
restoration of behavioral and neurochemical homeostasis after stress cessation.
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Introduction
Microglia are highly dynamic cells with unique properties. After
migration into the brain in early gestation (Ginhoux et al., 2010),

they homeostatically sustain their numbers throughout life by local
self-renewal (Ajami et al., 2007; Tay et al., 2017b). As the resident
innate immune cells of the brain, they share many features with bone
marrow-derived monocytes, though they have distinguishing gene
expression profiles (Bennett et al., 2016). Microglia continuously
surveil the parenchyma (Nimmerjahn et al., 2005); support brain
development and aging, synaptic connections, and neuronal func-
tion (Prinz et al., 2014; Tay et al., 2017a; Hammond et al., 2018); and
contribute to the regulation of neurodegenerative (Keren-Shaul et
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Significance Statement

Chronic psychosocial stress is associated with psychiatric disorders such as depression and anxiety. Understanding the details of
CNS cellular contributions to stress effects could lead to the development of intervention strategies. Inflammation and oxidative
stress are positively linked to depression severity, but the cellular nature of these processes is not clear. The chronic social defeat
(CSD) paradigm in mice produces mood alterations and microglial activation characterized by elevated reactive oxygen species
(ROS) production. The depletion of microglia or ROS inhibition prevented adverse stress effects. Microglial repopulation of the
brain post-CSD reintroduced adverse stress effects, and ROS inhibition in this phase protected against the effects. The results
suggest that stress-induced microglial ROS production drives a central state that supports dysregulated affective behavior.
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al., 2017; Butovsky and Weiner, 2018) and psychiatric diseases
(Prinz and Priller, 2014; Hammond et al., 2018).

Microglia are activated by immune challenges and also by
nonimmune challenges such as psychological stress, wherein the
degree and profile of activation are influenced by the type, dura-
tion, and severity of the stressor (Walker et al., 2013). We have
used chronic social defeat (CSD; Lehmann et al., 2016), a form of
psychosocial stress that has validity (Pollak et al., 2010) for mod-
eling the relationship in humans between stressful life events and
the development of anxiety and depression (Kendler and Gard-
ner, 2010). Animals that are behaviorally susceptible to the dele-
terious effects of CSD show microglial activation and blood–
brain barrier (BBB) breakdown (Menard et al., 2017; Lehmann et
al., 2018). Microglia in this context have gene ontology profiles
indicating elevated inflammation, phagocytosis, matrix remod-
eling, and production of reactive oxygen species (ROS; Lehmann
et al., 2018). Elevated ROS production might drive dynamic
changes in microglia during CSD (Minakami and Sumimotoa,
2006; Rojo et al., 2014; ElAli and Rivest, 2016), and it might
modify activity in the neural circuitry associated with emotional
responses in stressed animals (Liu et al., 2003; Seo et al., 2012;
Popa-Wagner et al., 2013). In both animals and humans, psycho-
logical stress has been shown to trigger oxidative stress in the
brain (Seo et al., 2012; Schiavone et al., 2013; Salim, 2014; Ibi et
al., 2017), which is linked to psychiatric disorders (Ng et al., 2008;
Black et al., 2015). We therefore asked (1) whether microglia
significantly contribute to the deleterious psychological and
physical effects of CSD and (2) whether oxidative stress associ-
ated with the microglial response drives the behavioral outcomes.
We approached these questions by first asking whether the elim-
ination of microglia during the CSD would impart protection
against its behavioral effects. To achieve this, we administered
PLX5622, a CSF1R (colony-stimulating factor 1 receptor) antag-
onist that reversibly eliminates microglia (Dagher et al., 2015).
Second, we addressed the role played by oxidative stress in mice
in which ROS was blocked by the administration of N-
acetylcysteine (NAC), a ROS inhibitor (Bavarsad Shahripour et
al., 2014), during the stress exposure. We found that microglial
elimination and ROS inhibition both protected against deleteri-
ous stress effects.

Upon discontinuation of PLX5622, microglia rapidly repop-
ulate the brain through a process of self-renewal of surviving cells
(Epelman et al., 2014; Elmore et al., 2015; Huang et al., 2018). To
examine the residual effects of stress exposure in microglia-
depleted mice, we allowed the repopulation to occur and then
assayed for behavior and ROS status. Surprisingly, behavioral
deficits emerged in the microglia-repopulated mice, paralleled by
elevated ROS levels. ROS blockade by NAC in the repopulation
period prevented the deficits. Together, the data indicate that
microglia drive changes in affective behavior during and after
exposure to psychosocial stress through changes in oxidative
stress.

Materials and Methods
Animals
All procedures were approved by the National Institute of Mental Health
Institutional Animal Care and Use Committee and conducted in accor-
dance with the National Institutes of Health guidelines. Behavioral
experiments were performed using male CD-1 retired breeder mice and
8- to 10-week-old male C57BL/6N mice (Charles River Laboratories).
Cx3cr1wt/gfp mice, 8 –10 weeks of age (model B6.129P-Cx3cr1tm1Litt/J
backcrossed onto a C57BL/6N background, The Jackson Laboratory)
were used for tracking microglial depletion and repopulation. All test
animals were group housed in pathogen-free conditions in a 12 h light/

dark (L/D) cycle with lights off at 9:00 A.M. Food and water were pro-
vided ad libitum. Behavioral testing was performed in the dark phase
under dim lighting.

Compounds
Experimental groups were fed the CSF1R inhibitor PLX5622, which was
provided by Plexxikon and formulated in AIN-76A standard chow at
1200 mg/kg by Research Diets. Control animals were fed AIN-76A stan-
dard chow (Research Diets).

Chronic social defeat
CSD was used to model the effects of chronic psychosocial stress in mice.
As previously described (Lehmann and Herkenham, 2011), an experi-
mental C57BL/6 mouse was housed for 14 d in the home cage (HC) of an
aggressive male CD-1 mouse with a perforated transparent acrylic parti-
tion separating the mice. The partition was removed for 5 min each day
to allow agonistic encounters between the mice. Unstressed HC mice
were housed two per cage with a perforated partition permanently sepa-
rating the mice.

Behavioral Analysis
Social interaction test. All behavioral tests were performed as described
previously (Lehmann and Herkenham, 2011). To determine the social
interaction (SI) quotient, the mouse was placed in a 50 � 50 � 50 cm
arena containing two perforated acrylic cylinders. One cylinder con-
tained a CD-1 mouse and the other was empty. The mouse was left for 15
min under red lights while its position was recorded from above and
subsequently automatically analyzed with TopScan (CleverSystems).
The SI quotient was determined by dividing the time spent investigating
the CD-1 mouse by the time spent investigating the empty cage. Lower
scores were indicative of antisocial behavior.

Light/dark box test. The light/dark (L/D) test was conducted using a
polycarbonate box (50 cm � 25 cm with 30 cm walls) consisting of a dark
compartment (one-third of the box) and a transparent compartment
(two-thirds of the box) that was illuminated to �40 lux. An open door
divided the compartments. Each mouse was placed in the light compart-
ment and allowed to freely move within the compartments for 10 min.
The time spent in the light compartment and the number of crosses
between the light and dark sides were scored (SideScan, CleverSystems).
Low scores were indices of anxiety-like behavior.

For the depletion repopulation experiments represented in Figures 4
and 5, mice were run in two cohorts of six mice per group. The first
cohort was exposed to the SI test only, and the second cohort was exposed
to both behavioral tests then administered dihydroethidium (DHE) 1 d
after the last test. In the first cohort, several mice were lost during the
course of the 6 week experiment, which is reflected by the different n
values within this experiment.

Immunohistochemistry
Assessment of microglia depletion was performed by treating
Cx3cr1wt/gfp mice with PLX5622 feed for 0, 3, 7, or 14 d before they were
killed. Mice were anesthetized with isoflurane and perfused transcardi-
ally with 0.9% saline followed by ice-cold phosphate-buffered 4% para-
formaldehyde. Brains were removed and postfixed in the same fixative
overnight followed by 25% sucrose in PBS for 24 h. Coronal brain slices
(30 �m thick) were collected on a freezing microtome. Free-floating
sections were washed, blocked in 4% normal goat serum, incubated over-
night at 4°C in monoclonal chicken anti-GFP (1: 5000; catalog #ab13970,
Abcam; RRID:AB_300798). Sections were rinsed and incubated for 1 h in
secondary anti-chicken antisera labeled with Alexa Fluor-488 (1:1000;
catalog #A11039, Life Technologies). Sections were washed again with
0.1% Triton X-100 in 0.1 M PBS (10 min, three times), counterstained
with DAPI for 1 min, washed with PBS, and coverslipped with polyvinyl
alcohol (PVA)-DABCO (Sigma-Aldrich). Cells and sections were ana-
lyzed on a Zeiss 780 Confocal Microscope.

In studies examining ROS activity within microglia, free-floating sec-
tions from C57BL/6N mice were blocked, incubated overnight with rab-
bit anti-Iba1 (1:2500; catalog #019 –19741, Wako; RRID:AB_839504),
washed, incubated in secondary antisera Alexa-Fluor 488 (1:1000; cata-
log #A11034, Thermo Fisher Scientific), and counterstained with DAPI.
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Reactive oxygen species measurement
To measure oxidative stress in the form of ROS production, DHE (cata-
log #D11347, Thermo Fisher Scientific), dissolved at 1 mg/ml in 100%
DMSO then diluted 1:1 with sterile saline, was administered at 2.5 �g/kg,
i.p. Superoxide anions (O2 radicals) are the primary form of ROS. DHE
detects O2 radicals by a reaction between the two molecules that gener-
ates a membrane-impermeable, highly superoxide-specific, red fluores-
cent product 2-hydroxyethidium (2-OH-E), revealed with the proper
excitation (Ex) and emission (Em) wavelengths (Ex/Em wavelength, 405:
600 – 650 nm; Zhao et al., 2005; Robinson et al., 2006; Zielonka et al.,
2008; Nazarewicz et al., 2013). Importantly, commonly used 488 –540
nm excitation wavelengths preferentially detect emissions from
ethidium—produced by nonspecific oxidation reactions with DHE—
that are thus not specific for superoxide (Nazarewicz et al., 2013; Cheng
et al., 2018). Three hours after DHE administration, mice were perfused
and processed as described above. Brains were sectioned at 30 �m with a
freezing microtome and counterstained with DAPI. Dried slide-
mounted sections were coverslipped with PVA-DABCO. Areas of inter-
est were captured with a confocal microscope (model 780, Nikon), with
a Zeiss 20� plan apochromat objective (0.8 aperture), and the files (.lsm)
were analyzed for 2-OH-E fluorescence.

In each animal, four to six randomly selected fields in the infralimbic
cortex (IL), prelimbic cortex (PL), nucleus accumbens (Acb), paraven-
tricular nucleus of the hypothalamus (PVN), and dentate gyrus of the
dorsal hippocampus (Hipp) were analyzed and averaged per mouse. The
entire captured image was used for analysis. Ten 1 �m maximum pro-
jection z-stacks (area 425 � 425 �m) were reconstructed and analyzed
using Volocity 6.3 (PerkinElmer). For separate analysis of ROS activity
confined to microglia, the areas occupied by fluorescent staining of Iba1
(ionized calcium binding adaptor molecule 1) antibody and 2-OH-E
fluorescent signals were subjected separately in their respective channels
to thresholding. First, a threshold 3 SDs higher than the median value was
applied to the 2-OH-E signal, then 2-OH-E spots �0.2 �m 2 diameter
were excluded, and the remaining signal was measured. Second, micro-
glia were thresholded 1 SD higher than the mean, and objects between
100 and 1000 �m 2 were included. Next, 2-OH-E signal that completely
overlapped with microglia signal was compartmentalized. After thresh-
olding and compartmentalization, the integrated signal density for each
thresholded image was calculated. Integrated density is defined as the
product of pixel intensity (255 � the maximum pixel intensity for an
8-bit image) � area (�m 2). Integrated densities of total 2-OH-E in the
image and 2-OH-E compartmentalized within microglia were collected
and further analyzed in Prism (GraphPad) and Excel (Microsoft).

ROS blockade
To block ROS production in the brain, NAC (catalog #A7250, Sigma-
Aldrich) was administered into the lateral ventricle via a chronically
implanted cannula (Brain Infusion Kit #3, Alzet). Administration was
intracerebroventricular because NAC does not significantly cross the
BBB (Sheffner et al., 1966; Bavarsad Shahripour et al., 2014). Under
stereotaxic guidance in isoflurane-anesthetized mice, the tip of the can-
nula was placed 0.1 mm caudal to bregma, 1.0 mm lateral to the midline,
and 2.4 mm below the skull. Correct placement was determined during
processing for immunohistochemistry; only animals with tracks termi-
nating in the ventricle were included in the study (�95% of all animals
tested). The cannula was secured to the skull with cyanoacrylate adhesive
(Loctite 454, Alzet). The cannula was connected via SILASTIC tubing to
an osmotic minipump (#2002, Alzet) implanted under the skin between
the scapulae. The pump was loaded with NAC at 50 mM diluted in arti-
ficial CSF (aCSF) continuously delivered at the rate of 0.5 �l/h for 2
weeks.

Statistical Analysis
Behavioral data, 2-OH-E-integrated density, and microglial cell counts
were summarized as the mean � SEM, and differences among experi-
mental conditions were considered statistically significant when the p
value was �0.05. Student’s two-tailed t tests, one-way ANOVA, and
two-way repeated-measures (rm) ANOVAs, analyzed by SPSS (https://
www.ibm.com/analytics/us/en/technology/spss/) were applied where

appropriate to assess between-subject comparisons along the variables
behavioral condition versus, for example, behavioral or biological assay
score. Post hoc tests were performed with Bonferroni’s procedure and
Sidak’s multiple-comparison test, and the p level was adjusted for mul-
tiple comparisons.

Results
Microglia depletion protects against behavioral abnormalities
in CSD-stressed mice
We first verified that continuous PLX5622 administration in the
chow almost completely depleted microglia, and that, upon dis-
continuation of the drug, microglia rapidly and homeostatically
repopulated the brain (Elmore et al., 2014; Dagher et al., 2015).
Cx3cr1wt/gfp mice were fed PLX5622 for 0, 3, 7, 10, and 14 d.
Microglia numbers, assessed by the visualization of GFP-labeled
microglia, were decreased by 81% after 3 d and by �99% after
14 d of treatment, and they were fully recovered to normal levels
at 12 d after drug discontinuation (Fig. 1).

We next determined that the depletion per se did not affect
behavior. Anxiety-like and social behaviors were measured in
unstressed (HC) control and PLX5622-treated mice at 2 and 4
weeks after drug initiation (Fig. 2a). L/D crossings (Fig. 2b) and
SI ratios (Fig. 2c) showed no significant main effect of depletion
(two-way repeated-measures ANOVA, drug effect: L/D, F(1,10) �
0.46, p � 0.5; SI, F(1,10) � 1.2, p � 0.3). Thus, we concluded that
CSF1R inhibition allows for effective microglia depletion without
dramatically affecting behavioral measures of anxiety and social
behavior. Similar findings have been obtained with other behav-
ioral tests of motor function, anxiety, and spatial learning (El-
more et al., 2015).

Figure 1. PLX5622 in the chow depleted microglia over a 2 week period, and microglia
rapidly returned after the drug was discontinued. Images at the top show examples of microglia
visible in the hippocampus of CX3CR1-GFP mice at the times indicated. Graphs show quantifi-
cation of cell counts in Hipp, whole hypothalamus (HTH), and mPFC. Scale bar, 100 �m. repop,
Repopulation.
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We then examined the effects of microglia depletion on stress
effects. Microglia-depleted and nondepleted mice were behavior-
ally phenotyped before and after CSD (Fig. 2a). Depletion did
alter the behavioral response to CSD in the L/D and SI tests: L/D
crosses (two-way rm ANOVA, F(1,10); interaction effect: F � 27.7,
p � 0.0004; time effect: F � 18.9, p � 0.001; drug effect: F � 23.8,
p � 0.0006; Fig. 2b); and SI ratios (two-way rm ANOVA, F(1,10);
interaction effect: F � 6.1, p � 0.03; time effect: F � 10.4, p �

0.01; but no main effect of drug, p � 0.11; Fig. 2b,c). Post hoc
analyses showed a protective effect of microglia depletion in CSD.
In the L/D test, anxiety-like behaviors induced by CSD were not
observed in microglia-depleted mice (Sidak’s multiple-compa-
rison test, p � 0.0001). Post hoc analysis also showed that mice fed
control chow displayed pronounced social avoidance after social de-
feat, whereas microglia-depleted mice showed social behaviors com-
parable to prestress conditions (Sidak’s multiple-comparison test,

Figure 2. Microglial depletion with PLX5622 protected mice from the adverse effect of CSD and blocked the elevation in ROS activity in all selected brain areas. a, The experimental design. b, Light
dark (L/D) scores show reduced crosses to light in the CSD control group only. c, Social interaction (SI) scores show reduced SI in the CSD control group only. d, Representative heat maps of behavior
for mice in two groups in the SI task; one control mouse after CSD and one depleted mouse tested before and after CSD. e, g, ROS activity assayed by 2-OH-E fluorescence integrated density in all cells
(e) and in microglia (g). f, h, Confocal image showing colocalization of 2-OH-E in Iba1-positive cells of a CSD-control mouse (f ) contrasted with reduced 2-OH-E labeling and no detectable Iba1
immunostaining in a CSD-PLX5622 mouse (h). Images were taken from prefrontal cortex. In unstressed HC mice, microglial depletion did not alter affective behavior or ROS activity in selected brain
areas (data in text). N � 6 per group. **p � 0.01, ***p � 0.001. ms, Mouse; obj, object. Scale bars, 10 �m. Time on social target and object from the SI task are shown in Figure 2-1, available at
https://doi.org/10.1523/JNEUROSCI.0184-19.2019.f2-1.
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p � 0.009) (Fig. 2c and Fig. 2-1, available at https://doi.org/10.1523/
JNEUROSCI.0184-19.2019.f2-1). Heat maps of investigative behav-
ior during the SI task highlight the behavioral differences between
depleted and nondepleted mice (Fig. 2d). Thus, the behavioral resil-
iency observed in microglia-depleted mice implies that microglia
activation during CSD renders mice susceptible to the adverse effects
of CSD.

Parenthetically, most microglia-intact mice that undergo the
CSD paradigm subsequently show elevated anxiety and antisocial
behaviors, but a small percentage (�20%) are resilient to the
CSD effects and do not show behavioral declines (Lehmann et al.,
2018). We are not able in the depletion study to predict before-
hand which mice might be susceptible versus resilient to the CSD,
so we cannot say whether some depleted mice that showed resil-
ience might have done so without depletion. Similarly, in all
experiments in this study, we do not address the susceptibility-
resilient spectrum of behaviors naturally found in our mice
populations.

Microglia depletion abolishes elevated ROS response to CSD
We examined the interaction between CSD and microglial deple-
tion on ROS activity in several cortical and subcortical areas (Fig.
2e–h). 2-OH-E fluorescence labeling of ROS activity was per-
formed 24 h after the last behavioral observation and was quan-
tified with confocal microscopy. Two-way ANOVA comparing
the effects of microglia depletion and stress revealed significant
interactions on 2-OH-E fluorescence in each examined region:
two-way ANOVA, F(1,20); PL: F � 13.6, p � 0.001; IL: F � 9.4, p �
0.006; Acb: F � 31.39, p � 0.0001; PVN: F � 19.4, p � 0.0003;
and Hipp: F � 24.4, p � 0.0001. Bonferroni post hoc analysis
revealed similar patterns of significant changes across regions;
nondepleted CSD mice showed substantial 2-OH-E production
activity compared with all other conditions. Importantly micro-
glia depletion reduced the effects of stress on ROS activity to
levels that did not differ from those in unstressed mice (Fig. 2e).

There were regional differences between levels of activity (in-
tegrated density � 10 6). Within each condition, higher levels of
activity were seen in the PL and IL medial prefrontal cortices
compared with the Acb, PVN, and Hipp. For example, in non-
stressed samples, prefrontal cortical regions had two units of ac-
tivity compared with other regions, which all had similar levels
(�1 unit).

Microglial ROS production compared with production in all
cells was lower overall, but with the same pattern of relatively
elevated activity in the prefrontal cortical areas versus other areas
(Fig. 2g). Microglial 2-OH-E production from CSD mice was
elevated compared with nonstressed mice in the nondepleted
groups, and it was absent in the depleted groups. Two-way
ANOVA indicated significant interaction effects on 2-OH-E flu-
orescence in each examined region (two-way ANOVA, F(1,20); PL:
F � 33.9, p � 0.0001; IL: F � 21.2, p � 0.0002; Acb: F � 48.6, p �
0.0001; PVN: F � 54.6, p � 0.0001; Hipp: F � 14.4, p � 0.001;
Fig. 2g). Comparing the levels of 2-OH-E production in Figure 2,
e and g, it is noteworthy that the contribution of microglial ROS
to total ROS elevated by CSD is �25%. Given that microglia
comprise only 10 –15% of all cells in brain (Lawson et al., 1990),
the microglial ROS contribution is significant.

ROS blockade during CSD protects against behavioral
abnormalities caused by stress
The striking effect of microglia depletion on affective behavior
made us ask whether this was attributable to elevated ROS activity
during stress. To examine this, mice were administered the anti-

oxidant NAC or vehicle (aCSF) delivered continuously intracere-
broventricularly during the CSD procedure or in nonstressed HC
control mice (Fig. 3a). NAC prevented the CSD-induced drop in
social interaction in the SI task and had no effect in HC mice
(two-way ANOVA interaction effect between drug and stress:
F(1,16) � 8.1, p � 0.01; Fig. 3b,c and Fig. 3-1, available at
https://doi.org/10.1523/JNEUROSCI.0184-19.2019.f3-1).

NAC treatment completely blocked the CSD-induced rise in
2-OH-E production both in all cells (Fig. 3d) and in microglia
(Fig. 3e). It had no effect on basal levels of 2-OH-E production in
both cell populations. Two-way ANOVA detected significant
drug � stress interactions on 2-OH-E fluorescence in each exam-
ined region: interaction effect two-way ANOVA, F(1,16); PL: F �
17.2; p � 0.0005; IL: F � 22.2, p � 0.0002; Acb: F � 6.9, p � 0.02;
PVN: F � 15.8, p � 0.0009; Hipp: F � 7.1, p � 0.02. Post hoc
analysis showed that ROS activity was significantly elevated in
vehicle-treated CSD mice compared with all other groups, and
this effect was completely blocked in NAC-treated CSD mice
(p � 0.01 for each region; Fig. 3d). Drug and stress interactions
on 2-OH-E fluorescence were also extended to microglia popu-
lations in all regions (interaction effect, two-way ANOVA, F(1,16);
PL: F � 5.5, p � 0.03; IL: F � 12.7, p � 0.002; Acb: F � 8.4, p �
0.009; PVN: F � 5.6, p � 0.03; Hipp: F � 16.1, p � 0.0007).
Microglial 2-OH-E fluorescence was significantly elevated in
vehicle-treated CSD mice compared with all other groups (Fig.
3e). This effect was observed in all areas except the prelimbic cortex;
here post hoc tests detected significant changes only between vehicle-
treated unstressed mice and CSD mice (p � 0.005).

Microglia repopulation after CSD removes protection against
stress-induced behavioral changes and drives ROS activity
visualized by 2-OH-E production
The effect of depletion and repopulation on behavior and
2-OH-E production was first measured in unstressed mice (Fig.
4a). Two-way ANOVA detected no significant behavioral effects
of depletion or repopulation (L/D time effect: F(3,30) � 2.1, p �
0.18, Fig. 4b; SI time effect: F(3,66) � 2.4, p � 0.1, Fig. 4c,d and Fig.
4-1, available at https://doi.org/10.1523/JNEUROSCI.0184-
19.2019.f4-1). ROS activity, assessed at the end of the experiment,
was not significantly affected by treatment. Unstressed mice that
underwent depletion and repopulation compared with untreated
control mice showed a trend for greater 2-OH-E intensities in the
PL (t � 2.4, p � 0.04), IL (t � 3.0, p � 0.013), and PVN (t � 3.5,
p � 0.005), but no significance was detected in data corrected for
multiple comparisons (Bonferroni cutoff, p � 0.001). 2-OH-E
intensities in the Acb (t � 1.8) and HIPP (t � 0.9) were not
different between groups (p � 0.05; Fig. 4e). Microglial 2-OH-E
intensity approached significance in the infralimbic cortex (t �
3.6, p � 0.004; Bonferroni cutoff, p � 0.001; Fig. 4g). All other
examined regions showed no effect of drug regimen on microglial
2-OH-E intensity (t � 0.7, 0.4, 1.9, and 0.3, respectively, in the
PL, Acb, PVN, and HIPP; p � 0.05). Confocal images from IL
cortex further demonstrate the minimal effect of depletion/re-
population in nonstressed mice (Fig. 4f,h). Thus, microglial de-
pletion and repopulation by itself leaves no imprint on behavior
and ROS activity assessed by 2-OH-E production.

We next asked whether microglial repopulation would influ-
ence behavior in previously stressed mice; thus, behavioral tra-
jectories in all groups were monitored before and during the
repopulation period (Fig. 5a). Microglia depletion and repopu-
lation had biphasic effects on behavioral response to stress in the
L/D and SI tests [L/D crosses (two-way rm ANOVA; time main
effect: F(3,45) � 15.45, p � 0.0001; group main effect: F(2,15) �
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13.55, p � 0.0005; interaction: F(6,45) � 4.65, p � 0.001; Fig. 5b)
and SI ratios (time: F(3,84) � 13.44, p � 0.0001; group: F(2,28) �
17.52, p � 0.0001; interaction: F(6,84) � 7.45, p � 0.001; Fig. 5c,d
and Fig. 5-1, available at https://doi.org/10.1523/JNEUROSCI.
0184-19.2019.f5-1)]. Highly significant interaction effects allowed
us to rerun ANOVA with simple effects. The data showed a pro-
tective effect of microglia depletion—whereas CSD produced
anxiety-like and antisocial behaviors in control mice, PLX5622-
treated stressed mice showed behaviors similar to unstressed
mice (4 week post-CSD observation: L/D crosses: F(2,15) � 17.57,
p � 0.0001; SI: F(2,28) � 15.2, p � 0.0001; Fig. 5b,c). Thus, the
protective effect of depletion seen earlier (Fig. 2) was replicated.
Surprisingly, when the same mice were tested again after micro-

glial repopulation following drug discontinuation, the deleteri-
ous effect of CSD now emerged for both L/D crosses (Fig. 5b) and
SI ratios (L/D crosses: F(3,15) � 7.6, p � 0.01; SI: F(3,24) � 34.1, p �
0.0001; Fig. 5c,d). Stressed mice with no drug treatment contin-
ued to show reduced scores at 2 weeks after CSD, and the contin-
uously depleted mice continued to be protected from the
deleterious CSD stress effects (L/D crosses: F(2,15) � 13.8, p �
0.0004; SI: F(2,28) � 11.9, p � 0.0002).

The behavioral observations at the end of this experiment had
parallels in 2-OH-E intensity in brain. CSD had a lasting eleva-
tion of 2-OH-E production only in mice with microglia present
during the 2-week recovery phase post-CSD (Fig. 5a, control and
repopulation conditions). Both groups showed no relative differ-

Figure 3. Intracerebroventricular NAC administration during CSD prevented stress-induced behavioral decline, and it reduced ROS activity, measured by 2-OH-E fluorescence, in all measured
brain areas. a, Experimental design. b, Social interaction scores in NAC-treated CSD mice were elevated (to unstressed levels) compared with aCSF-treated CSD mice (N � 5/group). c, Heat maps
show a decline in preference for social targets after CSD only in the vehicle-treated mouse. d, e, Total ROS activity (d) and microglial ROS activity (e) were elevated only in untreated CSD mice. *p �
0.05, **p � 0.01, ##p � 0.01. ms, Mouse; obj, object. Time spent investigating social target and object from the SI task are shown in Figure 3-1, available at https://doi.org/10.1523/JNEUROSCI.
0184-19.2019.f3-1.
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ence in 2-OH-E fluorescence. In mice
with continued depletion, 2-OH-E inten-
sities were dramatically reduced in all cells
(Fig. 5e,h; one-way ANOVA, F(2,17); PL:
F � 27.2, p � 0.0001; IL: F � 13.8, p �
0.0004; Acb: F � 11.4, p � 0.001; PVN:
F � 9.03, p � 0.003; HIPP: F � 11.4, p �
0.001). Similar effects were observed in
microglial 2-OH-E fluorescence intensi-
ties; both control and repopulated brains
had substantial and similar microglial
2-OH-E levels compared with continu-
ously depleted brains (Fig. 5f– h; one-way
ANOVA F(2,17); PL: F � 47.7, p � 0.0001;
IL: F � 19.8, p � 0.0001; Acb: F � 8.5, p �
0.003; PVN: F � 25.9, p � 0.0001; Hipp:
F � 16.1, p � 0.0002). Notably, repopu-
lating microglia appear to be necessary for
elevated ROS activity in other cells in the
recovery period.

ROS blockade post-CSD protects
against the adverse behavioral effects of
microglial repopulation
The results thus far show that microglial
depletion during CSD prevented adverse
affective changes and blunted ROS activ-
ity, but microglia repopulation post-CSD
unmasked behavioral declines and ele-
vated ROS activity. Additionally, buffer-
ing ROS activity by NAC administration
during CSD protected against adverse be-
havioral changes. We were interested to
learn whether buffering ROS activity dur-
ing repopulation would have a similar
protective effect. To examine this, NAC
was administered intracerebroventricu-
larly in the post-CSD repopulation period
in a 2 � 2 experimental design that ex-
plored the interaction between microglial
repopulation and ROS activity (Fig. 6a). During CSD, mice re-
ceived either PLX5622 feed or normal chow, then normal chow
upon the cessation of CSD. During the recovery period, mice
received either NAC or aCSF intracerebroventricularly. Thus, the
four groups were (1) control stressed mice, (2) mice that were
treated with PLX5622 through the CSD stress period and then
removed from receiving drug for 2 weeks, (3) control mice that
received NAC in the poststress repopulation period, and (4)
PLX5622-treated mice that received NAC in the repopulation
period (Fig. 6a). Mice were behaviorally phenotyped three times,
as follows: (1) before the CSD period, (2) at the end of the stress
period, and (3) at the end of the repopulation period. At the end
of behavioral observations, mice were assayed for 2-OH-E pro-
duction. Two-way ANOVA showed a significant main effect of
time (F(2,40) � 21.46, p � 0.0002) but not of treatment (F(3,20) �
0.6, p � 0.623) and a significant interaction effect (F(6,40) � 8.94,
p � 0.0001) in L/D crosses, and a significant main effect for time
(F(2,40) � 10.99, p � 0.005) but not treatment (F(3,20) � 2.83, p �
0.74) and a significant interaction (F(6,40) � 10.52, p � 0.0001)
for SI ratios. Control mice showed reduced L/D crosses and SI ratios
at both time points poststress (p � 0.01 for all; Fig. 6b–d and Fig. 6-1,
available at https://doi.org/10.1523/JNEUROSCI.0184-19.2019.f6-
1). Control mice that received NAC in the poststress period

showed behavioral recovery. In contrast, as before (Fig. 2),
PLX5622-treated mice were protected from CSD effects immedi-
ately poststress and showed reduced scores relative to prestress
scores after 2 weeks of recovery in both tasks (p � 0.01). Impor-
tantly, the PLX5622-treated group that received NAC in the re-
covery period did not show the same decline in scores, indicating
that the blockade of ROS in the poststress period protected
against the deleterious effect on the behavior of microglial re-
population after stress.

ROS activity was assessed in the four groups at the end of the
repopulation (Fig. 7). CSD-stressed mice showed levels of
2-OH-E production that were not different between untreated
and microglia-depleted mice measured after repopulation, and
both groups showed ROS levels greatly reduced by intracerebro-
ventricular NAC treatment (implant effect: F(1,20) � 9.1– 85.1 for
the regions; p � 0.01 to p � 0.0001; Fig. 7a,c). Levels of 2-OH-E
fluorescence were approximately twice as high in mPFC regions
compared with other areas, as they had been just after CSD (Fig.
2). Within repopulated microglia, 2-OH-E levels were likewise
high (relative to never-stressed mice) in both control and repop-
ulated brains, and NAC reduced 2-OH-E fluorescence in both
(implant effect: F(1,20) � 10.8 –120.5 for the regions; p � 0.01 to
p � 0.0001; Fig. 7b,d).

Figure 4. In unstressed mice, microglial depletion and repopulation had no effect on behavior or ROS activity in examined brain
areas. a, The experimental paradigm. b– d, Microglia depletion and repopulation had no effect on behavior in HC-housed mice,
measured by L/D crosses (b) and SI ratios (c, d). d, Representative heatmaps from a control mouse at the 4 week time point (4
weeks), and a mouse tested during depletion (4 weeks) and repopulation (6 weeks). N � 6/group for L/D and N � 12 for SI. e, g,
Total ROS activity (e) and microglial ROS activity (g) were unchanged in repopulated, unstressed mice. f, h, Representative confocal
images show 2-OH-E fluorescence (red) and Iba1 expression (green) in the prefrontal cortex of an HC control mouse (f ) and an HC
mouse with repopulated microglia (h); left panels, 2-OH-E and DAPI; bottom panels, merged images with Iba1 staining. N � 6 per
group. ms, Mouse; obj, object. Scale bars, 10 �m. Time on social target and object from the SI task are shown in Figure 4-1,
available at https://doi.org/10.1523/JNEUROSCI.0184-19.2019.f4-1.
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Discussion
We examined the roles of microglia and oxidative stress in
anxiety-like states induced by the psychosocial stressor CSD. Mi-
croglial depletion, by administration of the CSF1R antagonist
PLX5622 in the chow, by itself did not alter affective behavior, but
depletion during the CSD period prevented the development of
CSD-induced anxiety-like and antisocial behaviors. Continued
depletion during the 2 week poststress period was associated with

continued protection against deleterious
stress effects. Surprisingly, when drug was
discontinued after the CSD sessions
ended and microglia had repopulated the
brain, the repopulated animals now
showed deficits in the behavioral assays, as
did animals that had not been depleted.
ROS activity (measured by 2-OH-E fluo-
rescence) strongly mirrored declines in af-
fective behavior; ROS activity was
elevated by CSD and remained elevated in
the poststress periods. Microglial deple-
tion either during CSD or during CSD
and recovery prevented ROS elevations in
response to stress. However, if microglia
repopulated brains of previously stressed
mice, then robust ROS production was
also detected. We showed a causal relation
between ROS activity and anxiety-related
behaviors; blockade of ROS activity by in-
tracerebroventricular administration of
the antioxidant NAC during CSD pre-
vented the stress-induced behavioral de-
clines, and ROS blockade during the
repopulation period reversed the behav-
ioral declines in both intact and repopu-
lated stressed mice. The data suggest that
microglia present during CSD drive
ROS production, and this activity un-
derlies the adverse behavioral effects of
CSD. The findings are summarized in
Figure 8.

The present findings merge two sepa-
rate lines of inquiry about mechanisms by
which chronic psychosocial stress alters
emotional behavior. First, we showed the
importance of microglia in mediating the
effect of CSD. Previous studies have
shown that stressors like CSD alter micro-
glial activity (Tynan et al., 2010; Wohleb
et al., 2014; Lehmann et al., 2016), sug-
gesting that microglia are involved in CNS
responses to stress, and now through a de-
pletion strategy, we showed that microglia
play a necessary role in that action, sup-
porting recent work on repeated social
defeat-induced anxiety (McKim et al.,
2018). Second, previous studies have
demonstrated a role for oxidative stress in
mediating the effects of stress on affective
behavior (Schiavone et al., 2009; Seo et al.,
2012; Ibi et al., 2017). Now, by examining
these aspects concurrently, we offer new
insights into the causal mechanisms
played by microglia.

Previous studies have demonstrated the importance of
CNS ROS in influencing behavior, but much of that work
emphasized the dysregulation of ROS production in neurons.
In one study in anxious versus nonanxious mice, anxiety was
correlated with ROS activity in neurons and glia (Rammal et
al., 2008). In other studies, stress-induced depressive-like
states were shown to be ROS dependent (Schiavone et al.,
2009; Seo et al., 2012; Ibi et al., 2017), with histological evi-

Figure 5. Microglial depletion protected against behavioral effects of stress and reduced ROS activity in widespread brain areas
(assayed at 6 weeks); upon repopulation, behavioral protection was lost, and ROS activity rebounded. a, The experimental para-
digm. b– d, Mice with intact microglia during CSD (control) showed reduced L/D crosses (b) and SI ratios (c, d) measured after CSD,
this effect persisted for 2 weeks after the cessation of stress. Mice without microglia (depletion) showed poststress behavioral
responses that were comparable to prestress observations. Sharp behavioral declines were observed after microglia recovered
(deplete/repopulate). d, Heatmap showing the behavioral trajectory of a single mouse that experienced depletion during HC and
CSD, then repopulation during recovery. N � 6/group for L/D and N � 9 for depletion/repopulation group; 10 for depletion group,
and 12 for control group for the SI task. Significant Bonferroni post hoc comparisons were detected. **p � 0.01 or *p � 0.05 vs
within-group nonstressed measurement acquired at 2 weeks; #p � 0.05 vs other groups within a time point bin. e– h, Confocal
microphotographs and quantitative analysis show experimental effects on 2-OH-E fluorescence. e, f, Microglia depletion signifi-
cantly altered 2-OH-E fluorescence in numerous brain regions, measured in all cells (e) and in microglia (f ). g, Confocal micropho-
tographs of the dentate hilus and granule cell layer show 2-OH-E fluorescence and Iba1 expression in the post-CSD recovery group;
top, 2-OH-E and DAPI; bottom, merged with Iba1 staining. Arrows mark large spots that appear only in microglia. h, Confocal
image shows reduced 2-OH-E labeling and no Iba1 expression in the depletion group. N � 6/group. **p � 0.01, ***p � 0.001.
Scale bar, 10 �m. Time on social target and object from the SI task are shown in Figure 5-1, available at https://doi.
org/10.1523/JNEUROSCI.0184-19.2019.f5-1.
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dence for neuronal ROS induction in each study. Notably,
these studies used DHE to localize ROS activity, but they used
fluorescent excitation with longer wavelengths that predomi-
nantly detect fluorescent emissions from ethidium (E), which
is generated by additional oxidation events other than super-
oxide reactions with DHE generating 2-OH-E (Nazarewicz et
al., 2013; Cheng et al., 2018).

We found that CSD elicited superoxide-mediated ROS pro-
duction in both microglia and nonmicroglial cells. Interestingly,
without microglia, ROS activity in all other cells was greatly re-
duced (Fig. 2e, depletion group), suggesting that microglia and
microglial ROS activity drive oxidative stress pathways in other
cells, possibly neurons, after CSD.

Mitochondria are the major source of superoxide production
in the cell (Turrens, 2003). High-magnification analysis of con-
focal images indicated that the 2-OH-E oxidation products of
DHE were discretely localized as small spots in the cytoplasm.
These may be associated with superoxide radicals formed in the
electron transport chain in mitochondria (Forkink et al., 2010;
Finkel, 2012; Rojo et al., 2014), a hypothesized target of psycho-
logical stress (Picard and McEwen, 2018). In addition, phago-
somal NADPH oxidase activity generates ROS in phagosomes
(Lambeth, 2004; Minakami and Sumimotoa, 2006; Quinn et al.,
2006). Larger spots, which appeared only in microglia (Fig. 5g,
arrows), may mark ROS production in phagosomes, as we previ-
ously noted (Lehmann et al., 2018).

Our data show the importance of ROS activity and microglia
in controlling mood states. Multiple mechanisms contribute to
oxidative stress in the brain (Cobley et al., 2018). Various forms
of psychophysiological stress have been reported to increase mul-
tiple markers of oxidative stress (for review, see Seo et al., 2012;
Schiavone et al., 2013; Ibi et al., 2017). Elevations in glucocorti-
coids have been considered as a possible mechanism for stress
effects on ROS activity (Zafir and Banu, 2009). An older view
holds that glucocorticoids can “endanger” neurons via oxidative
stress (Sapolsky, 1999). More recently, the role of glucocorticoids
in influencing CNS neuroinflammation has been explored (Sor-
rells et al., 2009; Frank et al., 2015), and less emphasis has been
placed on oxidative stress. Oxidative stress and inflammation can
positively interact with each other, such that cause and effect are
difficult to assign when feedforward cascades lead to loss of ho-
meostasis.

It is perplexing that repopulated microglia, which did not exist
in the brain at the time of the CSD sessions, appeared to exert or
contribute to a proanxiety and antisocial state in the microglia-
repopulated mice that had been previously protected from the
stress effects. Repopulation occurs entirely from surviving resid-
ual microglia in the brain (Huang et al., 2018; Weber et al., 2019).
Newly proliferated microglia following a stressful event did not
themselves have a “memory” for the prior stress, and thus it
appears that stress-induced epigenetic marking of the surviving
pool of microglia or other factors in the CNS environment or
periphery may reprogram the microglia to affect behavioral ho-
meostasis and dysregulation. Repopulated microglia had elevated
2-OH-E production levels that were the same as in microglia of
stressed nondepleted animals. In unstressed animals, repopulat-
ing microglia do not show a transcriptional profile indicating
activation (Huang et al., 2018), but other cells such as astrocytes
do show a “cytokine storm” during depletion (Bruttger et al.,
2015) that could propagate elevated oxidative stress to repopu-
lating microglia to support dysregulated behavior in previously
stressed animals. Alternatively, Weber et al. (2019) found in a
similar study of microglial repopulation after repeated social de-
feat that neurons at 24 d after repeated defeat retained a sensiti-
zation to the prior stressor, suggesting that the altered neuronal
state could sensitize new microglia. In our mice, nonmicroglial
cells showed ROS activity elevated over that in mice that had not
experienced defeat, supporting the likelihood that other cells in-
teract to affect microglial activation status.

It is also possible that enduring signals from the stress-altered
periphery and BBB affect the repopulating microglia. Chronic
psychosocial stress concomitantly elevated markers of oxidative
stress and inflammation in the brains and plasma of rats (Wilson
et al., 2013). Patients with major depressive disorder showed
elevated levels of both oxidative stress and inflammation in
the blood, which was resolved with antidepressant treatment

Figure 6. ROS blockade with intracerebroventricular NAC during microglial recovery pre-
vented the belated deleterious stress effect on behavior seen during repopulation. It also per-
mitted behavioral recovery in previously CSD-stressed mice that did not have microglial
depletion. a, The behavioral paradigm with the three time points of behavioral measurements
marked. b, L/D crosses. c, SI ratios. d, Representative heatmaps of behavior for mice in two
groups in the SI task; one mouse with depleted microglia before and after CSD (representing the
PLX-aCSF group), and then during recovery with repopulation; and one intact mouse tested
before and after CSD, and during recovery while treated with NAC (representing the Ctrl-NAC
group) **p � 0.01, ***p � 0.001. N � 5/group. Time on social target and object from the SI
task are shown in Figure 6-1, available at https://doi.org/10.1523/JNEUROSCI.0184-
19.2019.f6-1.
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(Rawdin et al., 2013). Thus, peripheral as well as central ROS/
inflammation mechanisms may contribute to the adverse effects
of CSD. Chronic stress and depression affect cerebrovascular
function (Burrage et al., 2018), and we previously determined

that microglia are sensitive to severe reductions in BBB integrity
caused by CSD (Lehmann et al., 2018). Alterations in brain mi-
croenvironments that persist during stress recovery may underlie
some of the effects observed in the repopulation studies. Notably,

Figure 7. NAC administered during recovery from CSD substantially diminished ROS activity. This effect occurred in mice with intact microglia during stress and in mice in which microglia were
ablated during stress but allowed to repopulate during recovery. a, Confocal microphotographs show 2-OH-E fluorescence in the mPFC in the four conditions. b, Confocal microphotographs show
2-OH-E labeling and Iba1 staining within the PL in the four conditions. c, Measures in all cells. d, Measures in microglia. **p � 0.01. N � 6/group. Similar patterns of ROS activity were detected in
the five brain regions examined; however, the hippocampus and PVN were more sensitive to prior microglial ablation. Hippocampal cells showed the greatest ROS reactivity to repopulation: 2-OH-E
fluorescence was significantly elevated in mice treated with PLX5622 during CSD compared with mice with intact microglial populations (effect of PLX treatment: F(1,20) � 4.5, p � 0.05). PVN
microglia that repopulated after CSD exhibited significant ROS activity increases compared with microglia intact during CSD (interaction effect: F(1,20) � 12.9, p � 0.001). As in other regions, NAC
greatly suppressed ROS activity in both areas. fmi, Forceps minor. Scale bars: a, 100 �m; b, 10 �m.

Figure 8. The main conditions, findings, and conclusions are provided for each experiment. MG �, microglia depleted; MG 	 (shaded green), microglia present or repopulated; NAC intracere-
broventricular N-acetylcysteine treatment (boxed in blue, indicating period of drug administration).
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elevated ROS activity is particularly damaging to the neurovas-
cular environment that supports blood– brain barrier integrity
(Carvalho and Moreira, 2018). We are currently exploring events
associated with the repair of damage to the BBB caused by CSD
and suspect that microglia are activated in this process.

One unresolved question is the cause of the exaggerated ele-
vation in ROS activity in the PL and IL areas of the mPFC, a key
station for emotional processing (Price and Drevets, 2012). Mi-
croglial activity may be associated with synaptic pruning, which
might be preferentially ongoing in this limbic area known to
modulate emotional responses to stress (Schafer et al., 2012; Hin-
wood et al., 2013; Calcia et al., 2016; Wohleb et al., 2018), or with
CSD-induced demyelination (Lehmann et al., 2017), possibly re-
sulting from microglia– oligodendrocyte interactions (Peferoen
et al., 2014). Understanding of the anatomical selectivity of
heightened microglial and ROS activity in the mPFC is currently
lacking.

In summary, we previously examined the effects of CSD on
microglial activity and found a correlation between microglial
gene expression profiles and susceptibility to CSD effects: suscep-
tible (showing anxiety and social deficits) but not resilient mice
had microglial gene expression representing inflammation,
phagocytosis, blood– brain barrier breakdown, and elevated
2-OH-E production (Lehmann et al., 2018). Based on these find-
ings, we focused on microglia and oxidative stress as key factors.
The data showed that in all conditions, elevated ROS production
in the presence of microglia was associated with stress-induced
anxiety and antisocial behavior, whereas without microglia or
oxidative stress, behavioral protection prevailed (Fig. 8). The data
suggest that microglia-dependent ROS production is a major way
in which microglia affect the CNS environment that supports
stress circuitry. However, the NAC-induced ROS inhibition was
in all cells and not just microglia, so at this point, we conclude
that both microglia and overall CNS ROS activity are linked and
are both causally involved in producing adverse stress effects on
behavior. Studies in which ROS activity is selectively blocked in
microglia will address whether such a targeted manipulation
would be sufficient to protect against chronic psychosocial stress
effects.
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