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A B S T R A C T

Major Depressive Disorder (MDD) is a common and debilitating mood disorder that is more prevalent in women than men. In humans, PET imaging of microglia
activation is currently being explored as a potential biomarker of MDD and suicidal ideation. Stress is a trigger for many mood disorders, including MDD. Microglial
changes in morphology and activation state in response to stress has been reported in various brain regions, but most studies only examined male subjects. Here we
report changes in microglia morphology in the nucleus accumbens (NAc) and subregions of the hippocampus (HPC) in both male and female mice following variable
stress of 6 or 28 days in duration. Our data demonstrate that after 6 days of stress, microglia in the female NAc and dentate gyrus have a reduction in homeostatic
associated morphology and an increase in primed microglia. After 28 days some of these sex specific stress effects were still present in microglia within the NAc but not
the dentate gyrus. There were no effects of stress in either sex at either timepoint in CA1. In female mice, anti-inflammatory activation of microglia using rosiglitazone
promoted sociability behavior after 6 days of stress. Furthermore, both drug and stress have impact on microglia morphology and activation state in the NAc. These
data suggest that microglia morphology and activation state are altered by 6 days of variable stress in a region-specific manner and may contribute to, or potentially
compensate for, the onset of stress susceptibility rather than impacting long term exposure to stress.
1. Introduction

Microglia are resident innate immune cells of the central nervous
system and comprise ~10–15% of the total glia in the brain (Norden and
Godbout, 2013; Rabinowitz and Gordon, 1991; Rosen et al., 2017). In the
adult brain, these cells are highly mobile and scan the brain for pathogens
and provide neuronal support in their homeostatic or surveillant state
(Nimmerjahn et al., 2005; Ransohoff and Perry, 2009). Disturbances in
brain homeostasis activate microglia, producing a shift in morphological
state and function, and changes in secreted cytokines (Banati et al., 1993;
Du et al., 2017; Nelson and Lenz, 2017; Nelson et al., 2017). It was
initially thought that activated microglia existed as a dichotomy,
expressing classical pro-inflammatory (M1 polarized) state or an alter-
native anti-inflammatory (M2 polarized) state (Colton, 2009). Classically
activated microglia secrete pro-inflammatory cytokines, such as Il-1β,
IL-6 and TNF-α, produce reactive oxygen species, and engage in phago-
cytosis of anything that is recognized as dangerous, impaired, or non-self
(Banati et al., 1993; Cherry et al., 2014; Du et al., 2017; Hanisch and
Kettenmann, 2007; Nelson and Lenz, 2017; Nelson et al., 2017; Orihuela
et al., 2016).They can also engulf synapses and engage in the process of
trogocytosis (synapse nibbling) in which they selectively remove proteins
rather than phagocytose the entire synapse (Weinhard et al., 2018a).
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Alternatively activated microglia are involved in inhibiting inflamma-
tion, restoring homeostasis, and produce anti-inflammatory cytokines,
such as IL-4, IL-10 and IL-13 but also engage in phagocytosis (Akhmet-
zyanova et al., 2019; Cherry et al., 2014). Microglia are dynamic and
plastic cells that have the ability to transform back and forth between
states and functions (Streit et al., 1999). As such, more recent research
demonstrates that microglia can express markers of both forms, exist on a
spectrum, and engage in multiple forms of alternative activation with
different functions (Cherry et al., 2014; Mecha et al., 2016).

Microglia activation is a hallmark of many psychiatric illnesses
including depression, schizophrenia, autism spectrum disorder, Parkin-
son's disease and Alzheimer's disease (Gandal et al., 2018a, 2018b;
Hansen et al., 2018; Setiawan et al., 2015; Tang and Le, 2016; Tsilioni
et al., 2019). Postmortem analysis from brain tissue of people that
committed suicide identifies microglia activation in the prefrontal cortex
(PFC) and limbic regions, including HPC, NAc, amygdala and thalamus
across different disorders (Steiner et al., 2006, 2008; Suzuki et al., 2019;
Yirmiya et al., 2015). Recent developments in positron emission to-
mography imaging have used translocator protein (TSPO) as a marker of
microglia activation in living people (Setiawan et al., 2015). These
studies report increased TSPO signals in people who were experiencing
suicidal ideation (Holmes et al., 2018). Unfortunately, TSPO is not a
l of Neuroscience, 1981 Kraft Drive, Blacksburg, VA, 24060, USA.

tober 2021

he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:ghodes@vt.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbih.2021.100378&domain=pdf
www.sciencedirect.com/science/journal/26663546
www.editorialmanager.com/bbih/default.aspx
https://doi.org/10.1016/j.bbih.2021.100378
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.bbih.2021.100378
https://doi.org/10.1016/j.bbih.2021.100378


Fig. 1. Microglial cell morphology and classification. (A) Schematic of the timeline of study. (B) NAc and HPC coordinates. (C) Representative images from the
NAc, dentate gyrus and CA1 regions of HPC. (D) Surveillant microglia (small body and long thin processes). (E) Primed microglia (larger body, thicker processes,
secondary branching). (F) Transitional microglia (highly reduced branching, thickened processes, often elongated body). (G) Amoeboid microglia (enlarged body,
with little to no branching).
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specific marker for microglia activation and is also expressed in endo-
thelial cells and some astrocytes (Notter et al., 2018a, 2018b). Therefore,
these studies demonstrate at most a basal state of immune activation in
the brain. A recent study comparing transcriptional patterns of expres-
sion across disorders in humans found greater regulation of
microglia-associated genes in schizophrenia and autism spectrum disor-
der compared to depression (Gandal et al., 2018a). All these disorders
have reported sex differences in symptoms and rate of occurrence (Cover
et al., 2014; Hodes and Epperson, 2019), yet to date none of the studies in
humans have examined sex as an independent variable. Postmortem
studies of transcriptional signatures of depression from men and women
with a diagnosis of MDD demonstrated dramatic sex differences across
multiple brain regions (Labonte et al., 2017; Seney et al., 2018). Many of
2

the reported pathways involved immune regulation (Rainville et al.,
2021). In mice, the variable stress paradigm has been validated as a tool
to explore many of these transcriptional sex differences associated with
MDD (Hodes et al., 2015; Labonte et al., 2017; LaPlant et al., 2009; Pfau
et al., 2016). Specifically, there is significant overlap in sex specifically
regulated immune associated genes between women and female mice in
the NAc, an area of the brain that integrates hedonic experience and
emotional processing (Cathomas et al., 2019; Christoffel et al., 2015;
Menard et al., 2017; Wang et al., 2018). Importantly, these data highlight
that even when the behaviors of males and females are affected similarly
by stress or depression, different mechanisms may be responsible and
there is a need to identify these differences to develop better treatments
for both sexes.



Fig. 2. 6 days of variable stress impacted female microglia differently than males in the NAc (A) Female mice exposed to 6 days of variable stress had fewer
microglia than stressed males as indicated by a significant interaction between sex and stress (p < 0.05). (B) Microglia phenotypes differed between male and female
mice when exposed to 6 days of variable stress (p < 0.05). The percentage of primed microglia increased in stressed females compared to their same sex controls,
whereas the percentage of surveillant microglia decreased. There was a trend for stressed females to have more primed microglia than stressed males (p ¼0.07). Male
phenotypes did not differ significantly between stressed and unstressed individuals. (C) The ratio of primed to surveillant microglia between males and females
changed with stress. The ratio increased in stressed females compared to their same sex controls (p < 0.01) but did not significantly differ in males (p ¼ 0.4). (D)
Example of the process to perform skeleton and Sholl analysis. Individual microglia images were cleaned to remove unconnected processes from the image. They were
traced and skeletonized to analyze area and branch length. For Sholl analysis, the largest radius was first defined by drawing a straight line from the center of the
microglial soma, starting radius was defined at 10 μm and radius step size was set at 5 μm. (E) Microglia area was reduced with stress in females but not males
(p < 0.05). (F) Branch length was reduced in stressed females but not males (p < 0.05). (G) 6 days of variable stress reduced the complexity of microglia in females (p
values < 0.05). (H) 6 days of variable stress had no impact on the complexity of male microglia. Figures show mean � SEM. Cells were counted on 3 sections per
animal and averaged for each animal, n¼ 5 animals per group. *Indicates significant interaction, # indicates a main effect of stress and^indicates a main effect of sex.
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Preclinical studies have identified important sex differences in
microglia that are both age- and region-dependent. Microglia contribute
to male and female specific brain development during the pre- and early
postnatal periods, even contributing to the masculinization of brain re-
gions and subsequent adult sexual behavior (Lenz and McCarthy, 2015;
Lenz et al., 2013; Nugent et al., 2015; Schwarz et al., 2012). In adult
3

animals (13 weeks) males were reported to have a greater density of
microglia in cortex, HPC and amygdala, larger soma size and with greater
ability of those microglia to present antigens than females (Guneykaya
et al., 2018). Female microglia have faster maturation during develop-
ment, and a higher expression of genes associated with inflammation,
apoptosis and response to stimulation with the endotoxin



Table 1
HLM analysis of NAc Microglia Cell Area, and Branch Length in 6- and 28-Day Variable Stress Groups.

6 Days 28 Days

Full Females Males Full Females Males

Outcome: Area N ¼ 20 n ¼ 10 n ¼ 10 N ¼ 20 n ¼ 10 n ¼ 10

(Area) γ00 449.47*** 445.16*** 453.45*** 444.39 397.78*** 491.47***
se 27.26 34.41 32.41 14.16 18.86 21.14
Stress γ01 �89.55 �211.88* 32.14 �9.02 �12.39 �5.69
se 54.52 68.82 64.82 28.32 37.72 42.29
Sex γ01 7.97 94.21**
se 54.52 28.32
Deviance Statistics
# parameters (p) 5 4 4 5 4 4
Model Deviance 1495.45 733.04 756.62 1431.51 723.16 707.99

Full Females Males Full Females Males
Outcome: Branch Length N ¼ 20 n ¼ 10 n ¼ 10 N ¼ 20 n ¼ 10 n ¼ 10
(Branch Length) γ00 361.07*** 353.61*** 368.25*** 414.78*** 374.17*** 455.12***
se 24.15 31.07 27.62 13.89 17.81 21.35
Stress γ01 �85.48 �196.36* 24.82 �11.83 �22.37 �1.85
se 48.31 62.13 55.25 27.79 35.61 42.70
Sex γ01 14.36 81.23**
se 48.31 27.79
Deviance Statistics
# parameters (p) 5 4 4 5 4 4
Model Deviance 1461.801 719.47 735.97 1424.55 724.47 699.55
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lipopolysaccharide (Hanamsagar et al., 2017). HPC female microglia
were also found to mature faster and have an earlier peak in phagocytic
capacity compared to males, although basal sex differences were absent
by adolescence (Weinhard et al., 2018b).

Stress is a trigger for the onset of a depressive episode in humans and
as such has been used to examine the underlying biology in animals that
contributes to onset of mood disorders (Menard et al., 2016; Otte et al.,
2016; Yang et al., 2015). Preclinical studies strongly suggest that
microglia from males and females have different responses to stress, but
this is region specific (Liu et al., 2019; Yin et al., 2019). Higher pro-
portions of primed to surveillant microglia at baseline were identified in
medial PFC of female rats compared to males; furthermore, both acute
and chronic stress decreased the proportion of primed microglia in fe-
males but did not alter microglia in males (Bollinger et al., 2016).
Opposite sex differences in microglia activation were also observed
following unpredictable chronic stress in the NAc and HPC in the rats that
were prenatally exposed to dexamethasone, a glucocorticoid agonist
(Gaspar et al., 2021).

Here we examine whether subchronic variable stress (6 days) or
chronic variable stress (28 days) impacts microglia activation in the NAc
and subregions of the HPC. We examined these time points because after
6 days of stress female mice show greater behavioral stress susceptibility,
whereas males are generally resilient (Hodes et al., 2015; Johnson et al.,
2021; LaPlant et al., 2009; Williams et al., 2020). After 21–28 days of
stress both males and females engage in stress susceptible behavioral
responses (Bittar et al., 2021; Johnson et al., 2021; Labonte et al., 2017;
Muir et al., 2020). These two brain structures were chosen for investi-
gation as there are known sex differences of the effects of stress on
neuronal plasticity and glutamatergic signaling (Brancato et al., 2017;
Dalla et al., 2009; Shors et al., 2001), both of which have been implicated
as altered in human MDD (Barch et al., 2019; Pizzagalli et al., 2009;
Roddy et al., 2019). Additionally, recent preclinical studies have
demonstrated that manipulation of a glutamatergic pathway between
these regions impacts stress related behavior in a sex specific manner
(Muir et al., 2020; Williams et al., 2020).
4

2. Methods

2.1. Animals

C577BL/6J male and female mice (Jackson Laboratory) were used
between 8 and 12 weeks of age. Mice were group housed (5 per cage) in
paper bedding and maintained on a 12-h light/dark cycle with ad libitum
access to food and water. Procedures were performed in accordance with
the Institutional Animal Care and Use Committee guidelines at Virginia
Tech.

2.2. Variable stress

Variable stress was performed as described previously (Hodes et al.,
2015; Johnson et al., 2021; Labonte et al., 2017; LaPlant et al., 2009) for
the duration of either 6 (sub-chronic variable stress or SCVS) or 28 days
(long term chronic stress or LTVS). The variable stress paradigm (Fig. 1A)
consisted of three different stressors: foot shock for 1 h (100 foot shocks
for 2 s at 0.45 mA, male and female mice were put in separate chambers),
tail suspension for 1 h and restraint tube stress for 1 h (mice were placed
in 50ml ventilated conical tubes in their home cages). Experimental mice
were exposed to one of three stressors each day for 1 h in the following
order: foot shock, tail suspension, restraint tube (Fig. 1A) These stressors
were then repeated in the same order for either the next 3 days (for SCVS)
or for the next 25 days (for LTVS).

2.3. Rosiglitazone treatment

Sixty female C57BL/6J 8 week oldmice were grouped into 4 groups: a
non-stressed control group treated with vehicle, a stress group treated
with vehicle, a non-stressed control group treated with rosiglitazone
(8.5 mg/kg) and stress group treated with rosiglitazone (8.5 mg/kg).
Rosiglitazone and vehicle treatment was administered daily in the
drinking water. Treatment started one week prior to the variable stress
and during 6 days of stress and behavioral testing (social interaction).



Table 2
Effects of 6-day stress on the change in number of intersections at radii 10 to 50
microns from the center of the soma in dentate gyrus cells.

Fixed Effects: Coefficient Standard t-ratio Approx. p-value

Intercept1
(RADIUS10), π0

error d.f.

Intersections, β00 6.86 0.22 30.74 13 <0.001
Stress, β01 �0.50 0.45 �1.12 13 0.283
Sex, β02 1.93 0.45 4.31 13 <0.001
For RADIUS15
slope, π1

Intersections
Intercept, β10

�0.14 0.18 �0.78 13 0.448

Stress, β11 �0.33 0.35 �0.93 13 0.372
Sex, β12 0.43 0.35 1.21 13 0.248
For RADIUS20
slope, π2

Intersections
Intercept, β20

�1.54 0.26 �5.87 13 <0.001

Stress, β21 �0.50 0.52 �0.96 13 0.357
Sex, β22 �0.58 0.52 �1.10 13 0.292
For RADIUS25
slope, π3

Intersections
Intercept, β30

�2.65 0.19 �13.99 13 <0.001

Stress, β31 �0.73 0.38 �1.91 13 0.078
Sex, β32 �0.45 0.38 �1.19 13 0.256
For RADIUS30
slope, π4

Intersections
Intercept, β40

�4.04 0.28 �14.34 13 <0.001

Stress, β41 �0.36 0.56 �0.64 13 0.532
Sex, β42 ¡1.66 0.56 ¡2.95 13 0.011
For RADIUS35
slope, π5

Intersections
Intercept, β50

�5.23 0.25 �21.23 13 <0.001

Stress, β51 0.10 0.49 0.20 13 0.842
Sex, β52 ¡1.50 0.49 ¡3.05 13 0.009
For RADIUS40
slope, π6

Intersections
Intercept, β60

�5.94 0.31 �19.38 13 <0.001

Stress, β61 0.28 0.61 0.45 13 0.661
Sex, β62 ¡2.43 0.61 ¡3.96 13 0.002
For RADIUS45
slope, π7

Intersections
Intercept, β70

�6.20 0.25 �25.02 13 <0.001

Stress, β71 0.33 0.50 0.66 13 0.523
Sex, β72 ¡2.30 0.50 ¡4.64 13 <0.001
For RADIUS50
slope, π8

Intersections
Intercept, β80

�6.38 0.24 �26.06 13 <0.001

Stress, β81 0.45 0.49 0.92 13 0.374
Sex, β82 ¡2.40 0.49 ¡4.91 13 <0.001
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Variable stress consisted of the same stressors described above. Twenty-
four hours after the last stressor, 40 of the mice underwent social inter-
action testing, and the other 20 were sacrificed, perfused and had their
brains harvested.

2.3.1. Social interaction test
The social interaction test was performed under the red lights. Forty

mice (n¼ 10 per condition) were placed in a novel (42 x 42 � 42 cm)
arena with a small cage placed at one end of the arena. Mice movements
were monitored and recorded (Ethovision 3.0; Noldus Information
Technology) for 2.5 min in the absence of the novel target mouse (female
5

C57BL/6 mouse) (target absent phase), followed by 2.5 min when the
novel mouse was present in the cage (target present phase). Social
interaction ratio was then calculated as the ratio of the time spent in the
interaction zone when the target mouse was present, divided by the time
spend in the interaction zone with the target absent. The ratio above 1
indicates resilience whereas below 1 indicates susceptibility. Corner time
was recorded as the amount of time the mice spent in the corner at the
furthest point away from the novel conspecific. Locomotor activity was
combined distance traveled during the target absent trials.

2.4. Perfusion and tissue processing

Twenty-four hours after the last stressor, mice were deeply anes-
thetized using tribromoethanol (Avertin) and transcardially perfused
with cold phosphate-buffered saline (PBS, pH 7.4) followed by fixation
with cold 4% paraformaldehyde (PFA) in PBS. Brains were removed and
post-fixed for 48 h in the same fixative used for perfusion, then fixed
brains were cryoprotected by immersion in 10% sucrose in PBS for 24 h,
followed by immersion in 20% sucrose in PBS for the next 24 h, and
finally followed by immersion in 30% sucrose in PBS until sank. Brains
were flash-frozen and serial coronal sections of 40 μm (30 μm from the
rosiglitazone study) were collected using a freezing microtome (Leica
SM, 2010 R) and stored at �20 �C in cryoprotectant solution (ethylene
glycol 300 ml, glycerol 250 ml, 0.2M phosphate buffer 250 ml and dH2O
200 ml) until immunofluorescence processing.

2.5. Immunofluorescence staining

Coronal sections (three per animal) containing NAc (from bregma
1.70 to 0.98 mm, according to Paxinos and Franklin, 2001) and HPC
(from bregma�1.34 to�1.82) (Fig. 1B) were mounted on the Superfrost
Plus slides; afterwards they were washed in PBS for 30 min (3� 10 min),
sections were incubated in blocking solution (3% normal donkey serum
(NDS), 0.3% Triton-X in PBS) for 2 h at room temperature and gently
shaken. Then sections were incubated in primary antibody solution
(rabbit anti-Iba1(1:600; 019–19741, Wako Chemicals USA Corporation),
3% NSD, 0.3% Tween-20 in PBS) at 4�C overnight under gentle shaking.
After washing in PBS (3 � 10 min) at room temperature, sections were
incubated in secondary antibody solution (donkey anti-rabbit Cy5 1:200;
Jackson ImmunoResearch Laboratories, Inc) for 2 h at room temperature
under gentle shaking. Afterwards, sections were washed in PBS
(3� 10 min) and cover-slipped in VECTASHIELD with DAPI (H-1200-10,
Vector Laboratories). NAc coronal sections from the rosiglitazone study,
were mounted on the Superfrost Plus slides and washed in PBS for 30 min
(3� 10 min). They were incubated in blocking solution (5% normal goat
serum (NGS), 0.1% Triton-X in PBS) for 2 h at room temperature and then
incubated in primary antibody solution (rabbit anti-Iba1(1:1000;
019–19741, Wako Chemicals USA Corporation), anti-mouse CD68
(1:500; 137,002, Biolegend) 5% NGS, 0.1% Tween-20 in PBS) overnight
at 4�C overnight under gentle shaking. After washing in PBS (3 � 10 min)
at room temperature, sections were incubated in secondary antibody
solution (goat anti-rabbit DyLight 594 (1:500; 35,561, Invitrogen); goat
anti-rat DyLight 488 (1:500; SA510018, Invitrogen) for 2 h at room
temperature under gentle shaking. Afterwards, sections were washed in
PBS (3 � 10 min) and cover-slipped in VECTASHIELD with DAPI
(H-1200-10, Vector Laboratories).

2.6. Imaging and analysis

Z-stack images of 20 μm thickness (0.8 μm interval) were acquired
with a Nikon 1A confocal microscope at 20� magnification (40�
magnification from the rosiglitazone study). Microglial morphology
analysis was performed on 3 coronal sections of the NAc and averaged



Fig. 3. Effects of 28 days of variable stress on microglia in the NAc (A) There were no differences in cell counts in males or females after 28 days of variable stress.
(B) Microglia phenotypes differed between male and female mice when exposed to 28 days of variable stress (p < 0.05). Stressed females had significantly more
primed microglia (p < 0.05) and fewer surveilling microglia than unstressed females (p < 0.0001). Unstressed females had a lower percentage of primed (p < 0.01)
and increased percentage of surveilling microglia (p < 0.001) compared to unstressed males. Stressed males and females did not significantly differ within cell type (p
values > 0.05). (C) The ratio of primed to surveillant microglia increased in both stressed male and female mice (p < 0.05). (D) Microglia area was reduced overall in
females compared to males (p < 0.05). (E) Branch length was also reduced in both stressed and unstressed females compared to males (p < 0.05). (F) 28 days of
variable stress did not alter complexity in female or (G) or male microglia. Cells were counted on 3 sections per animal and averaged for each animal, n¼ 5 animals per
group. Figures show mean � SEM. *Indicates significant interaction, # indicates a main effect of stress and^indicates a main effect of sex.
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within mice. Mice were then averaged by group (n¼5 per condition) to
provide a group mean. The same method was used in the dentate gyrus
(DG) and CA1 sub-regions of HPC (n ¼ 4–5 animals per condition) using
ImageJ 1.52i analysis software (National Institute of Health). For Iba1þ
cell counts region of interest (ROI) areas were 200 � 200 μm for both
6

core and shell NAc sub-regions; for CA1 ROI area was 500 � 350 μm and
for sub-regions of DG (molecular layer, granular cell layer and polymorph
layer). ROI areas were traced using freehand selection tool in ImageJ.
Iba1þ cells were manually counted and reported as average number of
cells (from 3 sections) per ROI area.



Table 3
Effects of 28-day stress on the change in number of intersections at radii 10 to 50
microns from the center of the soma in NAc cells.

Fixed Effects: Coefficient Standard t-ratio Approx. p-value

Intercept1
(RADIUS10), π0

error d.f.

Intersections, β00 8.51 0.13 64.26 17 <0.001
Stress, β01 �0.44 0.26 �1.68 17 0.112
Sex, β02 1.16 0.26 4.37 17 <0.001
For RADIUS15
slope, π1

Intersections, β10 1.39 0.26 5.39 17 <0.001
Stress, β11 �0.59 0.52 �1.15 17 0.268
Sex, β12 0.87 0.52 1.70 17 0.108
For RADIUS20
slope, π2

Intersections, β20 0.56 0.33 1.70 17 0.108
Stress, β21 �0.35 0.66 �0.53 17 0.601
Sex, β22 0.35 0.66 0.54 17 0.599
For RADIUS25
slope, π3

Intersections, β30 �0.88 0.33 �2.70 17 0.015
Stress, β31 �0.19 0.65 �0.29 17 0.775
Sex, β32 0.24 0.65 0.37 17 0.715
For RADIUS30
slope, π4

Intersections, β40 �2.94 0.29 �10.08 17 <0.001
Stress, β41 0.05 0.58 0.09 17 0.927
Sex, β42 �0.45 0.58 �0.77 17 0.454
For RADIUS35
slope, π5

Intersections, β50 �5.00 0.26 �19.55 17 <0.001
Stress, β51 0.31 0.51 0.61 17 0.552
Sex, β52 �0.06 0.51 �0.11 17 0.911
For RADIUS40
slope, π6

Intersections, β60 �6.53 0.24 �26.67 17 <0.001
Stress, β61 0.70 0.49 1.43 17 0.17
Sex, β62 �0.53 0.49 �1.09 17 0.291
For RADIUS45
slope, π7

Intersections, β70 �7.61 0.17 �43.76 17 <0.001
Stress, β71 0.62 0.35 1.78 17 0.093
Sex, β72 ¡1.08 0.35 ¡3.11 17 0.006
For RADIUS50
slope, π8

Intersections, β80 �8.14 0.15 �55.92 17 <0.001
Stress, β81 0.43 0.29 1.47 17 0.16
Sex, β82 ¡1.31 0.29 ¡4.49 17 <0.001
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Microglial cell morphology was first analyzed by categorizing
microglia into one of the four following morphological categories: sur-
veilling (small soma and thin processes), primed (increased branching,
thickened processes and larger soma), transitional (highly reduced
branching, thick processes, soma enlarged and often elongated) or
amoeboid (large rounded soma with no branching) based on methods
previously described (Bollinger et al., 2017; Schwarz et al., 2012).

To further examine microglial morphology, we measured microglial
cell area, length of the microglial processes using Skeleton analysis and
branching patterns of microglial cells using Sholl analysis in ImageJ. To
ensure precise measurements, individual microglial cells were randomly
selected inside the ROI and cropped. The selected cells contained a
complete cell body with full processes and did not overlap with the
neighboring cells. Random cell selection was done blinded to treatment
group. Four to six cells per brain area were selected from each animal.
Next, individual cropped cells were systematically processed to obtain a
binary image of a cell. To measure microglial cell area, a wand tool to
outline the cell was used and the area inside the outline was measured.
To measure a microglial cell process length, its binary image was first
skeletonized and analyzed using Analyze Skeleton (2D/3D) option, the
length of each cell process from Branch Information output window was
7

summed to obtain the total process length of a single microglial cell. To
perform Sholl analysis, the largest radius was first defined by drawing a
straight line from the center of the microglial soma, starting radius was
defined at 10 μm and radius step size was set at 5 μm. CD68 area was
measured inside a microglial cell, and was reported as the percentage
area from the total area of the microglial cell.

2.7. Statistical analysis

To initially determine if variable stress impacted microglia we
examined microglia within ROIs in the NAc core and shell (Fig. 1B/C)
and the subregions of the dentate gyrus (Fig. 1B/C; combined molecular
layer, polymorph layer and granule cell layer) along with area CA1
(Fig. 1B/C) of the HPC following 6 or 28 days of variable stress in male
and female mice. Subregions within the NAc were combined as there
were no differences between shell and core. The same approach was
taken with the dentate gyrus subregions. Data were averaged across
animal and animal averages were grouped for all analysis using Graph-
Pad Prism 9 software. A two-way ANOVAwas used to test for effect of sex
and stress or stress and drug treatment with Tukey post hoc tests for
multiple comparisons. Mixed factorial/3 way ANOVAs were used to
examine data with repeated measures including the effects of stress
morphology and Sholl analysis, �Síd�ak's multiple comparisons test was
used for post hoc analysis. When sphericity could not be assumed a
Geisser-Greenhouse correction was applied. Differences were considered
as significant if p value was less than 0.05. Data are reported as
mean � S.E.M.

To examine the effects of sex and stress on microglia morphology
across multiple cells from each animal, a hierarchical linear model (HLM)
was implemented using HLM 7 software (Raudenbush et al., 2011).
Full-maximum likelihood models were used to examine effects of stress
and sex on microglia area and branch length—which were derived from
multiple cell regions per animal—by stress condition (i.e. 6 or 28 day
stress [1] versus 6 or 28 day control [0]) and sex (females [0], males [1]).
Area and branch length were examined as level one variables (varying
within individuals) in the hierarchical model. Level two variables
(varying between individuals), stress condition and sex were examined
regarding their impact on the within-individual intercept of level one
variables. Between subject differences were examined by adding stress
condition and sex (grand-centered) as level two predictors of area and
branch length.

To examine microglial branching by distance from the center of the
somawithin the dentate gyrus and NAc, the number of intersections were
examined in 5- μm radius intervals, starting at a 10- μm radius from the
center. A longitudinal HLM model was implemented to examine the
growth and decay in number of intersections at each radius at increasing
distances from center of soma. The focus of the current study is on the
between-subject (i.e., stress and sex) effects regarding distance from
radius, so within-subject values are not reported for radius results.
Between-subject differences were examined by adding stress condition
and sex (grand centered) as level two predictors of change in number of
intersections by distance.

3. Results

3.1. The effects of 6 and 28 days of variable stress on microglia
morphology in the NAc

In the NAc there was a significant interaction (stress x sex) following 6
days of variable stress (F1,16¼ 6.69, p < 0.05) on the averaged number of
microglia per animal. Post hoc analysis indicated that stressed males had
more microglia than stressed females (p < 0.05) (Fig. 2A). We next
grouped microglia into 4 phenotypes (Bollinger et al., 2017; Schwarz
et al., 2012) and had researchers blind to experimental conditions sort
cells into the categories. We examined the percentage of cell types for
each animal. Cells were classified as amoeboid, transitional, primmed



Fig. 4. The effects of 6-day variable stress on the dentate gyrus (A) There were no differences in cell counts in the dentate gyrus of males or females after 6 days of
variable stress. (B) Microglia phenotypes differed between male and female mice in the dentate gyrus when exposed to 6 days of variable stress (p < 0.05). (C) The
ratio of primed to surveillant microglia increased in both stressed male and female mice (p < 0.05). (D) Microglia area was reduced overall in stressed males and
female (p < 0.05). (E) Stressed females had shorter branch lengths than stressed males or unstressed females (p < 0.05). (F) 6 days of variable stress reduced
complexity in the female dentate gyrus but there were no significant effects on (G) male microglia. Cells were counted on 3 sections per animal and averaged for each
animal, n ¼ 5 animals per group. Figures show mean � SEM. *Indicates significant interaction, # indicates a main effect of stress and^indicates a main effect of sex.
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and surveillant (Fig. 1D–G) and percentages were calculated for the NAc,
dentate gyrus and CA1. We found different patterns of morphology in
males and female mice exposed to 6 days of variable stress (Fig. 2B).
Analysis with a 3-factor ANOVA (Stress x percentage of cell type x sex)
resulted in a significant 3-way interaction (F3,32¼ 3.94, p < 0.05).
Post-hoc analysis within cell type indicated that only female mice
exposed to 6 days of variable stress differed from their same sex controls
in the percentage of primed (p < 0.01) and surveilling (p < 0.0001)
microglia. There was a trend for a sex difference in the percentage of
surveilling microglia in stressed males vs. stressed females (p ¼0.07),
8

however, no sex differences within the same cell type survived multiple
comparisons. Further examination using a ratio of primed to surveilling
microglia (Fig. 2C) supported a changing relationship between stress and
sex as there was trend for an interaction (F1,16¼ 4.16 p¼ 0.05) and amain
effect of stress (F1,16¼ 18.44 p < 0.001). Stressed females had a greater
ratio of primed to surveilling microglia than their same sex controls
(p < 0.01) and trended towards having a larger ratio than stressed males
(p¼ 0.07). The difference in the ratio in stressed males compared to their
same sex controls failed to reach significance (p ¼0.4).

We further validated our classification of morphology by using a



Table 4
Dentate gyrus microglia cell area, and branch length in 6- and 28-day variable stress groups.

Cell Area

6 Days 28 Days

Full Females Males Full Females Males

Outcome: Area N ¼ 16 n ¼ 8 n ¼ 8 N ¼ 20 n ¼ 11 n ¼ 10

(Area) γ00 336.48*** 266.77*** 410.27* 370.33*** 365.73*** 380.86***
se 62.16 28.21 119.20 15.50 18.14 26.62
Stress γ01 47.96 �153.08* 217.16 19.23 �1.23 54.81
se 124.92 56.41 238.40 31.17 36.30 51.24
Sex γ01 159.71 �15.94
se 125.55 31.32

Deviance Statistics
# parameters (p) 5 5 4 5 4 4
Model Deviance 1237.67 527.98 643.40 1487.46 748.86 733.21

Branch Length
6 Days 28 Days
Full Females Males Full Females Males

Outcome: Branch Length N ¼ 20 n ¼ 8 n ¼ 8 N ¼ 20 n ¼ 11 n ¼ 10
(Branch Length) γ00 247.19*** 220.23*** 275.68*** 326.43*** 313.46*** 340.07***
se 10.11 12.73 11.11 13.25 17.03 19.87
Stress γ01 �52.81* �108.06** �9.61 9.16 �7.37 24.25
se 20.35 25.46 22.21 26.63 34.09 39.74
Sex γ01 52.50* 17.10
se 20.47 26.76

Deviance Statistics
# parameters (p) 5 4 4 5 4 4
Model Deviance 915.00 464.49 435.62 1458.52 728.06 721.26
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combination of cell tracing/skeleton analysis to measure microglia area/
branch length respectively and Sholl analysis to measure the complexity
of microglial processes (Fig. 2D). After 6 days of variable stress (Fig. 2E)
females had reduced cell area in the NAc as indicated by a significant
interaction between stress and sex (F 1,16¼ 5.41 p< 0.05). This reduction
in cell area was due to a shortening of the processes indicated by a sig-
nificant interaction between stress and sex on branch length (F1,16¼ 574,
p < 0.05; Fig. 2F). Post hoc analysis indicated that stressed females had
reduced branch length compared to unstressed females (p value < 0.05)
whereas males did not (p > 0.05). HLM analysis of multiple cells from
each animal also supported the averaged group effects. There was an
effect of 6-day variable stress in the NAc (Table 1) on microglia area in
females only (γ01 ¼ �211.88, se ¼ 68.82, p < 0.05), such that stressed
females had smaller microglia areas compared to controls and shorter
branch lengths (γ01 ¼ �196.36, se ¼ 62.13, p < 0.05).

These effects were also supported within sex by Sholl analysis as fe-
males exposed to 6 days of variable stress had reduced complexity of
microglia in NAc, indicated by the reduced number of intersections the
further the processes were from the center of the soma compared to
unstressed controls (stress� distance interaction F9, 71¼ 5.92, p< 0.001;
Fig. 2G). In males (Fig. 2H) we only found the expected main effect of
distance (F1.38, 10.39 ¼ 93.85, p < 0.0001) but no interaction with stress
(p > 0.05). HLM on combined males and females indicated a negative
effect of 6-day stress on the rate of decline in number of intersections the
further the processes were from the center of the soma (Table 2). Spe-
cifically, there was a less severe rate of decline in intersections from 25-
to 40- μm from the center in the control group compared to the 6-day
variable stress group.

After 28 days of variable stress (Fig. 3A) we did not find any signif-
icant interactions between stress and sex on averaged cell counts per
animal for males and females (F 1,16¼ 0.27, p¼ 0.69). There were also no
main effects of stress or sex (p values > 0.05). Examination of microglia
9

phenotypes after 28 days indicated that there was significant regulation
of cell type by stress and sex (F3,32 ¼ 14.94 p< 0.0001; Fig. 3B). Post hoc
analysis indicated that stressed females had significantly more primed
microglia (p < 0.05) and fewer surveilling microglia than unstressed
females (p < 0.0001). Unstressed females had a lower percentage of
primed (p < 0.01) and an increased percentage of surveilling microglia
(p < 0.001) compared to unstressed males. Stressed males and females
did not significantly differ within cell type (p values> 0.05). The ratio of
primed to surveilling microglia (Fig. 3C) did not significantly differ be-
tween males and females after 28 days of stress in the NAc, as there was a
main effect of stress (F1,16¼ 5.22, p < 0.05) but no significant interaction
or main effect of sex (p values > 0.05). The area of microglia in the NAc
was smaller in females than males when collapsed across stress (main
effect of sex; F 1,16 ¼ 8.29 p < 0.001; Fig. 3D). There was no significant
interaction or main effect of stress on microglia area or branch length in
the NAc (p values > 0.05). After 28 days of stress, both unstressed and
stressed females had reduced branch length as indicated by a main effect
of sex (F1,16 ¼ 6.20, p < 0.05; Fig. 3E). HLM also supported these results
in that male mice were more likely to have larger microglia area
(γ02 ¼ 94.21, se ¼ 28.32, p < 0.01) and increased branch length
(γ02 ¼ 81.23, se ¼ 27.79, p < 0.01) compared to females (Table 1). Males
had a higher number of intersections at the initial sampling point with 28
days of stress (10 μm; Table 3). Starting at 45 μm from the radius, sex
negatively predicted the rate of decline in intersections by distance.Thus,
being female was related to a less severe rate of decline from 45 to 50mm
suggesting that sex differences in area/branch length may relate to
complexity. Within sex, Sholl analysis averaged across animals only
detected a main effect of complexity related to distance from the center of
the soma in females (F1.7, 13.9 ¼ 205.9, p < 0.001; Fig. 3F) and males
(F1.13.5 ¼ 13.56, p < 0.0001; Fig. 3G).There was no interaction or main
effect of stress (p values > 0.05).



Table 5
Effects of 6-day stress on the change in number of intersections at radii 10 to 50
microns from the center of the soma in dentate gyrus cells.

Fixed Effects: Coefficient Standard t-ratio Approx. p-value

Intercept1
(RADIUS10), π0

error d.f.

Intersections, β00 6.86 0.22 30.74 13 <0.001
Stress, β01 �0.50 0.45 �1.12 13 0.283
Sex, β02 1.93 0.45 4.31 13 <0.001
For RADIUS15
slope, π1

Intersections
Intercept, β10

�0.14 0.18 �0.78 13 0.448

Stress, β11 �0.33 0.35 �0.93 13 0.372
Sex, β12 0.43 0.35 1.21 13 0.248
For RADIUS20
slope, π2

Intersections
Intercept, β20

�1.54 0.26 �5.87 13 <0.001

Stress, β21 �0.50 0.52 �0.96 13 0.357
Sex, β22 �0.58 0.52 �1.10 13 0.292
For RADIUS25
slope, π3

Intersections
Intercept, β30

�2.65 0.19 �13.99 13 <0.001

Stress, β31 �0.73 0.38 �1.91 13 0.078
Sex, β32 �0.45 0.38 �1.19 13 0.256
For RADIUS30
slope, π4

Intersections
Intercept, β40

�4.04 0.28 �14.34 13 <0.001

Stress, β41 �0.36 0.56 �0.64 13 0.532
Sex, β42 ¡1.66 0.56 ¡2.95 13 0.011
For RADIUS35
slope, π5

Intersections
Intercept, β50

�5.23 0.25 �21.23 13 <0.001

Stress, β51 0.10 0.49 0.20 13 0.842
Sex, β52 ¡1.50 0.49 ¡3.05 13 0.009
For RADIUS40
slope, π6

Intersections
Intercept, β60

�5.94 0.31 �19.38 13 <0.001

Stress, β61 0.28 0.61 0.45 13 0.661
Sex, β62 ¡2.43 0.61 ¡3.96 13 0.002
For RADIUS45
slope, π7

Intersections
Intercept, β70

�6.20 0.25 �25.02 13 <0.001

Stress, β71 0.33 0.50 0.66 13 0.523
Sex, β72 ¡2.30 0.50 ¡4.64 13 <0.001
For RADIUS50
slope, π8

Intersections
Intercept, β80

�6.38 0.24 �26.06 13 <0.001

Stress, β81 0.45 0.49 0.92 13 0.374
Sex, β82 ¡2.40 0.49 ¡4.91 13 <0.001
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3.2. The effects of 6 and 28 days of variable stress on microglia
morphology in the dentate gyrus

After 6 days of variable stress, we found no interaction between stress
and sex on the average number of microglia per animal (F1,16 ¼ 0.1
p ¼ 0.90; Fig. 4A). There were also no main effects of stress or sex on cell
counts (p values > 0.05). There was a significant interaction between
stress and cell type across sex after 6 days of variable stress (F3,32 ¼ 3.8,
p < 0.05; Fig. 4B) but no post-hoc tests were significant within cell type.
10
There was a main effect of stress on the ratio of primed to surveillant
microglia (F1,16 ¼ 5.1, p < 0.05; Fig. 4C) with no main effect of sex or
interaction between sex and stress (p values > 0.05). Microglia area
(Fig. 4D) was decreased in both males and females following stress
(F1,12 ¼ 6.61, p < 0.05). Branch length (Fig. 4E) was altered by both sex
and stress (F1,12 ¼ 11.80, p < 0.05). Females who had undergone stress
had shorter branch lengths than stressed males (p ¼ 0.003) or unstressed
females (p ¼ 0.003). HLM analysis also indicated that there was a
decrease in microglia area in the dentate gyrus after 6 days of stress
compared to controls (γ01 ¼ �153.08, se ¼ 56.41, p < 0.05). Both stress
condition and sex significantly predicted differences in dentate gyrus
branch length as 6-day variable stress (γ01 ¼ �52.81, se ¼ 20.35,
p < 0.05) and being female (γ02 ¼ 52.50, se ¼ 20.47, p < 0.05) was
associated with shorter branch lengths (Table 4). Dentate gyrus
branching results reveal an effect of sex on the intercept in the 6-day
paradigm, indicating that males had more intersections at the initial
sampling point (10 μm) than females (β02¼ 1.93, se¼ 0.45, p< 0.001) in
the 6-day stress condition (Table 5). Starting at 30 μm from the center,
sex negatively predicted the rate of decline (as evidenced by the negative
intercept [β42]) in the number intersections by increasing distance from
the radius. Being female was related to a decreasing, or less severe rate of
decline in the number of intersections from 25 (i.e., 35-, 40-, 45-, and 50-
μm distances from the radius). This indicated that the number of in-
tersections decreased less by distance from the radius in all females in the
6-day paradigm. The reductive effect of 6-day stress on the dentate gyrus
branch length was greater in females (γ01 ¼ �108.06, se ¼ 25.46,
p < 0.01) than the full model. Averaged animal data grouped by stress
also indicated that microglia from stressed female mice were overall less
complex (Fig. 4F) than unstressed females; main effect of stress (F1,6
¼13.57, p < 0.05)/main effect of distance (F2.2,13.3 ¼48.11). The inter-
action between stress and distance failed to reach significance (F9,53
¼1.80, p ¼ 0.09). For males there were no effects of stress on microglia
complexity (p values > 0.05), only a main effect of radial distance
(F1.2,9 ¼ 154.8, p < 0.0001; Fig. 4G).

Chronic variable stress for 28 days did not alter the average number of
cells in the dentate gyrus (Fig. 5A) of male or female mice
(F1,16 ¼ 1.98e�029, p > 0.99). There were no main effects of stress or sex
(p values > 0.05). While there was a significant effect of cell type
(F3,24 ¼ 179, p < 0.001; Fig. 5B) but no main effect or interaction with
stress (p values > 0.05). There were also no significant interactions be-
tween sex and stress on the ratio of primed: surveilling microglia
(F1,14 ¼ 0.52, p ¼ 0.41; Fig. 5C). There were no main effects of sex or
stress (p values > 0.05). Microglia cell area (Fig. 5D) and branch length
(Fig. 5E) were not altered by stress in either sex (F1,16 ¼ 0.02, p ¼ 0.86;
F1,16¼ 0.14, p ¼0.7). There were no main effects of sex or stress on
microglia area or branch length (p values > 0.05). HLM analysis also
indicated there were no significant effects on microglia area or branch
length in the dentate gyrus following 28 days of variable stress (Table 4).
There were no effects by stress condition or sex on dentate gyrus in-
tersections in the 28-day paradigm (Table 6) and Sholl analysis in fe-
males (Fig. 5F) and males (Fig. 5G) only indicated a significant effect of
distance from the soma in process complexity (female, F1.8,14.7 ¼95.78,
p < 0.0001; male, F1.3,10.8 ¼ 119.9, p < 0.001).

3.3. There are no effects of stress or sex on microglia morphology in area
CA1

There was no significant interaction between sex and 6 days of var-
iable stress on cell counts in CA1 (F1,16¼ 0.001, p ¼0.97; Fig. 6A) and no
main effects (p values> 0.05). While there were significant differences in
the percentage of cell types (F3,32 ¼ 255.6, p < 0.0001; Fig. 6B) there



Fig. 5. The effects of 28 days of variable stress on the dentate gyrus (A) There were no differences in cell counts in the dentate gyrus of males or females after 28
days of variable stress. (B) Microglia phenotypes did not differ between male and female mice in the dentate gyrus when exposed to 28 days of variable stress. (C) 28
days of variable stress did not alter the ratio of primed to surveillant microglia in either sex. (D) Microglia area was not altered in stressed males and females nor was
(E) shorter branch lengths. (F) 28 days of variable stress did not alter complexity in the female dentate gyrus or in (G) male microglia. Cells were counted on 3 sections
per animal and averaged for each animal, n¼ 5 animals per group. Figures show mean � SEM. *Indicates significant interaction, # indicates a main effect of stress and^
indicates a main effect of sex.
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were no other effects of stress, sex or interactions (p values> 0.05). There
were also no significant effects of sex and stress on the ratio of primed:
surveillant cells for CA1 (F1,15 ¼ 2.08, p¼ 0.16; Fig. 6C). There were also
no significant effects of sex or 28 days of stress on the average number of
cells in CA1(F1,16¼ 0.06, p ¼0.8; Fig. 6D). As with 6 days of stress there
were differences in the percentage of cells (F3,32¼ 207.1,
p < 0.0001;Fig. 6E). There were also no effects of sex and stress on the
ratio of primed: surveilling microglia after 28 days of variable stress in
CA1 (F1,16 ¼ 0.08, p¼ 0.77; Fig. 6F). There were no main effects of stress
11
or sex on any measure (p > 0.05).
3.4. The effects of rosiglitazone treatment on 6 days of variable stress in
females

To examine the functional role of microglia activation on social
behavior and explore the relationship between changes in microglia
morphology and activation state we treated female mice with rosiglita-
zone and examined social interaction or microglia morphology/



Table 6
Effects of 28-day stress on the change in number of intersections at radii 10 to 50
microns from the center of the soma in dentate gyrus cells.

Fixed Effects: Coefficient Standard t-ratio Approx. p-value

Intercept1
(RADIUS10), π0

error d.f.

Intersections, β00 8.95 0.21 43.00 17 <0.001
Stress, β01 0.07 0.42 0.17 17 0.868
Sex, β02 0.40 0.42 0.96 17 0.350
For RADIUS15
slope, π1

Intersections
Intercept, β10

0.66 0.32 2.07 17 0.054

Stress, β11 �0.75 0.64 �1.18 17 0.254
Sex, β12 0.18 0.64 0.29 17 0.776
For RADIUS20
slope, π2

Intersections
Intercept, β20

�0.37 0.38 �0.96 17 0.352

Stress, β21 �0.34 0.76 �0.44 17 0.666
Sex, β22 0.27 0.76 0.35 17 0.730
For RADIUS25
slope, π3

Intersections
Intercept, β30

�2.46 0.36 �6.89 17 <0.001

Stress, β31 0.55 0.71 0.77 17 0.455
Sex, β32 0.72 0.71 1.00 17 0.330
For RADIUS30
slope, π4

Intersections
Intercept, β40

�4.27 0.25 �16.87 17 <0.001

Stress, β41 0.15 0.51 0.29 17 0.775
Sex, β42 0.18 0.51 0.36 17 0.722
For RADIUS35
slope, π5

Intersections
Intercept, β50

�5.37 0.20 �27.33 17 <0.001

Stress, β51 �0.14 0.39 �0.35 17 0.733
Sex, β52 �0.43 0.39 �1.11 17 0.285
For RADIUS40
slope, π6

Intersections
Intercept, β60

�5.44 0.17 �31.18 17 <0.001

Stress, β61 0.01 0.35 0.02 17 0.982
Sex, β62 �0.51 0.35 �1.47 17 0.159
For RADIUS45
slope, π7

Intersections
Intercept, β70

�5.54 0.21 �26.57 17 <0.001

Stress, β71 �0.01 0.42 �0.03 17 0.974
Sex, β72 �0.68 0.42 �1.63 17 0.122
For RADIUS50
slope, π8

Intersections
Intercept, β80

�6.00 0.23 �26.09 17 <0.001

Stress, β81 0.20 0.46 0.43 17 0.674
Sex, β82 �0.19 0.46 �0.41 17 0.686
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activation (Fig. 7A). Rosiglitazone is a peroxisome proliferator activated
receptor gamma (PPARγ) selective agonist which promotes an anti-
inflammatory state in activated microglia by suppressing the NF-kB
pathway and has antidepressant like effects on behavior in male ro-
dents (Cheng et al., 2015; Guo et al., 2017; Ji et al., 2018; Zhao et al.,
2020). Treatment for 2 weeks with rosiglitazone promoted social inter-
action (Fig. 7B) in female mice regardless of stress exposure (F1,35 ¼6.26,
p< 0.05). Rosiglitazone decreased ratio of time spent in the corner of the
apparatus (Fig. 7C) when a novel conspecific was present (F1,34 ¼ 10.20,
p < 0.01). Rosiglitazone, stress or their interaction did not alter the total
12
distance traveled by the mice (Fig. 7D) indicating that effects were not
dependent on locomotor behavior (p values > 0.05). In a separate group
of mice, we examined the effects of stress and rosiglitazone treatment on
microglia morphology and activation state. Stress and rosiglitazone
decreased microglia area (Fig. 7E) as indicated by a main effect of stress
(F1,16¼ 20.81, p < 0.001) and a main effect of drug treatment (F1,
16 ¼ 13.24, p < 0.01). Branch length (Fig. 7F) was also decreased in
stressed mice (F1,16 ¼ 21.85, p < 0.001) and mice treated with Rosigli-
tazone (F1,16 ¼ 12.28, p < 0.01). To determine the relationship between
morphology and activation state we examined the percentage of cluster
of differentiation (CD68) a lysosomal/endosomal glycoprotein within
microglia used as an indicator of phagocytosis (Minett et al., 2016;
Rabinowitz and Gordon, 1991). Stress increased the percentage of CD68
in microglia (F1,16 ¼ 6.44, p < 0.05; Fig. 7G). Rosiglitazone did not block
the effects of stress on microglia activation (F1,16 ¼ 1.37, p ¼ 0.25) but
Rosiglitazone increased the percentage of CD68 in microglia when data
was collapsed across stress (F1,16 ¼ 4.53 p < 0.05).

4. Discussion

The studies presented here demonstrate that there are sex specific
changes in microglia morphology following 6 days of variable stress in
the NAc and dentate gyrus of female mice that do not occur in males. In
female mice exposed to 6 days of variable stress there is a decrease in the
proportion of surveillant microglia in both the NAc and dentate gyrus of
the HPC. There is also an increase in the proportion of primed microglia
in the NAc and an increase in the ratio of primed to surveilling microglia
in both regions. Skeleton and Sholl analysis indicated that after 6 days of
stress, microglia from female mice had shortened branching and
decreased process complexity, areameasurements also revealed a smaller
overall area of microglia in both the NAc and dentate gyrus. In combi-
nation with the visual characterization these changes support the concept
that subchronic stress shifts females to a reduction in the homeostatic
state of microglia in NAc and dentate gyrus and potentially increases
activation. After 28 days of variable stress females continued to have a
greater percentage of primed microglia and a decrease in surveilling
microglia in the NAc but not this dentate gyrus. In this cohort of mice but
not those exposed to 6 days of variable stress, there were also basal sex
differences in NAc. Unstressed females had a greater percentage of sur-
veillant and fewer primed microglia than unstressed males. However,
there was a main effect of sex on both microglia area and branch number
indicating that in this cohort both stressed and unstressed females had
smaller microglia with reduced processes compared to males and differed
from data in the unstressed group for the 6-day variable stress studies.
While all mice undergo at least 4 days of habituation prior to stress
exposure, it is possible that the longer period of housing in the animal
facility impacted this cohort of mice differently than those who were only
housed there for ~10 days prior to sacrifice. Branch length in both
stressed and unstressed females in the 28-day stress study were around
~375 μm and similar to the branch length in the unstressed females in
the 6-day stress study. In contrast the branch length of females exposed to
6 days of stress was ~220 μm. Therefore, it seems to represent an
acclimation in the females that were stressed for 28 days as their branch
length is increasing to control levels. Where the controls really differ
across the two studies is for the area of the microglia (~575 for 6-day
unstressed females/400 for unstressed 28-day females). One possibility
is that the 6-day control female may have a bigger soma size. More
research will be needed to identify why these controls differ from each
other. Overall, there were regional brain differences for females in their
sensitivity to stress. The NAc was the most sensitive as there were effects
of stress after 6 and 28 days. Next was the dentate gyrus which was



Fig. 6. There were no effects of stress or sex on microglia in CA1 at either time point. (A) There were no differences in cell counts CA1 of males or females after 6
days of variable stress. (B) Microglia phenotypes did not differ between male and female mice in CA1 when exposed to 6 days of variable stress. (C) 6 days of variable
stress did not alter the ratio of primed to surveillant microglia in either sex. (D) There were no differences in cell counts CA1 of males or females after 28 days of
variable stress. (B) Microglia phenotypes did not differ between male and female mice in CA1 when exposed to 28 days of variable stress. (C) 28 days of variable stress
did not alter the ratio of primed to surveillant microglia in either sex.
Cells were counted on 3 sections per animal and naveraged
for each animal, n¼ 5 animals per group. Figures show mean þSEM. *Indicates significant interaction, # indicates a main effect of stress and^indicates a main effect
of sex.
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sensitive to 6 days of variable stress but not 28 days. Finally, microglia in
CA1 were not sensitive on any measure to either 6 or 28 days of stress
exposure.

Together these data suggest that microglia are more responsive to the
onset of stress susceptibility and are less responsive to chronic stress. The
notion that microglial response might be waning with the prolonged
chronic stress is supported by a recent study (Woodburn et al., 2021)
which showed microglial engulfment of neuronal elements in the PFC of
the male rats only after 14 days of chronic unpredictable stress, but not
after 28 days of stress. Interestingly microglial engulfment was only
observed in males and not female rats (Woodburn et al., 2021) providing
further support for sex-specific microglial activation following stress.

Having observed major morphological changes in the NAc of female
mice following 6 days of variable stress, we further investigated whether
these changes modulate behavior in female mice. To that end, in a
separate study, we treated female mice with the selective PPARγ agonist
rosiglitazone. In a group of animals that were sacrificed 24 h after the last
stressor we found that both stress and rosiglitazone altered microglia
morphology. We replicated the decrease in microglia area and branch
length induced by 6 days of variable stress in the female NAc. Rosigli-
tazone also decreased microglia area and branch length regardless of
13
stress. We measured the percentage of CD68 within traced microglia as a
proxy of activation (Minett et al., 2016; Rabinowitz and Gordon, 1991),
and found a significant increase in CD68 following 6 days of stress. A
similar increase was found in both groups of animals following treatment
with rosiglitazone. To investigate potential behavioral changes, we
administered a social interaction test in a separate group of animals. This
test was chosen specifically since it is an established test to test rodents
for anhedonia, one of the two core symptoms of MDD (Scheggi et al.,
2018). Interestingly, we found that 2 weeks of treatment with rosiglita-
zone had an antidepressant-like effect, as indicated by an increased so-
ciability in rosiglitazone-treated mice. This is somewhat a puzzling
discovery, as we have found that both variable stress and rosiglitazone
treatment cause changes in microglial morphology, shifting it to a more
activated state, normally a hallmark of MDD as well as other psychiatric
disorders (Gandal et al., 2018a, 2018b; Hansen et al., 2018; Setiawan
et al., 2015; Tang and Le, 2016; Tsilioni et al., 2019). However, here we
observe that rosiglitazone alters microglial morphology and at the same
time has an antidepressant-like effect in female mice. This could be
potentially explained by the fact that microglia can adopt different
activation phenotypes in response to different stimuli (Cherry et al.,
2014; Subramaniam and Federoff, 2017). When exposed to PPARy



Fig. 7. Impact of rosiglitazone treatment on social behavior and microglia morphology/activation state in female mice (A) Schematic of treatment paradigm,
mice received 15 days of treatment with 8.5 mg/kg or vehicle in their drinking water. They underwent 6 days of variable stress and were either tested for social
interaction or sacrificed for immunohistochemistry (B) Treatment with rosiglitazone increased social interaction ratios regardless of stress exposure (p < 0.05) (C)
Rosiglitazone treatment decreased the amount of time mice spent in the corner away from a novel conspecific (p values < 0.05).(D) Locomotor activity was not altered
by stress or rosiglitazone treatment (E) Both stress and rosiglitazone treatment decreased microglia area, and (F) branch length. (G). The percentage of CD68, a
lysosomal protein indicating activation, was increased in the microglia of stressed mice regardless of treatment (p < 0.05). Rosiglitazone treatment to increase CD68 in
microglia (p < 0.05). Behavior n¼ 10 animals per group, morphology activation n¼ 5 animals per group. Figures show mean � SEM. *Indicates significant interaction,
# indicates a main effect of stress and^indicates a main effect of drug treatment.
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agonists, microglia are thought to shift from a pro-to an
anti-inflammatory phenotype (Subramaniam and Federoff, 2017). Pre-
viously rosiglitazone has been shown to shift microglia towards an
anti-inflammatory state (Ji et al., 2018), and to produce an
antidepressant-like effect in both male rats and mice (Eissa Ahmed et al.,
2009). Given that, we hypothesize here that rosiglitazone produces the
increased sociability by shifting activated microglia towards more
anti-inflammatory state. Future studies will need to identify what
phenotype microglia acquired in response to stress and whether this
response is sex-specific.

Our findings highlight the importance of utilizing multiple types of
analysis when inspecting morphological changes in microglia following
stress. Applying several different approaches of analyzing microglial
morphology, enabled us to better understand the potential functional
implications of these changes. Combinedmethods indicated a decrease in
surveilling microglia after variable stress, at the same time, sorting
14
microglia phenotypes provided clarification that the microglia were
taking on a more activated morphology.

Since microglia are dynamic and plastic cells, able to rapidly react to
homeostatic changes in the brain, microglial morphology might differ
depending on the length and type of stress and brain region under
investigation. We have shown here that following 6 days of variable
stress, microglia become more activated in the NAc only in females, and
not males. In contrast, 14-day chronic restraint stress resulted in acti-
vated microglia in males in the number of brain regions, including the
NAc, medial PFC and HPC (Tynan et al., 2010). Longer restraint stress (21
days) also resulted in microglial activation in the medial PFC in males
(Hinwood et al., 2013). However, in another study, both acute (1 day)
and chronic (10 days) restraint stress did not change microglial activa-
tion in the medial PFC in the male rats (Bollinger et al., 2016). Not only
the length of stress affects microglial activation, but also the type of stress
used. When comparing habituating vs. non-habituating stress of the same
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duration, microglial morphological changes in the PFC were observed
only in the rats subjected to chronic restraint stress, whereas no changes
in microglial morphology were observed after chronic variable stress
(Kopp et al., 2013).These studies confirm the notion that sex, brain re-
gion and stress length and type need to be taken into account when
studying activation of microglia induced by stress. We also show here
that microglial activation produces antidepressant-like effects in female
mice, as evidenced in rosiglitazone-treated mice. However, further
studies are necessary to better understand the nature and function of
different microglia activation phenotypes.
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