
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2019 the authors

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from
this version. A link to any extended data will be provided when the final version is posted online.

Research Articles: Neurobiology of Disease

The behavioral sequelae of social defeat require microglia and are driven
by oxidative stress in mice

Michael L. Lehmann1, Thaddeus K. Weigel1, Chelsie Poffenberger1 and Miles Herkenham1

1Section on Functional Neuroanatomy, Intramural Research Program, National Institute of Mental Health, NIH,
Bethesda, MD 20892 USA

https://doi.org/10.1523/JNEUROSCI.0184-19.2019

Received: 22 January 2019

Revised: 26 April 2019

Accepted: 4 May 2019

Published: 13 May 2019

Author contributions: M.L.L. and M.H. designed research; M.L.L., T.K.W., and C.P. performed research;
M.L.L. and T.K.W. analyzed data; M.L.L. wrote the first draft of the paper; M.L.L., T.K.W., C.P., and M.H. edited
the paper; M.H. wrote the paper.

Conflict of Interest: The authors declare no competing financial interests.

We thank Plexxikon, Inc. for the gift of PLX5622 and Lindsay Appleman for technical assistance. The work was
supported by the Intramural Research Program, NIMH ZIA MH001090.

Corresponding author at: Bldg. 35, Rm. 1C913, Bethesda, MD 20892-3724. E-mail address:
herkenh@mail.nih.gov

Cite as: J. Neurosci 2019; 10.1523/JNEUROSCI.0184-19.2019

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully formatted version
of this article is published.



 

 1 

 1 

The behavioral sequelae of social defeat require microglia and are driven by oxidative stress 2 

in mice 3 

 4 

Michael L. Lehmann1,2, Thaddeus K. Weigel1,2,3, Chelsie Poffenberger1, and Miles Herkenham*1 5 

 6 

1. Section on Functional Neuroanatomy, Intramural Research Program, National Institute of 7 

Mental Health, NIH, Bethesda, MD 20892 USA 8 

2. Co-first author 9 

3. Present address: University of Virginia, Charlottesville, VA 10 

*Corresponding author at: Bldg. 35, Rm. 1C913, Bethesda, MD 20892-3724.  E-mail address: 11 

herkenh@mail.nih.gov 12 

 13 

Running Title: Microglial ROS in chronic social defeat stress 14 

Figures: 7.  Words in Abstract: 249.  in Introduction: 566.  In Discussion: 1544 15 

No conflicts of interest. 16 

 17 

Acknowledgement: We thank Plexxikon, Inc. for the gift of PLX5622 and Lindsay Appleman for 18 

technical assistance.  The work was supported by the Intramural Research Program, NIMH ZIA 19 

MH001090. 20 

 21 

  22 



 

 2 

Abstract 23 

Chronic social defeat (CSD) in male mice can produce anxiety and aberrant socialization.  24 

Animals susceptible to CSD show activation of microglia, which have elevated levels of oxidative 25 

stress markers.  We hypothesized that microglia and reactive oxygen species (ROS) production 26 

contribute to the CSD stress-induced changes in affective behavior.  First, we selectively 27 

depleted microglia (99%) by administering the CSF1R antagonist PLX5622 before and during the 28 

14-day CSD procedure.  Microglia-depleted mice in contrast to non-depleted mice were 29 

protected from the stress effects measured by light:dark and social interaction tests.  ROS 30 

production, measured histochemically following dihydroethidium administration, was elevated 31 

by CSD, and the production was reduced to basal levels in mice lacking microglia.  The 32 

deleterious stress effects were also blocked in non-depleted mice by continuous intracerebral 33 

administration of N-acetylcysteine (NAC), a ROS inhibitor.  In a second experiment, at the end 34 

of the CSD period, PLX5622 was discontinued to allow microglial repopulation.  After 14 days, 35 

the brain had a full complement of newly generated microglia.  At this time, the mice that had 36 

previously been protected now showed behavioral deficits, and their brain ROS production was 37 

elevated, both in all brain cells and in repopulated microglia.  NAC administration during 38 

repopulation prevented the behavioral decline in the repopulated mice, and it supported 39 

behavioral recovery in non-depleted stressed mice.  The data suggest that microglia drive 40 

elevated ROS production during and after stress exposure.  This elevated ROS activity generates 41 

a central state supporting dysregulated affect, and it hinders restoration of behavioral and 42 

neurochemical homeostasis after stress cessation. 43 

  44 
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Significance Statement 45 

Chronic psychosocial stress is associated with psychiatric disorders such as depression and 46 

anxiety.  Understanding details of CNS cellular contributions to stress effects could lead to 47 

development of intervention strategies.  Inflammation and oxidative stress are positively linked 48 

to depression severity, but the cellular nature of these processes is not clear.  The chronic social 49 

defeat (CSD) paradigm in mice produces mood alterations and microglial activation 50 

characterized by elevated reactive oxygen species (ROS) production.  Depletion of microglia or 51 

ROS inhibition prevented adverse stress effects.  Microglial repopulation of the brain post CSD 52 

reintroduced adverse stress effects, and ROS inhibition in this phase protected against the 53 

effects.  The results suggest that stress-induced microglial ROS production drives a central state 54 

that supports dysregulated affective behavior.   55 

 56 

Introduction 57 

Microglia are highly dynamic cells with unique properties.  After migration into the brain in 58 

early gestation (Ginhoux et al., 2010), they homeostatically sustain their numbers throughout 59 

life by local self-renewal (Ajami et al., 2007; Tay et al., 2017b).  As the brain’s resident innate 60 

immune cells, they share many features with bone marrow-derived monocytes, though they 61 

have distinguishing gene expression profiles (Bennett et al., 2016).  Microglia continuously 62 

surveil the parenchyma (Nimmerjahn et al., 2005); support brain development and aging, 63 

synaptic connections, and neuronal function (Prinz et al., 2014; Tay et al., 2017a; Hammond et 64 

al., 2018); and contribute to the regulation of neurodegenerative (Keren-Shaul et al., 2017; 65 
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Butovsky and Weiner, 2018) and psychiatric diseases (Prinz and Priller, 2014; Hammond et al., 66 

2018).   67 

Microglia are activated by immune challenges and also by non-immune challenges such 68 

as psychological stress, wherein the degree and profile of activation are influenced by the type, 69 

duration, and severity of stressor (Walker et al., 2013).  We have employed chronic social 70 

defeat (CSD) (Lehmann et al., 2016), a form of psychosocial stress that has validity (Pollak et al., 71 

2010) for modeling the relationship in humans between stressful life events and the 72 

development of anxiety and depression (Kendler and Gardner, 2010).  Animals that are 73 

behaviorally susceptible to the deleterious effects of CSD show microglial activation and blood-74 

brain barrier (BBB) breakdown (Menard et al., 2017; Lehmann et al., 2018).  Microglia in this 75 

context have gene ontology profiles indicating elevated inflammation, phagocytosis, matrix 76 

remodeling, and production of reactive oxygen species (ROS) (Lehmann et al., 2018).  Elevated 77 

ROS production might drive dynamic changes in microglia during CSD (Minakami and 78 

Sumimotoa, 2006; Rojo et al., 2014; ElAli and Rivest, 2016), and it might modify activity in the 79 

neural circuitry associated with emotional responses in stressed animals (Liu et al., 2003; Seo et 80 

al., 2012; Popa-Wagner et al., 2013).  In both animals and humans, psychological stress has 81 

been shown to trigger oxidative stress in the brain (Seo et al., 2012; Schiavone et al., 2013; 82 

Salim, 2014; Ibi et al., 2017), which is linked to psychiatric disorders (Ng et al., 2008; Black et al., 83 

2015).  We therefore asked 1) whether microglia significantly contribute to the deleterious 84 

psychological and physical effects of CSD and 2) whether oxidative stress associated with the 85 

microglial response drives the behavioral outcomes.  We approached these questions by first 86 

asking whether elimination of microglia during the CSD would impart protection against its 87 
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behavioral effects.  To achieve this, we administered PLX5622, a CSF1R antagonist that 88 

reversibly eliminates microglia (Dagher et al., 2015).  Second, we addressed the role played by 89 

oxidative stress in mice in which ROS was blocked by administration of N-acetylcysteine (NAC), 90 

a ROS inhibitor (Bavarsad Shahripour et al., 2014), during the stress exposure.  We found that 91 

microglial elimination and ROS inhibition both protected against deleterious stress effects. 92 

Upon discontinuation of PLX5622, microglia rapidly repopulate the brain through a 93 

process of self-renewal of surviving cells (Epelman et al., 2014; Elmore et al., 2015; Huang et al., 94 

2018).  To examine residual effects of stress exposure in microglia-depleted mice, we allowed 95 

the repopulation to occur and then assayed for behavior and ROS status.  Surprisingly, 96 

behavioral deficits emerged in the microglia-repopulated mice, paralleled by elevated ROS 97 

levels.  ROS blockade by NAC in the repopulation period prevented the deficits.  Taken 98 

together, the data indicate that microglia drive changes in affective behavior during and after 99 

exposure to psychosocial stress through changes in oxidative stress. 100 

 101 

Methods 102 

Animals 103 

All procedures were approved by the National Institute of Mental Health Institutional Animal 104 

Care and Use Committee and conducted in accordance with the National Institutes of Health 105 

guidelines.  Behavioral experiments were performed using male CD-1 retired breeder mice and 106 

8–10 week-old male C57BL/6N mice (Charles River Laboratories).  Cx3cr1wt/gfp mice, aged 8–10 107 

weeks (Jackson Laboratories, model B6.129P-Cx3cr1tm1Litt/J backcrossed onto a C57BL/6N 108 

background) were used for tracking microglial depletion and repopulation.  All test animals 109 
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were group-housed in pathogen-free conditions in a 12-h light/dark cycle with lights off at 9:00 110 

AM.  Food and water were provided ad libitum.  Behavioral testing was done in the dark phase 111 

under dim lighting. 112 

 113 

Compounds 114 

Experimental groups were fed the CSF1R inhibitor, PLX5622, provided by Plexxikon Inc (Berkley, 115 

CA). and formulated in AIN-76A standard chow at 1200 mg/kg by Research Diets Inc (New 116 

Brunswick, NJ).  Control animals were feed AIN-76A standard chow (Research Diets Inc). 117 

 118 

Chronic Social Defeat (CSD) 119 

CSD was used to model the effects of chronic psychosocial stress in mice.  As previously 120 

described (Lehmann and Herkenham, 2011), an experimental C57BL/6 mouse was housed for 121 

14 days in the home cage of an aggressive male CD-1 mouse with a perforated transparent 122 

acrylic partition separating the mice.  The partition was removed for 5 min each day to allow 123 

agonistic encounters between the mice.  Unstressed home cage (HC) mice were housed 2 per 124 

cage with a perforated partition permanently separating the mice. 125 

 126 

Behavioral Analysis 127 

Social interaction (SI) test.  All behavioral tests were performed as described previously 128 

(Lehmann and Herkenham, 2011).  To determine the SI quotient, the mouse was placed in a 50 129 

cm x 50 cm x 50 cm arena containing two perforated acrylic cylinders.  One cylinder contained a 130 

CD-1 mouse and the other was empty.  The mouse was left for 15 min under red lights while its 131 
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position was recorded frve and subsequently automatically analyzed with TopScan 132 

(CleverSystems, Inc., Leesburg, VA).  The SI quotient was determined by dividing the time spent 133 

investigating the CD-1 mouse by the time spent investigating the empty cage.  Lower scores 134 

were indicative of anti-social behavior. 135 

 136 

Light:dark box test.  The light:dark test was conducted using a polycarbonate box (50 cm x 25 137 

cm with 30 cm walls) consisting of a dark (one-third of the box) and a transparent (two-thirds of 138 

the box) compartment that was illuminated to approximately 40 lux.  An open door divided the 139 

compartments.  Each mouse was placed in the light compartment and allowed to freely move 140 

within the compartments for 10 min.  The time spent in the light compartment and number of 141 

crosses between the light and dark sides were scored (SideScan, CleverSystems, Inc.).  Low 142 

scores were indices of anxiety-like behavior.  143 

For depletion repopulation experiments represented in Figures 4 and 5, mice were run 144 

in two cohorts of six mice per group.  The first cohort was exposed to the SI test only, the 145 

second cohort was exposed to both behavioral tests then administered DHE one day after the 146 

last test.  In the first cohort several mice were lost during the course of the six-week 147 

experiment, which is reflected by the different n’s within this experiment. 148 

 149 

Immunohistochemistry 150 

Assessment of microglia depletion was done by treating Cx3cr1wt/gfp mice with PLX5622 feed for 151 

0, 3, 7, or 14 d before they were killed.  Mice were anesthetized with isoflurane and perfused 152 

transcardially with 0.9% saline followed by ice-cold phosphate-buffered 4% paraformaldehyde.  153 
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Brains were removed and post fixed in the same fixative overnight followed by 25% sucrose in 154 

phosphate-buffered saline (PBS) for 24 h.  Coronal brain slices (30 μm thick) were collected on a 155 

freezing microtome.  Free-floating sections were washed, blocked in 4% normal goat serum, 156 

incubated overnight at 4°C in monoclonal chicken anti-GFP (1: 5,000, Abcam, Cat. #ab13970, 157 

RRID:AB_300798).  Sections were rinsed and incubated for 1 h in secondary anti-chicken 158 

antisera labeled with Alexa-488 (1:1,000, Life Technologies, Cat. #A11039).  Sections were 159 

washed again with 0.1% Triton X-100 in 0.1 M PBS (10 min, three times), counterstained with 160 

DAPI for 1 min, washed with PBS, and coverslipped with PVA-DABCO (Sigma).  Cells and sections 161 

were analyzed on a Zeiss 780 confocal microscope.   162 

In studies examining ROS activity within microglia, free-floating sections from C57BL/6N 163 

mice were blocked, incubated overnight with rabbit anti-Iba1 (1:2500, Wako, Cat #019-164 

19741, RRID: AB_839504), washed, incubated in secondary antisera Alexa-Fluor 488 (1:1000, 165 

Life Technologies, Cat. #A11034), and counterstained with DAPI.   166 

 167 

Reactive Oxygen Species (ROS) Measurement 168 

To measure oxidative stress in the form of ROS production, dihydroethidium (DHE) (Molecular 169 

Probes, Life Technologies, Cat #D11347), dissolved 1 mg/ml in 100% DMSO, then diluted 1:1 170 

with sterile saline, was administered at 2.5 µg/kg i.p.  Superoxide anions (O2
 radicals) are the 171 

primary form of ROS.  DHE detects O2 radicals by a reaction between the two molecules that 172 

generates a membrane-impermeable, highly superoxide-specific, red fluorescent product 173 

2-hydroxyethidium (2-OH-E), revealed with the proper excitation and emission wavelengths 174 

Ex:Em 405:600-650 nm (Zhao et al., 2005; Robinson et al., 2006; Zielonka et al., 2008; 175 
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Nazarewicz et al., 2013).  Importantly, commonly used 488–540 nm excitation wavelengths 176 

preferentially detect emissions from ethidium—produced by nonspecific oxidation reactions 177 

with DHE—that are thus not specific for superoxide (Nazarewicz et al., 2013; Cheng et al., 178 

2018).  Three hours after DHE administration, mice were perfused and processed as above.  179 

Brains were sectioned at 30 µm with a freezing microtome, and counterstained with DAPI.  180 

Dried slide-mounted sections were coverslipped with PVA-DABCO.  Areas of interest were 181 

captured with a confocal microscope (Nikon 780), with a Zeiss 20x Plan Apochromat objective 182 

(0.8 aperture) and the files (.lsm) were analyzed for 2-OH-E fluorescence.   183 

In each animal, 4–6 randomly selected fields in the infralimbic (IL) and prelimbic (PL) 184 

cortices, nucleus accumbens (Acb), paraventricular nucleus of the hypothalamus (PVN), and 185 

dentate gyrus of the dorsal hippocampus (Hipp) were analyzed and averaged per mouse.  The 186 

entire captured image was used for analysis.  Ten 1-µm maximum projection z-stacks (area 425 187 

µm x 425 μm) were reconstructed and analyzed using Volocity 6.3 (PerkinElmer).  For separate 188 

analysis of ROS activity confined to microglia, the areas occupied by fluorescent staining of Iba1 189 

antibody and 2-OH-E fluorescent signals were subjected separately in their respective channels 190 

to thresholding.  First, a threshold three standard deviations (SD) higher than the median value 191 

was applied to the 2-OH-E signal, then 2-OH-E spots < 0.2 µm2 diameter were excluded and the 192 

remaining signal was measured.  Second, microglia were thresholded one SD higher than the 193 

mean, and objects between 100 and 1000 µm2 were included.  Next, 2-OH-E signal that 194 

completely overlapped with microglia signal was compartmentalized.  After thresholding and 195 

compartmentalization, the integrated signal density for each thresholded image was calculated.  196 

Integrated density is defined as the product of pixel intensity (255 = the maximum pixel 197 
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intensity for an 8-bit image) x area (µm2).  Integrated densities of total 2-OH-E in the image and 198 

2-OH-E compartmentalized within microglia were collected and further analyzed in Prism 199 

(GraphPad) and Excel (Microsoft). 200 

 201 

Reactive Oxygen Species (ROS) blockade 202 

To block ROS production in the brain, N-acetyl-L-cysteine (NAC) (Sigma, Cat #A7250) was 203 

administered into the lateral ventricle via a chronically implanted cannula (Brain infusion kit #3, 204 

Alzet).  Administration was intracerebroventricular (i.c.v.) because NAC does not significantly 205 

cross the BBB (Sheffner et al., 1966; Bavarsad Shahripour et al., 2014).  Under stereotaxic 206 

guidance in isoflurane-anesthetized mice, the tip of the cannula was placed 0.1 mm caudal to 207 

bregma, 1.0 mm lateral to the midline, and 2.4 mm below the skull.  Correct placement was 208 

determined during processing for immunohistochemistry; only animals with tracks terminating 209 

in the ventricle were included in the study (> 95% of all animals tested).  The cannula was 210 

secured to the skull with cyanoacrylate adhesive (Loctite 454, Alzet).  The cannula was 211 

connected via silastic tubing to an osmotic minipump (#2002, Alzet) implanted under the skin 212 

between the scapulae. The pump was loaded with NAC at 50 mM diluted in artificial 213 

cerebrospinal fluid (aCSF) continuously delivered at the rate of 0.5 µl/h for two weeks. 214 

 215 

Statistical Analysis 216 

Behavioral data, 2-OH-E integrated density, and microglial cell counts were summarized as 217 

mean ± SEM, and differences among experimental conditions were considered statistically 218 

significant when the p value was ≤ 0.05.  Student’s 2-tailed T tests, one-way ANOVA, and two-219 
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way repeated measures (rm) ANOVAs, analyzed by SPSS 220 

(https://www.ibm.com/analytics/us/en/technology/spss/) were applied where appropriate to 221 

assess between-subject comparisons along the variables behavioral condition versus e.g., 222 

behavioral or biological assay score.  Post-hoc tests were done with Bonferroni’s procedure and 223 

Sidak’s multiple comparison, and P level adjusted for multiple comparisons. 224 

 225 

Results 226 

Microglia depletion protects against behavioral abnormalities in CSD-stressed mice. 227 

We first verified that continuous PLX5622 administration in the chow almost completely 228 

depleted microglia, and upon discontinuation of drug, microglia rapidly and homeostatically 229 

repopulated the brain (Elmore et al., 2014; Dagher et al., 2015).  Cx3cr1wt/gfp mice were fed 230 

PLX5622 for 0, 3, 7, 10, and 14 days.  Microglia numbers, assessed by visualization of GFP-231 

labeled microglia, were decreased by 81% after 3 days and > 99% after 14 days of treatment, 232 

and they were fully recovered to normal levels at 12 days after drug discontinuation (Fig. 1). 233 

We next determined that the depletion per se did not affective behavior.  Anxiety-like 234 

and social behaviors were measured in unstressed (HC) Control and PLX5622-treated mice at 2 235 

and 4 weeks after drug initiation (Fig. 2a).  Light:dark (LD) crossings (Fig. 2b) and social 236 

interaction (SI) ratios (Fig. 2c) showed no significant main effect of depletion (two-way 237 

repeated measures ANOVA Drug effect; LD, F(1,10) = 0.46, p = 0.5; SI, F(1,10) = 1.2, p = 0.3). Thus, 238 

we concluded that CSF1R inhibition allows for effective microglia depletion without 239 

dramatically affecting behavioral measures of anxiety and social behavior.  Similar findings have 240 
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been obtained with other behavioral tests of motor function, anxiety, and spatial learning 241 

(Elmore et al., 2015).   242 

We then examined the effects of microglia depletion on stress effects.  Microglia-243 

depleted and non-depleted mice were behaviorally phenotyped before and after CSD (Fig. 2a).  244 

Depletion did alter the behavioral response to CSD in the LD and SI tests: LD crosses (two-way 245 

rm ANOVA F(1,10); interaction effect F = 27.7, p = 0.0004; Time effect F = 18.9, p = 0.001; Drug 246 

effect F = 23.8, p = 0.0006.) (Fig. 2b) and SI ratios (two-way rm ANOVA F(1,10); interaction effect F 247 

= 6.1, p = 0.03; Time effect F = 10.4, p = 0.01; but no main effect of drug p = 0.11) (Fig. 2b and 248 

c).  Post hoc analyses showed a protective effect of microglia depletion in CSD.  In the LD test, 249 

anxiety-like behaviors induced by CSD were not observed in microglia-depleted mice (Sidak’s 250 

multiple comparison p = 0.0001).  Post hoc analysis also showed that mice fed control-chow 251 

displayed pronounced social avoidance after social defeat, whereas microglia-depleted mice 252 

showed social behaviors comparable to pre-stress conditions (Sidak’s multiple comparison 253 

p = 0.009).  Heat maps of investigative behavior during the SI task highlight the behavioral 254 

differences between depleted and non-depleted mice (Fig. 2d).  Thus, the behavioral resiliency 255 

observed in microglia-depleted mice implies that microglia activation during CSD renders mice 256 

susceptible to the adverse effects of CSD. 257 

Parenthetically, most microglia-intact mice that undergo the CSD paradigm 258 

subsequently show elevated anxiety and antisocial behaviors, but a small percentage (<20%) 259 

are resilient to the CSD effects and do not show behavioral declines (Lehmann et al., 2018).  We 260 

are not able in the depletion study to predict beforehand which mice might be susceptible 261 

versus resilient to the CSD, so we cannot say whether some depleted mice that showed 262 
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resilience might have done so without depletion.  Similarly, in all experiments in this study, we 263 

do not address the susceptibility-resilient spectrum of behaviors naturally found in our mice 264 

populations. 265 

 266 

Microglia depletion abolishes elevated ROS response to CSD. 267 

We examined the interaction between CSD and microglial depletion on ROS activity in several 268 

cortical and subcortical areas (Fig. 2e–h).  2-OH-E fluorescence labeling of ROS activity was 269 

performed 24 h after the last behavioral observation and quantified with confocal microscopy.  270 

Two-way ANOVA comparing effects of microglia depletion and stress revealed significant 271 

interactions on 2-OH-E fluorescence in each examined region; [two-way ANOVA F(1,20): prelimbic 272 

cortex (PL); F = 13.6 p = 0.001, infralimbic cortex (IL); F = 9.4 p = 0.006, nucleus accumbens 273 

(Acb); F = 31.39 p = 0.0001, hypothalamic paraventricular nucleus (PVN); F = 19.4 p = 0.0003, 274 

and hippocampus (Hipp); F = 24.4 p = 0.0001].  Bonferroni post hoc analysis revealed similar 275 

patterns of significant changes across regions; nondepleted CSD mice showed substantial 276 

2-OH-E production activity compared to all other conditions.  Importantly microglia depletion 277 

reduced effects of stress on ROS activity to levels that did not differ from those in unstressed 278 

mice (Fig. 2e).   279 

There were regional differences between levels of activity (integrated density x 106).  280 

Within each condition, higher levels of activity were seen in the prelimbic (PL) and infralimbic 281 

(IL) medial prefrontal cortices compared to the Acb, PVN, and Hipp.  For example, in non-282 

stressed samples, prefrontal cortical regions had 2 units of activity compared to other regions 283 

which all had similar levels (around 1 unit). 284 
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Microglial ROS production compared with production in all cells was lower overall, but 285 

with the same pattern of relatively elevated activity in the prefrontal cortical areas versus other 286 

areas (Fig. 2g).  Microglial 2-OH-E production from CSD mice was elevated compared to 287 

nonstressed mice in the non-depleted groups, and it was absent in the depleted groups.  Two-288 

way ANOVA indicated significant interaction effects on 2-OH-E fluorescence in each examined 289 

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 = 290 

0.0001, PVN; F = 54.6 p = 0.0001, and Hipp; F = 14.4 p = 0.001] (Fig. 2g).  Comparing the levels 291 

of 2-OH-E production in Figures 2e and 2g, it is noteworthy that the contribution of microglial 292 

ROS to total ROS elevated by CSD is approximately 25%.  Given that microglia comprise only 293 

10–15% of all cells in brain (Lawson et al., 1990), the microglial ROS contribution is significant.  294 

 295 

ROS blockade during CSD protects against behavioral abnormalities caused by stress 296 

The striking effect of microglia depletion on affective behavior made us ask whether this was 297 

attributable to elevated ROS activity during stress.  To examine this, mice were administered 298 

the anti-oxidant NAC or vehicle (aCSF) delivered continuously i.c.v. during the CSD procedure or 299 

in non-stressed HC control mice (Fig. 3a).  NAC prevented the CSD-induced drop in social 300 

interaction in the SI task and had no effect in HC mice (two-way ANOVA interaction effect 301 

between drug and stress F(1,16) = 8.1 p = 0.01) (Fig. 3b, c).  302 

NAC treatment completely blocked the CSD-induced rise in 2-OH-E production both in 303 

all cells (Fig 3d) and in microglia (Fig. 3e).  It had no effect on basal levels of 2-OH-E production 304 

in both cell populations.  Two-way ANOVA detected significant drug × stress interactions on 2-305 

OH-E fluorescence in each examined region: [Interaction effect two-way ANOVA F(1,16): PL; F = 306 
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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, and Hipp; 307 

F = 7.1 p = 0.02].  Post hoc analysis showed that ROS activity was significantly elevated in 308 

vehicle-treated CSD mice compared to all other groups, and this effect was completely blocked 309 

in NAC-treated CSD mice (p < 0.01 for each region) (Fig. 3d).  Drug and Stress interactions on 310 

2-OH-E fluorescence was also extended to microglia populations in all regions; [Interaction 311 

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, 312 

PVN; F = 5.6 p = 0.03, and Hipp; F = 16.1 p = 0.0007].  Microglial 2-OH-E fluorescence was 313 

significantly elevated in vehicle-treated CSD mice compared to all other groups (Fig. 3e).  This 314 

effect was observed in all areas except the prelimbic cortex; here post hoc tests detected 315 

significant changes only between vehicle-treated unstressed and CSD mice (p < 0.005). 316 

 317 

Microglia repopulation after CSD removes protection against stress-induced behavioral 318 

changes and drives ROS activity visualized by 2-OH-E production 319 

The effect of depletion and repopulation on behavior and 2-OH-E production was first 320 

measured in unstressed mice (Fig. 4a).  Two-way ANOVA detected no significant behavioral 321 

effects of depletion or repopulation [LD crosses time effect F(3,30) = 2.1, p = 0.18; Fig. 4b] [SI time 322 

effect F(3,66) = 2.4, p = 0.1; Fig. 4c, 4d].  ROS activity, assessed at the end of the experiment, was 323 

not significantly affected by treatment.  Unstressed mice that underwent depletion and 324 

repopulation compared to untreated control mice showed a trend for greater 2-OH-E 325 

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 326 

significance was detected in data corrected for multiple comparisons (Bonferroni cutoff p < 327 

0.001).  2-OH-E intensities in the ACB (t = 1.8) and HIPP (t = 0.9) were not different between 328 
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groups (p > 0.05).  (Fig. 4e).  Microglial 2-OH-E intensity approached significance in the 329 

infralimbic cortex (t = 3.6, p = 0.004) (Bonferroni cutoff p < 0.001) (Fig. 4g).  All other examined 330 

regions showed no effect of drug regimen on microglial 2-OH-E intensity (t = 0.7,  0.4, 1.9, 0.3 in 331 

the PL, Acb, PVN, and HIPP respectively) (p > 0.05).  Confocal images from IL cortex further 332 

demonstrate the minimal effect of depletion/repopulation in non-stressed mice (Fig. 4f, 4h).  333 

Thus, microglial depletion and repopulation by itself leaves no imprint on behavior and ROS 334 

activity assessed by 2-OH-E production.  335 

We next asked whether microglial repopulation would influence behavior in previously 336 

stressed mice; thus behavioral trajectories in all groups were monitored before and during the 337 

repopulation period (Fig. 5a). Microglia depletion and repopulation had biphasic effects on 338 

behavioral response to stress in the LD and SI tests [LD crosses (two-way rm ANOVA; time main 339 

effect, F(3, 45) =15.45, p = .0001; group main effect, F(2, 15) = 13.55, p = .0005; interaction, F(6, 45) = 340 

4.65, p = .001) (Fig. 5b) and SI ratios (time, F(3, 84) =13.44, p = 0.0001; group, F(2, 28) = 17.52, 341 

p = 0.0001; interaction, F(6, 84) = 7.45, p = .001) (Fig. 5c, 5d)].  Highly significant interaction 342 

effects allowed us to rerun ANOVA with simple effects.  The data showed a protective effect of 343 

microglia depletion—whereas CSD produced anxiety-like and antisocial behaviors in control 344 

mice, PLX5622-treated stressed mice showed behaviors similar to unstressed mice (4 week post 345 

CSD observation: LD crosses F(2,15) = 17.57, p = 0.0001; SI F(2,28) = 15.2, p = 0.0001) (Fig. 5b, c). 346 

Thus, the protective effect of depletion seen earlier (Fig. 2) was replicated.  Surprisingly, when 347 

the same mice were tested again after microglial repopulation following drug discontinuation, 348 

the deleterious effect of CSD now emerged for both LD crosses (Fig. 5b) and SI ratios (LD 349 

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 350 
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treatment continued to show reduced scores at 2 weeks after CSD, and the continuously 351 

depleted mice continued to be protected from the deleterious CSD stress effects (LD crosses 352 

F(2,15) = 13.8, p = 0.0004; SI F(2,28) = 11.9, p = 0.0002).   353 

The behavioral observations at the end of this experiment had parallels in 2-OH-E 354 

intensity in brain.  CSD had a lasting elevation of 2-OH-E production only in mice with microglia 355 

present during the 2-week recovery phase post-CSD (Fig. 5a control and repopulation 356 

conditions).  Both groups showed no relative difference in 2-OH-E fluorescence.  In mice with 357 

continued depletion, 2-OH-E intensities were dramatically reduced in all cells (Fig. 5e, h) (one-358 

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; 359 

F = 9.03 p = 0.003, HIPP; F = 11.4 p = 0.001).  Similar effects were observed in microglial 2-OH-E 360 

fluorescence intensities; both control and repopulated brains had substantial and similar 361 

microglial 2-OH-E levels compared to continuously depleted brains (Fig. 5f, g, h) (one-way 362 

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 =  363 

25.9 p = 0.0001, Hipp; F =  16.1 p = 0.0002).  Notably, repopulating microglia appear to be 364 

necessary for elevated ROS activity in other cells in the recovery period.  365 

 366 

ROS blockade post-CSD protects against the adverse behavioral effects of microglial 367 

repopulation 368 

The results thus far show that microglial depletion during CSD prevented adverse affective 369 

changes and blunted ROS activity, but microglia repopulation post-CSD unmasked behavioral 370 

declines and elevated ROS activity.  Additionally, buffering ROS activity by NAC administration 371 

during CSD protected against adverse behavioral changes.  We were interested to learn if 372 
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buffering ROS activity during repopulation would have a similar protective effect.  To examine 373 

this, NAC was administered i.c.v. in the post-CSD repopulation period in a 2 x 2 experimental 374 

design that explored the interaction between microglial repopulation and ROS activity (Fig. 6a).  375 

During CSD, mice received either PLX5622 feed or normal chow, then normal chow upon the 376 

cessation of CSD.  During the recovery period, mice received either NAC or aCSF i.c.v.  Thus the 377 

four groups were 1) Control stressed mice, 2) mice that were PLX5622-treated through the CSD 378 

stress period and then removed from drug for two weeks, 3) Control mice that received NAC in 379 

the post-stress repopulation period, and 4) PLX5622-treated mice that received NAC in the 380 

repopulation period (Fig. 6a).  Mice were behaviorally phenotyped three times: 1) prior to the 381 

CSD period, 2) at the end of the stress period, and 3) at the end of the repopulation period.  At 382 

the end of behavioral observations, mice were assayed for 2-OH-E production.  Two-way 383 

ANOVA showed a significant main effect of time (F(2,40) = 21.46, p = 0.0002) but not treatment 384 

(F(3,20) = 0.6, p = 0.623, and a significant interaction effect (F(6,40) = 8.94, p < 0.0001) in LD 385 

crosses, and a significant main effect for time (F(2, 40) = 10.99, p < .005) but not treatment (F(3,20) 386 

= 2.83, p = 0.74, and a significant interaction (F(6,40) = 10.52, p < 0.0001) for SI ratios.  Control 387 

mice showed reduced LD crosses and SI ratios at both time points post-stress (p < 0.01 for all) 388 

(Fig 6b, c. d).  Control mice that received NAC in the post-stress period showed behavioral 389 

recovery.  In contrast, as before (Fig. 2), PLX5622-treated mice were protected from CSD effects 390 

immediately post-stress and showed reduced scores relative to pre-stress scores after two 391 

weeks of recovery in both tasks (p < 0.01).  Importantly, the PLX5622-treated group that 392 

received NAC in the recovery period did not show the same decline in scores, indicating that 393 
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blockade of ROS in the post-stress period protected against the deleterious effect on behavior 394 

of microglial repopulation after stress.   395 

ROS activity was assessed in the four groups at the end of the repopulation (Fig. 7).  396 

CSD-stressed mice showed levels of 2-OH-E production that were not different between 397 

untreated and microglia-depleted mice measured after repopulation, and both groups showed 398 

ROS levels greatly reduced by i.c.v. NAC treatment (Implant effect: F(1,20) = 9.1 to 85.1 for the 399 

regions, p < 0.01 to p < 0.0001) (Fig. 7a, c).  Levels of 2-OH-E fluorescence were approximately 400 

twice as high in mPFC regions compared to other areas, as they had been just after CSD (Fig. 2).  401 

Within repopulated microglia, 2-OH-E levels were likewise high (relative to never-stressed mice) 402 

in both Control and repopulated brains, and NAC reduced 2-OH-E fluorescence in both (Implant 403 

effect F(1,20) = 10.8 to 120.5 for the regions, p < 0.01 to p < 0.0001) (Fig. 7b, d). 404 

 405 

Discussion 406 

We examined the roles of microglia and oxidative stress in anxiety-like states induced by the 407 

psychosocial stressor CSD.  Microglial depletion, by administration of the CSF1R antagonist 408 

PLX5622 in the chow, by itself did not alter affective behavior, but depletion during the CSD 409 

period prevented the development of CSD-induced anxiety-like and antisocial behaviors.  410 

Continued depletion during the two-week post-stress period was associated with continued 411 

protection against deleterious stress effects.  Surprisingly, when drug was discontinued after 412 

the CSD sessions ended and microglia had repopulated the brain, the repopulated animals now 413 

showed deficits in the behavioral assays, as did animals that had not been depleted.  ROS 414 

activity (measured by 2-OH-E fluorescence) strongly mirrored declines in affective behavior; 415 
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ROS activity was elevated by CSD and remained elevated in the post-stress periods.  Microglial 416 

depletion either during CSD or during CSD and recovery prevented ROS elevations in response 417 

to stress.  However, if microglia repopulated brains of previously stressed mice, then robust 418 

ROS production was also detected.  We showed a causal relation between ROS activity and 419 

anxiety-related behaviors; blockade of ROS activity by i.c.v. administration of the antioxidant 420 

NAC during CSD prevented the stress-induced behavioral declines, and ROS blockade during the 421 

repopulation period reversed the behavioral declines in both intact and repopulated stressed 422 

mice.  The data suggest that microglia present during CSD drive ROS production, and this 423 

activity underlies the adverse behavioral effects of CSD.  The findings are summarized in Figure 424 

8.   425 

The present findings merge two separate lines of inquiry about mechanisms by which 426 

chronic psychosocial stress alters emotional behavior.  First, we showed the importance of 427 

microglia in mediating the effect of CSD.  Previous studies have shown that stressors like CSD 428 

alter microglial activity (Tynan et al., 2010; Wohleb et al., 2014; Lehmann et al., 2016), 429 

suggesting that microglia are involved in CNS responses to stress, and now through a depletion 430 

strategy, we showed that microglia play a necessary role in that action, supporting recent work 431 

on repeated social defeat-induced anxiety (McKim et al., 2018).  Second, previous studies have 432 

demonstrated a role for oxidative stress in mediating effects of stress on affective behavior 433 

(Schiavone et al., 2009; Seo et al., 2012; Ibi et al., 2017).  Now, by examining these aspects 434 

concurrently, we offer new insights into the causal mechanisms played by microglia. 435 

Previous studies have demonstrated the importance of CNS ROS in influencing behavior, 436 

but much of that work emphasized the dysregulation of ROS production in neurons.  In one 437 
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study in anxious versus non-anxious mice, anxiety was correlated with ROS activity in neurons 438 

and glia (Rammal et al., 2008).  In other studies, stress-induced depressive-like states were 439 

shown to be ROS-dependent (Schiavone et al., 2009; Seo et al., 2012; Ibi et al., 2017), with 440 

histological evidence for neuronal ROS induction in each study.  Notably, these studies used 441 

DHE to localize ROS activity, but they employed fluorescent excitation with longer wavelengths 442 

that predominantly detect fluorescent emissions from ethidium (E), which is generated by 443 

additional oxidation events other than superoxide reactions with DHE generating 2-OH-E 444 

(Nazarewicz et al., 2013; Cheng et al., 2018).   445 

We found that CSD elicited superoxide-mediated ROS production in both microglia and 446 

non-microglial cells.  Interestingly, without microglia, ROS activity in all other cells was greatly 447 

reduced (depletion group in Fig. 2e), suggesting that microglia and microglial ROS activity drive 448 

oxidative stress pathways in other cells, possibly neurons, after CSD.   449 

Mitochondria are the major source of superoxide production in the cell (Turrens, 2003).  450 

High-magnification analysis of confocal images indicated that the 2-OH-E oxidation products of 451 

DHE were discretely localized as small spots in the cytoplasm.  These may may be associated 452 

with superoxide radicals formed in the electron transport chain in mitochondria (Forkink et al., 453 

2010; Finkel, 2012; Rojo et al., 2014), a hypothethized target of psychological stress (Picard and 454 

McEwen, 2018).  In addition, phagosomal NADPH oxidase (NOX2) activity generates ROS in 455 

phagosomes (Lambeth, 2004; Minakami and Sumimotoa, 2006; Quinn et al., 2006).  Larger 456 

spots, which appeared only in microglia (arrows in Fig. 5g), may mark ROS production in 457 

phagosomes, as we previously noted (Lehmann et al., 2018). 458 
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Our data show the importance of ROS activity and microglia in controlling mood states.  459 

Multiple mechanisms contribute to oxidative stress in the brain (Cobley et al., 2018).  Various 460 

forms of psychophysiological stress have been reported to increase multiple markers of 461 

oxidative stress (reviewed in (Seo et al., 2012; Schiavone et al., 2013; Ibi et al., 2017)).  462 

Elevations in glucocorticoids have been considered as a possible mechanism for stress effects 463 

on ROS activity (Zafir and Banu, 2009).  An older view holds that glucocorticoids can “endanger” 464 

neurons via oxidative stress (Sapolsky, 1999).  More recently, the role of glucocorticoids in 465 

influencing CNS neuroinflammation has been explored (Sorrells et al., 2009; Frank et al., 2015), 466 

and less emphasis has been placed on oxidative stress.  Oxidative stress and inflammation can 467 

positively interact with each other, such that cause-and-effect are difficult to assign when feed-468 

forward cascades lead to loss of homeostasis.   469 

It is perplexing that repopulated microglia, which did not exist in the brain at the time of 470 

the CSD sessions, appeared to exert or contribute to a pro-anxiety and antisocial state in the 471 

microglia-repopulated mice that had been previously protected from the stress effects.  472 

Repopulation occurs entirely from surviving residual microglia in the brain (Huang et al., 2018; 473 

Weber et al., 2018).  Newly proliferated microglia following a stressful event did not themselves 474 

have a “memory” for the prior stress, and thus it appears that stress-induced epigenetic 475 

marking of the surviving pool of microglia or other factors in the CNS environment or periphery 476 

may reprogram the microglia to affect behavioral homeostasis and dysregulation.  Repopulated 477 

microglia had elevated 2-OH-E production levels that were the same as in microglia of stressed 478 

non-depleted animals.  In unstressed animals, repopulating microglia do not show a 479 

transcriptional profile indicating activation (Huang et al., 2018), but other cells such as 480 
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astrocytes do show a “cytokine storm” during depletion (Bruttger et al., 2015) that could 481 

propagate elevated oxidative stress to repopulating microglia to support dysregulated behavior 482 

in previously stressed animals.  Alternatively, Weber et al. (2018) found in a similar study of 483 

microglial repopulation after repeated social defeat that neurons at 24 days after repeated 484 

defeat retained a sensitization to the prior stressor, suggesting that the altered neuronal state 485 

could sensitize new microglia.  In our mice, non-microglial cells showed ROS activity elevated 486 

over that in mice that had not experienced defeat, supporting the likelihood that other cells 487 

interact to affect microglial activation status.   488 

It is also possible that enduring signals from the stress-altered periphery and BBB affect 489 

the repopulating microglia.  Chronic psychosocial stress concomitantly elevated markers of 490 

oxidative stress and inflammation in the brains and plasma of rats (Wilson et al., 2013).  491 

Patients with major depressive disorder showed elevated levels of both oxidative stress and 492 

inflammation in the blood, which was resolved with antidepressant treatment (Rawdin et al., 493 

2013).  Thus, peripheral as well as central ROS/inflammation mechanisms may contribute to 494 

adverse effects of CSD.  Chronic stress and depression affect cerebrovascular function (Burrage 495 

et al., 2018), and we previously determined that microglia are sensitive to severe reductions in 496 

BBB integrity caused by CSD (Lehmann et al., 2018).  Alterations in brain microenvironments 497 

that persist during stress recovery may underlie some of the effects observed in the 498 

repopulation studies.  Notably, elevated ROS activity is particularly damaging to the 499 

neurovascular environment that supports blood-brain barrier integrity (Carvalho and Moreira, 500 

2018).  We are currently exploring events associated with repair of damage to the BBB caused 501 

by CSD and suspect that microglia are activated in this process.   502 
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One unresolved question is the cause of the exaggerated elevation in ROS activity in the 503 

PL and IL areas of the mPFC, a key station for emotional processing (Price and Drevets, 2012).  504 

Microglial activity may be associated with synaptic pruning, which might be preferentially 505 

ongoing in this limbic area known to modulate emotional responses to stress (Schafer et al., 506 

2012; Hinwood et al., 2013; Calcia et al., 2016; Wohleb et al., 2018), or with CSD-induced 507 

demyelination (Lehmann et al., 2017) possibly resulting from microglia-oligodendrocyte 508 

interactions (Peferoen et al., 2014).  Understanding of the anatomical selectivity of heightened 509 

microglial and ROS activity in the mPFC is currently lacking.   510 

In summary, we previously examined the effects of CSD on microglial activity and found 511 

a correlation between microglial gene expression profiles and susceptibility to CSD effects: 512 

susceptible (showing anxiety and social deficits) but not resilient mice had microglial gene 513 

expression representing inflammation, phagocytosis, blood-brain barrier breakdown, and 514 

elevated 2-OH-E production (Lehmann et al., 2018).  Based on these findings, we focused on 515 

microglia and oxidative stress as key factors.  The data showed that in all conditions, elevated 516 

ROS production in the presence of microglia was associated with stress-induced anxiety and 517 

antisocial behavior, whereas without microglia or oxidative stress, behavioral protection 518 

prevailed (Fig. 8).  The data suggest that microglia-dependent ROS production is a major way in 519 

which microglia affect the CNS environment that supports stress circuitry.  However, the NAC-520 

induced ROS inhibition was in all cells and not just microglia, so at this point, we conclude that 521 

both microglia and overall CNS ROS activity are linked and are both causally involved in 522 

producing adverse stress effects on behavior.  Studies in which ROS activity is selectively 523 
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blocked in microglia will address whether such a targeted manipulation would be sufficient to 524 

protect against chronic psychosocial stress effects. 525 

 526 
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 709 

Figure Captions 710 

Figure 1.  PLX5622 in the chow depleted microglia over a two-week period, and microglia 711 

rapidly returned after the drug was discontinued.  Images at the top show examples of 712 

microglia visible in the hippocampus of CX3CR1-GFP mice at the times indicated.  Graphs 713 

show quantification of cell counts in Hipp, hippocampus; HTH, whole hypothalamus; and 714 

mPFC, medial prefrontal cortex.  Magnification bar = 100 µm. 715 

 716 

Figure 2. Microglial depletion with PLX5622 protected mice from the adverse effect of CSD and 717 

blocked the elevation in ROS activity in all selected brain areas.  a, the experimental design.  718 
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b, Light:dark (LD) scores show reduced crosses to light in the CSD Control group only.  c, 719 

Social interaction (SI) scores show reduced SI in the CSD Control group only.  d, 720 

representative heat maps of behavior for mice in two groups in the SI task; one Control 721 

mouse after CSD and one depleted mouse tested before and after CSD.  e–h, ROS activity 722 

assayed by 2-OH-E fluorescence integrated density in all cells (e) and in microglia (g).  f, h 723 

Confocal image showing colocalization of 2-OH-E in Iba1-positive cells of a CSD-Control 724 

mouse (f) contrasted with reduced 2-OH-E labeling and no detectable Iba1 immunostaining 725 

in a CSD-PLX5622 mouse (h).  Images were taken from prefrontal cortex.  In unstressed 726 

homecage (HC) mice, microglial depletion did not alter affective behavior or ROS activity in 727 

selected brain areas (data in text).  N = 6 per group.  **p < 0.01, ***p < 0.001.  728 

Abbreviations: 2-OH-E, 2-hydroxyethidium; Acb, nucleus accumbens; Hipp, hippocampus; IL, 729 

infralimbic cortex; PL, prelimbic cortex; and PVN, hypothalamic paraventricular nucleus; ms, 730 

mouse; obj, object.  Magnification bars = 10 µm.  Time on social target and object from the SI 731 

task are shown in Extended Fig. 2-1. 732 

Figure 2-1. Microglial depletion with PLX5622 protected mice from the adverse effect of CSD; 733 

these mice showed social investigation times that were comparable to non-defeated control 734 

mice. Two-way RM ANOVA detected no significant interaction in homecage mice (F(1,10) = 735 

0.2215, p = 0.65), and detected a highly significant interaction in CSD mice (F(1,10) = 12.8, p 736 

= 0.005). Mice with intact microglia during CSD displayed a robust decline in time on social 737 

target vs all other groups (**, Sidak's multiple comparison p = 0.0002). Time sniffing the 738 

object was comparable between all treatment groups and not different across time; HC 739 
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interaction effect (F(1,10) = 0.65, p = 0.44), CSD interaction effect (F(1,10) = 1.4, p = 0.27). N 740 

= 6 per group. These effects mirror the social interaction quotient shown in Figure 2. 741 

 742 

Figure 3.  i.c.v. NAC administration during CSD prevented stress-induced behavioral decline, and 743 

it reduced ROS activity, measured by 2-OH-E fluorescence, in all measured brain areas.  a, 744 

experimental design.  b, Social interaction scores in NAC-treated CSD mice were elevated (to 745 

unstressed levels) compared to aCSF-treated CSD mice (N = 5 per group). c, heat maps show 746 

a decline in preference for social target after CSD only in the vehicle-treated mouse.  d and e, 747 

Total ROS activity (d) and microglial ROS activity (e) was elevated only in untreated CSD mice, 748 

seen.  *p < 0.05, **p < 0.01.  Abbreviations: aCSF, artificial cerebrospinal fluid; NAC, N-749 

acetylcysteine; ms, mouse; obj, object.  Time spent investigating social target and object 750 

from the SI task are shown in Extended Fig. 3-1. 751 

Figure 3-1. i.c.v. NAC administration during CSD prevented a reduction in time investigating 752 

social target during the social interaction task. Two-way ANOVA detected a highly significant 753 

interaction effect (F(1,16) = 18.6, p = 0.005), and mice given aCSF infusion during CSD 754 

showed significant declines in investigation times vs. all other treatment groups (**, Sidak's p 755 

= 0.0012). No effect on time spent sniffing object was detected; interaction effect (F(1,16) = 756 

0.06, p = 0.81) N = 5 per groups. Abbbreviations: aCSF, artificial cerebrospinal fluid; NAC, N-757 

acetylcysteine; i.c.v, intracerebral ventricular. 758 

 759 

Figure 4.  In unstressed mice, microglial depletion and repopulation had no effect on behavior 760 

or ROS activity in examined brain areas. a, The experimental paradigm.  b,c,d, Microglia 761 
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depletion and repopulation had no effect on behavior in homecage housed mice, measured 762 

by light:dark (LD) crosses (b) and social interaction (SI) ratios (c, d).  d, Representative 763 

heatmaps from a control mouse at the four-week timepoint (4 wk), and a mouse tested 764 

during depletion (4 wk) and repopulation (6 wk).  N = 6/group for L/D and N = 12 for SI.  e–h, 765 

Total ROS activity (e) and microglial ROS activity (g) was unchanged in repopulated, 766 

unstressed mice.  f, h Representative confocal images show 2-OH-E fluorescence (red) and 767 

Iba1 expression (green) in the prefrontal cortex of a homecage control mouse (f) and a 768 

homecage mouse with repopulated microglia (h); left panel shows 2-OH-E and DAPI; bottom 769 

panel is merged with Iba1 staining.  N= 6 per group. Abbreviations: 2-OH-E, 2-770 

hydroxyethidium; Acb, nucleus accumbens; Hipp, hippocampus; IL, infralimbic cortex; PL, 771 

prelimbic cortex; PVN, hypothalamic paraventricular nucleus; ms, mouse; obj, object.  772 

Magnification bars = 10 µm.  Time on social target and object from the SI task are shown in 773 

Extended Fig. 4-1. 774 

Figure 4-1. Microglial depletion and repopulation had no effect on time spent investigating a 775 

social target in unstressed mice. Two-way RM ANOVA (interaction effect F(3,66) = 0.11, p = 776 

0.955; drug effect F(1,22) = 0.14, p = 0.71). Similarly, no effect investigating object was 777 

detected interaction effect F(3,66) = 0.07, p = 0.93; drug effect F(1,22) = 0.89, p = 0.41). N = 778 

12 per group. 779 

 780 

Figure 5.  Microglial depletion protected against behavioral effects of stress and reduced ROS 781 

activity in widespread brain areas (assayed at 6 weeks); upon repopulation, behavioral 782 

protection was lost, and ROS activity rebounded.  a, The experimental paradigm.  b, c, Mice 783 
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with intact microglia during CSD (Control) showed reduced light:dark (LD) crosses (b) and 784 

social interaction (SI) ratios (c, d) measured after CSD, this effect persisted for two weeks 785 

after the cessation of stress.  Mice without microglia (Depletion) showed post-stress 786 

behavioral responses that were comparable to pre-stress observations.  Sharp behavioral 787 

declines were observed after microglia recovered (Deplete/Repopulate).  d, heatmap 788 

showing the behavioral trajectory of a single mouse that experienced depletion during HC 789 

and CSD, then repopulation during recovery.  N = 6/group for L/D and N = 9 for 790 

depletion/repopulation group, 10 for depletion group, and 12 for control group for the SI 791 

task.  Significant Bonferroni post hoc comparisons were detected. **p < 0.01 or *p < 0.05 vs. 792 

within group non-stressed measurement acquired at two weeks; #, p < 0.05 vs. other groups 793 

within a timepoint bin. e–h, Confocal microphotographs and quantitative analysis show 794 

experimental effects on 2-OH-E fluorescence. e, f, Microglia depletion significantly altered 2-795 

OH-E fluorescence in numerous brain regions, measured in all cells (e) and in microglia (f).  g, 796 

Confocal microphotographs of the dentate hilus and granule cell layer show 2-OH-E 797 

fluorescence and Iba1 expression in the post-CSD recovery group; top panel shows 2-OH-E 798 

and DAPI; bottom panel is merged with Iba1 staining.  Arrows mark large spots that appear 799 

only in microglia.  h, Confocal image shows reduced 2-OH-E labeling and no Iba1 expression 800 

in the depletion group.  N = 6 per group.  **p < 0.01, ***p < 0.001.  Abbreviations: Acb, 801 

nucleus accumbens; Hipp, hippocampus; IL, infralimbic cortex; PL, prelimbic cortex; PVN, 802 

hypothalamic paraventricular nucleus.  Magnification bar = 10 µm.  Time on social target and 803 

object from the SI task are shown in Extended Fig. 5-1. 804 
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Figure 5-1. Microglial depletion protected against behavioral effects of stress. Mice with intact 805 

microglia during CSD (Control) showed reduced time spent investigating a social target 806 

measured after CSD; this effect persisted for two weeks after the cessation of stress. Mice 807 

without microglia (Depletion) showed post-stress behavioral responses that were 808 

comparable to pre-stress observations. Sharp behavioral declines were observed after 809 

microglia recovered (Deplete/Repopulate). Two-way RM ANOVA (interaction effects F6,84) = 810 

16.61, p = 0.0001; time effects F(3,84) = 33.9, p = 0.0001; group effects F(2,28) = 19.1, p = 811 

0.0001). No effect on time sniffing object was observed; Two-way RM ANOVA (interaction 812 

effects F6,84) = 098, p = 0.33; time effects F(3,84) = 0.93, p = 0.34; group effects F(2,28) = 813 

0.03, p = 0.87). N = 12 for control groups, 10 for continuously depleted groups, and 9 for 814 

deplete/repopulate groups. Tukey multiple comparison. **, p = 0.0001 within group 815 

comparison vs. prestress baseline; #, p = 0.01 within day between group comparison. 816 

 817 

 818 

Figure 6.  ROS blockade with i.c.v. NAC during microglial recovery prevented the belated 819 

deleterious stress effect on behavior seen during repopulation.  It also permitted behavioral 820 

recovery in previously CSD-stressed mice that did not have microglial depletion.  a, The 821 

behavioral paradigm with the three time points of behavioral measurements marked. b, 822 

Light:dark (LD) crosses. c, Social interaction (SI) ratios. d, Representative heat maps of 823 

behavior for mice in two groups in the SI task; one mouse with depleted microglia before 824 

and after CSD (representing the PLX-aCSF group), and then during recovery with 825 

repopulation, and one intact mouse tested before and after CSD, and during recovery while 826 
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treated with NAC (representing the Ctrl-NAC group)  **p < 0.01, ***p < 0.001.  N = 5 per 827 

group.  Time on social target and object from the SI task are shown in Extended Fig. 6-1. 828 

Figure 6-1. ROS blockade with i.c.v. NAC during microglial recovery prevented the belated 829 

decline in social investigation seen during repopulation. It also elevated time investigating 830 

social targets in previously CSD-stressed mice that did not have microglial depletion. Two-831 

way RM ANOVA (interaction effects F6,40) = 11.69, p = 0.0009; time effects F(2,40) = 27.9, p 832 

= 0.0001; group effects F(3,208) = 6.96, p = 0.003). Time sniffing object was similar between 833 

all groups and times (interaction effects F6,40) = 1.2, p = 0.33; time effects F(2,40) = 2.2, p = 834 

0.14; group effects F(3,208) = 0.24, p = 0.86) N = 5 per group. Tukey multiple comparison. **, 835 

p = 0.001 within group comparison vs prestress baseline; ***, p = 0.0001 recovery 836 

observation between group comparison.  837 

 838 

Figure 7.  NAC administered during recovery from CSD substantially diminished ROS activity.  839 

This effect occurred in mice with intact microglia during stress and in mice in which microglia 840 

were ablated during stress but allowed to repopulate during recovery.  a, Confocal 841 

microphotographs show 2-OH-E fluorescence in the mPFC in the four conditions.  b, Confocal 842 

microphotographs show 2-OH-E labeling and Iba1 staining within the PL in the four 843 

conditions.  c, Measures in all cells.  d, Measures in microglia.  **p < 0.01.  N = 6 per group.  844 

Similar patterns of ROS activity were detected in five brain regions examined; however, the 845 

hippocampus and PVN were more sensitive to prior microglial ablation.  Hippocampal cells 846 

showed the greatest ROS reactivity to repopulation: 2-OH-E fluorescence was significantly 847 

elevated in mice treated with PLX5622 during CSD compared to mice with intact microglial 848 
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populations (effect of PLX treatment: F (1,20) = 4.5, p < 0.05).  PVN microglia that repopulated 849 

after CSD exhibited significant ROS activity increases compared to microglia intact during 850 

CSD (Interaction effect: F(1,20) = 12.9, p < 0.001).  As in other regions, NAC greatly suppressed 851 

ROS activity in both areas.  fmi, forceps minor.  Magnification bars = 100 µm (a) and 10 µm 852 

(b). 853 

 854 

Figure 8.  The main conditions, findings, and conclusions are provided for each experiment.  HC, 855 

homecage; CSD, chronic social defeat; MG-, microglia depleted; MG+ (shaded green), 856 

microglia present or repopulated; NAC i.c.v. N-acetylcysteine treatment (boxed in blue, 857 

indicating period of drug administration). 858 
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