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Microglia reactivity is brain region
and sex specific in the context of
chronic stress

ArielY. Zhang, Elias Elias, Abigail G. White, Laura G. Jones, Taleen Hamad &
Melissa T. Manners™

Chronic stress has been associated with an increased inflammatory profile in the brain, linking
inflammation to the development of stress-related disorders. Although the detailed mechanism
connecting chronic stress to inflammation remains unclear, as primary mediators of the immune
response, it has been established that microglia play a role. We further investigated the effect of
chronic stress on microglia reactivity by incorporating sex and multiple brain regions as variables in our
analysis. We utilized the unpredictable chronic mild stress (UCMS) paradigm and then quantified the
number of microglia, process arborization, process length, and the number of processes of microglia in
the prefrontal cortex (PFC), nucleus accumbens (NAC), hypothalamus (HYPO), amygdala (AMY), and
hippocampal CA1 and CA3. We did not observe a stress-induced change in the number of microgliain
each region; however, chronic stress reduced microglia arborization, length, and number of processes
in a brain region and sex-specific manner. Independent of stress, microglia exhibited a region-
dependent reactive phenotype. Together, chronic stress affects microglia reactivity uniquely based

on sex and brain region, while the different reactivity profile of microglia in males and females might
underlie the sex-specific mechanism of the diseases.
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Microglia serve as key regulators of the innate immune response in the brain!, participating in many major brain
functions, including mediating the inflammatory response®. Microglia reactivity is triggered by recognizing the
inflammatory signals generated by endogenous or exogenous stimuli®. Decades of research on microglia have
revealed dual roles of microglia reactivity: repair and protect against inflammation, or drive inflammation and
tissue damage™”.

The complexity and heterogeneous nature of microglia lead to different functionalities and adaptable
morphology®’. The reactivity of microglia depends on the microenvironment and the functional state of the
cell®. Under healthy conditions, the distribution and morphology of microglia are uniform and homeostatic’.
Microglia conduct continuous immunosurveillance by extending processes to detect changes in the
microenvironment!’. When changes are detected, microglia secrete proinflammatory cytokines and undergo
cellular remodeling by reducing process ramification and increasing cell body volume to gain mobility®!!:12,
However, a chronic inflammatory state can lead to prolonged microglia reactivity and release of proinflammatory
mediators, which can cause neuronal damage and contribute to disease'®. This is evident in the progression
of psychiatric disorders. Patients with depression and anxiety disorders, particularly females, have elevated
levels of proinflammatory cytokines'*!>. Interestingly, patients with autoimmune diseases also exhibit a higher
prevalence of depression!®, suggesting that elevated inflammation levels may also be associated with the onset of
depressive symptoms'’. Post-mortem analysis of depressed patients revealed an increased number of microglia
and reactivity in the PFC and hippocampus!®. Similar effects have been observed in rodent models of chronic
stress that are used to study depression, including elevated proinflammatory cytokines, increased number of
microglia, and increased microglia reactivity!*-2!, which occurs in parallel to behavioral and physiological
effects?>?*. Therefore, determining the distinct morphology of microglia in the context of chronic stress is crucial
to understanding the link between chronic stress and inflammation.

Sex differences are prominent in chronic stress-related disorders. For example, women are more likely to
be affected by depression and anxiety disorders compared to men?*?°. Sex also affects the number of microglia
in different brain regions; for example, females have more microglia in the hippocampus and PFC compared
to males?*~2%, Microglia also secrete more proinflammatory cytokines and have increased reactivity in females

Department of Biological and Biomedical Sciences, Rowan University, Glassboro, NJ 08028, USA. *email:
manners@rowan.edu

Scientific Reports|  (2025) 15:33285 | https://doi.org/10.1038/s41598-025-18000-2 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-18000-2&domain=pdf&date_stamp=2025-9-6

www.nature.com/scientificreports/

A B
—
- ®
poy ¥ 4 s
Ui Isolation Light on/off
NsT6Qs OFT  Perfusion I L
" : g "~
I: -~ R R w =
ucMs 7 Qs LDT NewPartner " N1 .- CageTilt
l Cold Surface R Wet Bedding
Day 0 7 12 13 14 —_— ; ; S
UCMS Pa radigm Cage Shake B * ‘ )) Stroboscope
g — )
=7 Q‘l Static Noise
Restraint Food Deprivation
C D E

- MaleNS 150 o = NS @ 400 = NS
- - UCMS 2 =
% -3- Female NS skakokok E L 5 . e UCMS
c —e— Male UCMS 2 . N300+ 2
= 2 100 . . = .
5 -G- Female UCMS = - 2 2
- 8 = 200
£ o £ .
o 5 ° . = - hd
= £ 50 H o .
2 a2 2100 -
® 2 :
Lol T T - 0 T T
Male Female Male Female
F
40—
(o]
u
|}
o]
s 304 . -
o e e . [ ]
e . © = Male NS
] L o °
= [u] o [ o
% 20 g ., , U - o o Female NS
5 H KA o Male UCMS
Qo
[ x ul|e . Female UCMS
=] L] E (o] L] 2 L
Z 10 o e ] H
° 8 o]
L] ° L] L] °
[m]
[e] ] (o]
L} o o | |
0 =] L] =] L] [
1 1 1 1
PFC NAC HYPO AMY CA1

compared to males?®-3!. These findings suggest that sex may affect the change in microglia reactivity due to
chronic stress. Understanding sex differences in microglia reactivity provides important information on the
unique attributes of stress-related disease progression in males and females.

While the role of microglia has been established in the inflammation and stress models, gaps in knowledge
remain due to sex differences, the limited number of brain regions investigated, variability in stress protocols,
and methods for defining morphological changes. In this study, we conduct a comprehensive investigation to
measure changes in microglia reactivity due to chronic stress in multiple brain regions known to be affected by
chronic stress: the PFC, NAC, HYPO, AMY, CA1, and CA3. To induce chronic stress, both male and female mice
underwent the UCMS paradigm?2. Microglia were detected using immunofluorescence and analyzed based on
the process length, process arborization, the number of processes, and the number of microglia in each brain
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«Fig. 1. Chronic stress induced weight loss and avoidance behaviors in males. Independent of stress, the
number of microglia was region specific. (A) Mice were randomly assigned to treatment groups based on
sex: no stress (NS; male n=6, female n=6), stress (UCMS; male n="7, female n=6). Experimental design and
timeline for the UCMS paradigm with the LDT performed on day 13. Experimental timeline generated using
biorender.com. (B) Schematic illusion of stressors utilized in the UCMS paradigm. Stressors include isolation,
light on/off, cage tile at 45°, wet bedding, stroboscope, static noise, food deprivation, restraint, cage shake, cold
surface, new partner, and predator odor. Image generated using biorender.com. (C) mice were weighed on
day 0, 7, and 14. Percent weight change is reported. A mixed-effect analysis revealed significant interactions
of time and stress (F, 2,76 = 8591, p=0. 0004), sex and stress (F, (1,76)= =18.99, p<0.0001), sex, stress and time
(F (2,76)=6-621, p=0. 0022). The mixed-effect analysis also 1nd1cated main effects of time (F(2 76)=28.38,
p < 0.0001) and stress (F =26.21, p<0.0001) (D) In the OFT, total distance traveled is reported Data was
analyzed usmg two-way AN> OVA followed by multiple comparison analysis: a significant interaction between
stress and sex ( 1 20 = 5-806, p=0.0257) with only a main effect of sex (F 1,20)=10.61, p=0. 0039). (E) In the
LDT, we measured tfle duration in the light zone. Two-way ANOVA of the total time spent in the light zone
revealed a significant interaction between stress and sex (F, ,, =5.080, p=0.0356), with main effects of stress
(F, (1,20 = 13.84, p=0. 0014) and sex ( =7.845, p=0.01 10 i: The number of microglia was quantified
us1ng %BAI -positive cells in the PFC, (NAC HYPO, AMY, CAl and CA3. Data analyzed using mixed-effect
analysis and followed by multiple comparison analysis on the number of microglia: a significant effect of region

(F5, ¢6)=4-484, p=0.0014). Data presented as the mean with SEM. **p <0.01, ****p <0.0001.

region included in this study. This study provides a comprehensive analysis of microglia reactivity across the
brain and addresses the importance of sex differences in response to chronic stress.

Results

The UCMS paradigm was utilized to induce chronic stress according to the timeline in Fig. 1A. A total of 25 mice
were randomly assigned to the NS and UCMS groups of the same sex. The UCMS paradigm was conducted by
using a variety of randomly assigned physical and social stressors (Fig. 1B). To assess the effect of chronic stress,
weight was measured at days 7 and 14 (Fig. 1C), locomotor activity was also evaluated in an open field test (OFT)
on day 12 to ensure that chronic stress did not impact the overall activity of mice, and the light dark test (LDT)
was conducted on day 13 to assess the avoidance behavior.

Chronic stress induced weight loss and avoidance behavior in males
Weight loss is a common effect of the UCMS paradigm?® and has been observed in our previous studies
A mixed-effect analysis revealed significant interactions of time and stress (F , , =8.591, p=0.0004), sex and
stress (F 76> =18.99, p<0.0001), sex, stress and time (F o, 76)—6 621, p= 0 0025) The mixed-effect analysis
also indicated main effects of time (F (2, 76) = 28.38, p<0. 0001) and stress (F (1, 76) = 26:21, p<0. 0001). Multiple
comparison analysis showed that the male UCMS group lost a significant amount of weight compared to the
male NS group (p<0.0001) and the female UCMS group (p=0.0005), indicating that the UCMS paradigm
induced the expected weight loss in males but not females.

To confirm that UCMS did not affect locomotor activity, the OFT was conducted to measure the total
distance mice traveled during the test**-3® (Fig. 1D). The two-way ANOVA indicated a significant interaction
between stress and sex (F (1, 20) = 5-806, p=0. 0257) with a main effect of sex (F (1,20 = 10.61, p=0. 0039). Multiple
comparison analysis showed a sex difference in the UCMS groups, where females traveled more distance
compared to the males (p=0.0024). The result from the OFT indicated that, as expected, chronic stress did not
affect the overall locomotor activity of mice.

The LDT was conducted to measure changes in avoidance behavior due to the UCMS paradigm on day 13 of
the UCMS protocol (Fig. 1E). Mice were placed in the dark zone, and the total time spent in the light zone was
recorded for 15 min using the ANY-Maze system. Two-way ANOVA of the total time spent in the light zone
revealed a significant interaction between stress and sex (F ; ,, =5.080, p=0.0356), with main effects of stress
(F (1,.20) =13.84, p=0.0014) and sex (F 1, 20)=7-845, p=0. 0110) Multiple comparison analysis of the total time
spent in the light zone indicated a signi cant difference between NS and UCMS in males only (p=0.0022). A sex
difference was also found between male and female UCMS groups, where UCMS males spent significantly less
time in the light zone compared to UCMS females (p =0.0094). The LDT results showed that chronic stress only
increased the avoidance behavior in males.

34—36

Independent of chronic stress, microglia distribution is brain region specific.

At the completion of the UCMS paradigm on day 14, mice were perfused, and the brain tissue was collected
for analysis. To investigate microglia reactivity in the PFC, NAC, HYPO, AMY, hippocampal CA1, and CA3,
six IBA1-positive microglia from each brain region were randomly selected using Imaris software. The length
and the number of microglial processes were then quantified and analyzed. The number of microglia was also
counted manually by a blinded researcher. To accurately assess the number of microglia in each brain region, we
normalized the data using the total number of DAPI-stained nuclei in each region (Fig. 1F).

The mixed-effect analysis only revealed a significant effect of region (F ; ; =4.484, p=0.0014) with no effect
of stress on IBA1-positive microglia in different brain regions. Multiple comparison analysis showed that the
PFC and AMY had significantly more microglia than HYPO (PFC: p=0.0140, AMY: p=0.0426). The PFC had
significantly more microglia than the NAC (p=0.0086), indicating that the highest number of microglia was
found in the PFC and AMY, while the lowest number was found in the HYPO and NAC.
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Chronic stress reduced microglia arborization, process length, and the number of processes,
with notable sex differences

While studying changes in the number of microglia is a common method to detect changes in microglia
reactivity, we did not find any change due to chronic stress. To conduct a comprehensive analysis on the effect of
chronic stress on microglia, we evaluated the total length and total number of processes in microglia®>**, as well
as process arborization using Sholl analysis®. The total length of the processes represents the sum of the length
of all processes per microglia.

Prefrontal cortex

The representative immunofluorescent images showed a morphological difference between the NS and UCMS
groups in the PFC (Fig. 2A). The total length of the PFC microglia processes (Fig. 2B) was quantified and
analyzed using two-way ANOVA, which revealed a significant interaction between stress and sex in the PFC
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«Fig. 2. Chronic stress induced microglia reactivity in the PFC by decreasing the arborization, length, and
number of processes. Independent of stress, females had shorter process length while males had more
microglia processes. (A) Representative images of microglia in the PFC from NS and UCMS groups. Microglia
were immunostained with IBA1 (red), nucleus was stained with DAPI (blue). 400x magnification. Scale bar:
50 um. Nissl staining obtained from the Allen Mouse Brain Atlas and Allen Reference Atlas—Mouse Brain®.
(B) Quantitative analysis of total length of processes in microglia from the PFC. Data analyzed using two-way
ANOVA and followed by multiple comparison analysis: a significant interaction between stress and sex in the
PEC (F 1134 =27.98, p<0. 0001), with main effects of stress (F (1, 130) = =15.06, p=0.0002) and sex (F (1130 = 1974,
p<0.0001). (C) Quantitative analysis of number of processes 1n microglia from the PFC. Data analyzed> using
two-way ANOVA and followed by multiple comparison analysis: a significant interaction between stress and
sex (F; 35 =6.842, p=0.0099), with a main effect of stress (F, |35 =50.30, p<0.0001). (D) Sholl analysis

was conducted to measure the process arborization. Data anaiyze using one-way ANOVA followed by

multiple comparison analysis (F, ,; =4.998, p=0.0023). For each mouse, 6 microglia were randomly selected

bilaterally for morphological quantification. Data presented as the mean with SEM. *p <0.05, **p <0.01,

PO p <0.0001.

(F (1, 134) = 27.98, p<0. 0001), with main effects of stress ( (1, 134)= 15.06, p=0. 0002) and sex (F (1 134)= 1974,
p< 0 0001). Multiple comparison analysis indicated the 1engtf1 of microglia processes from females was
significantly shorter in UCMS compared to NS (p<0.0001) in males only. Female NS also has significantly
shorter microglial processes in total compared to male NS (p <0.0001).

Two-way ANOVA on the number of processes (Fig. 2C) indicated a significant interaction between stress
and sex (F (L 138 =6.842, p=0.0099), with a main effect of stress (F 138)—50 30, p<0.0001). Using multiple
comparison anaiyms, we found a significant difference between UCMS and NS (male: p=0.0094, female:
p<0.0001), where UCMS had a lower number of processes compared to NS. Male NS also had a significantly
lower number of processes compared to female NS (p=0.0169).

To evaluate the process arborization (Fig. 2D), Sholl analysis was conducted on both sexes, and showed that
chronic stress reduced the process arborization within 20 um of the cell body in both sexes. One-way ANOVA
revealed a significant difference between each group (F , ) =4.998, p=0.0023). Multiple comparison analysis
showed that chronic stress significantly reduced the process arborization in female UCMS compared to female
NS (p=0.0281).

Nucleus accumbens

In the NAC, the immunofluorescent images indicated a morphological difference between the NS and UCMS
groups (Fig. 3A). Specifically, two-way ANOVA on the length of microglia processes (Fig. 3B) revealed a
significant interaction between stress and sex (F 1o =1212, p=0. 0007), with main effects of stress (F
(1,121)=57-03,p<0.0001) and sex (F | |, =19.13,p< 0 0001). Multiple comparison analysis showed a significant
dltference in process length; processes were significantly shorter in UCMS compared to NS (male: p=0.0080;
female: p <0.0001). Although we did not observe a sex difference in the stress groups, male NS had significantly
shorter processes than female NS (p <0.0001), indicating a more reactive phenotype in males at the baseline.

Using two-way ANOVA (Fig. 3C), we found an interaction between stress and sex (F ;. =6.605,p=0.0113),
with a significant effect of stress (F (1, 135) = 3406, p<0. 0001) and sex (F 1135 =25-6L,p <0.0001) on the number
of processes. Through multiple comparison analysis, we found that female UCMS had a decreased number
of processes compared to female NS (p<0.0001). Independent of stress, NS males showed a more reactive
phenotype by having a significantly lower number of processes compared to NS females (p <0.0001).

Similar to the PFC, Sholl analysis showed that chronic stress reduced process arborization within 20 um
of the cell body in both sexes (Fig. 3D). By conducting one-way ANOVA, a significant difference was found
among each group (F ; ,; =3.237, p=0.0232). Multiple comparison analysis indicated that female UCMS had
significantly lower process arborization compared to female NS (p=0.0254).

Hypothalamus

The representative immunofluorescent images showed a morphological difference between the NS and UCMS
groups in the HYPO (Fig. 4A). The total length of processes (Fig. 4B) was measured and analyzed using a two-way
ANOVA. There was a significant interaction between stress and sex (F , |5, =19.03, p<0.0001), with the main
effects of stress (F | |55 =50.53, p<0.0001) and sex (F , |33 =33.87, p<0.0001). Multiple comparison analysis
revealed that microglia in female UCMS had &gmﬁcantfy shorter processes compared to female NS (p <0.0001).
Similar to the PFC and NAC, NS males demonstrated a more reactive phenotype by having significantly shorter
processes than NS females (p <0.0001).

By conducting a two-way ANOVA on the number of processes in the HYPO microglia (Fig. 4C), a significant
interaction was also identified between stress and sex ( =15.29, p=0.0001) with main effects of stress (F
(1,143 = 110.5,p<0.0001) and sex (F ; 5 =36.10, p<0. 0001) ith multiple comparison analysis, we found that
the UCMS groups had a significant decrease in the number of processes compared to the NS groups in both
sexes (p<0.0001). Independent of stress, a sex difference was also observed in the NS groups, where males had
a significantly lower number of processes compared to females, showing a more reactive phenotype (p <0.0001).

In the HYPO, Sholl analysis indicated a chronic stress-induced decrease in process arborization within 28 um
of the cell body for females, and 36 pm of the cell body for males (Fig. 4D). By conducting one-way ANOVA,
we found a significant difference between each group (F ; , =16.02, p <0.0001). Multiple comparison analysis
revealed that female UCMS had a significant reduce in process arborization compared to female NS (p=0.0002).
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A sex difference was also found at baseline, where male NS had significantly reduced process arborization
compared to female NS (p=0.0003).

Amygdala

Similar to the HYPO, the fluorescent images from the AMY also indicated a morphological difference between
the NS and UCMS groups (Fig. 5A). Two-way ANOVA on the length of processes in the AMY (Fig. 5B) revealed
a significant interaction between stress and sex (F L 136)= 18.44, p<0.0001) with main effects of stress (F
(1,136 = 11.34, p<0.0001) and sex (F | |55 =17.47, p<0.0001). Using the multiple comparison analysis, we found
a significant difference between UCMS and NS in females, where the length of microglial processes in UCMS
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«Fig. 3. Chronic stress induced microglia reactivity in the NAC by decreasing the arborization, length, and
number of processes. Males exhibited a more reactive phenotype at baseline. (A) Representative images of
the effect of stress on microglia in the NAC from NS and UCMS groups. Microglia were immunostained
with IBA1 (red), nucleus was stained with DAPI (blue). 400x magnification. Scale bar: 50 um. Nissl staining
obtained from the Allen Mouse Brain Atlas and Allen Reference Atlas—Mouse Brain®. (B) Quantitative
analysis of total length of processes in microglia from the NAC. Data analyzed using two-way ANOVA and
followed by multiple comparison analysis: a significant interaction between stress and sex (F, |,),=12.12,
p=0.0007), with main effects of stress (F1 121)=57.03, p<0. 0001) and sex (F1 1= 19 13, p<0.0001). (C)
Quantitative analysis of number of processes in microglia from the NAC. Data analyzed using two-way
ANOVA and followed by multiple comparison analysis: an interaction between stress and sex (F, ;5 =6.605,
p=0.0113), with a significant effect of stress (F, ;5 =34.06, p<0.0001) and sex (F,, 5 =25.61, p<0.0001).

(D) Sholl analysis was conducted to measure the process arborization. Data analyzed using one-way ANOVA

followed by multiple comparison analysis (F; ,3 =3.237, p=0.0232). For each mouse, 6 microglia were

randomly selected bilaterally for morphological quantification. Data presented as the mean with SEM.

*p<0.01, ¥*p<0.0001.

was significantly shorter compared to NS (p<0.0001). A sex difference in the NS groups showed that male
microglia had shorter process length compared to females (p <0.0001).

Two-way ANOVA conducted on the number of processes (Fig. 5C) showed a significant interaction between
stress and sex (F (1, 134) = 26.38, p<O0. 0001) with main effects of stress (F (1, 134)=73:27, p<0. 0001) and sex (F
130" =16.84, p<0.0001). Through multiple comparison analysis, a significant difference between UCMS and
NS'in females was identified, where the UCMS group had a significantly lower number of processes compared
to the NS group (p <0.0001). A sex difference was also found in the NS groups, where males had a significantly
lower number of processes compared to females (p <0.0001). Together with a shorter and reduced number of
processes, NS males exhibited a more reactive phenotype in the AMY than NS females.

A notable decrease in process arborization was observed using Sholl analysis within 20 pum of the cell body in
males, and within 26 um of the cell body in females (Fig. 5D). One-way ANOVA revealed a significant difference
among each group (F ; o =12.21, p<0.0001). The result of multiple comparison analysis showed that female
UCMS had a significant reduce in process arborization compared to female NS (p<0.0001). A sex difference was
also observed in the NS groups, where male NS showed a significant decrease in process arborization compared
to female NS (p=0.0279).

Hippocampal CA1

In the CAl, the fluorescent image showed a morphological difference between the NS and UCMS groups
(Fig. 6A). The length of processes in the CA1 was quantified and analyzed using two-way ANOVA (Fig. 6B). We
found a significant interaction between stress and sex (F 137)= 1134, p=0. 0010) with only a main significant
effect of stress (F | ,,)=25.50, p<0.0001). Multiple comparison analysis only indicated a significant difference
in the process length between the UCMS and NS groups in males (p <0.0001), where UCMS had significantly
shorter processes compared to NS. A sex difference was observed in the NS groups, where females had a shorter
process length compared to males, indicating a more reactive phenotype in NS females (p=0.0294).

Two-way ANOVA was also conducted on the number of processes to determine the microglia reactivity in
the CA1(Fig. 6C). The result indicated a main significant effect of stress ( =55.36, p<0.0001). Multiple
comparison analysis revealed a significant difference between the UCMS and<NS groups in both sexes, where the
UCMS groups had a decreased number of processes compared to the NS groups (p <0.0001).

In the CA1l, Sholl analysis showed that chronic stress decreased the process arborization within 22 um
of the cell body in both sexes (Fig. 6D). One-way ANOVA revealed a significant difference in each group (F
(3,206 = 10:95, p <0.0001). Multiple comparison analysis showed that female UCMS had a significant decrease in
process arborization compared to female NS (p <0.0001). In the NS groups, males had a significant decrease in
process arborization compared to females (p=0.0008), indicating a sex difference.

Hippocampal CA3

Similar to the CA1l, the NS and UCMS groups were also morphologically different (Fig. 7A). Two-way ANOVA
on the length of processes (Fig. 7B) revealed a significant interaction between stress and sex (F , 40):22.98,
p<0.0001), with main significant effects of stress (F  |,,=39.30, p<0.0001) and sex (F  ,;=6.391,

p=0.0126). Multiple comparison analysis indicated a s1gn1ﬁcant difference between NS and UCMS in males
only, where UCMS had significantly reduced length of processes compared to NS (p <0.0001). A sex difference
was also found in the NS groups, where females had significantly shorter microglia processes compared to males
(p<0.0001).

Two-way ANOVA conducted on the number of microglia processes in the CA3 (Fig. 7C) indicated a significant
interaction between stress and sex (F | |,,,=15.32, p=0.0001) with main effects of stress (F (L 14 39.92,
p<0.0001) and sex (F , ,,,,=4.058, p= 0. 0459). Based on the multiple comparison analysis, male UéMS had
significantly less processes in microglia compared to male NS (p<0.0001). A sex difference was found in the
UCMS groups where males had a significantly lower number of processes compared to females (p=0.0002).

In the CA3, Sholl analysis showed that chronic stress promoted a decrease within 25 pm of the cell body in
both sexes (Fig. 7D). One-way ANOVA revealed a significant difference between each group (F , ;) =9.078,
p<0.0001). Multiple comparison analysis further indicated a sex difference; the male UCMS group had a
significant decrease in process arborization compared to female UCMS (p=0.0031).
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Discussion
In this study, we conducted a comprehensive analysis of chronic stress-induced microglia reactivity and reported
a sex and region-specific effect on microglia reactivity due to chronic stress. We first analyzed the number of
IBA1-positive microglia and then evaluated morphology based on the arborization, length, and the number of
processes from individual microglia in the PFC, NAC, HYPO, AMY, CA1l, and CA3. Our analysis focused on the
regional heterogeneity and the sex differences of microglia in chronic stress.

With increased reactivity, microglia become mobile and migrate to the site of inflammation®**!. Therefore,
quantifying the number of microglia is a common way to evaluate the regional inflammatory response in the
brain2. There are conflicting reports indicating that microglia increase or decrease in number due to stress;
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«Fig. 4. Chronic stress induced microglia reactivity in the HYPO by decreasing the arborization, the length,
and number of processes. Males exhibited a more reactive phenotype at baseline. (A) Representative images
of the effect of stress on microglia in the HYPO from NS and UCMS groups. Microglia were immunostained
with IBA1 (red), nucleus was stained with DAPI (blue). 400x magnification. Scale bar: 50 um. Nissl staining
obtained from the Allen Mouse Brain Atlas and Allen Reference Atlas—Mouse Brain®. (B) Quantitative
analysis of total length of processes in microglia from the HYPO. Data analyzed using two-way ANOVA and
followed by multiple comparison analysis: a significant interaction between stress and sex (F; |5, =19.03,
p<0.0001) with the main effects of stress (F 1, 133) =50.53, p<0.0001) and sex (F 1133 =33.87, p<0. 0001).

(C) Quantitative analysis of number of processes in microglia from the HYPO. bata analyzed using two-
way ANOVA and followed by multiple comparison analysis: a significant interaction between stress and sex

(F1 143 = 15:29, p=0.0001) with main effects of stress (F(1 143)= =110.5, p<0.0001) and sex (F 1 143) =36.10,

p<0.0001). (D) Sholl analysis was conducted to measure the process arborization. Data analyzed using

one-way ANOVA followed by multiple comparison analysis (F; , =16.02, p<0.0001). For each mouse, 6

microglia were randomly selected bilaterally for morphologlcai quantification. Data presented as the mean

with SEM. **p <0.001, ***p < 0.0001.

however, it is possible that the variability between studies, such as the model of stress, animal species or strain,
and the duration of stress protocol, can affect the number of microglia®’. For example, Tynan et al., Hellwig et
al., and Tong et al. reported an increased number of microglia in the PFC, NAC, and hippocampus!*#4*°, while
Bollinger et al. reported no changes in the number of microglia due to chronic stress®!. Here, we found that
chronic stress did not affect the number of microglia in any of the brain regions investigated; however, there were
notable changes in the number of microglia when comparing brain regions and sex. Among the six brain regions
investigated, the PFC and AMY had the highest number of microglia, while the HYPO had the lowest number,
which is consistent with other reports on the number of microglia?”+*6. Even though these brain regions have the
most differential numbers of microglia, it did not relate to the reactivity changes due to chronic stress. One of the
major differences in the method of microglia quantification from Tynan et al.!® and Hellwig et al.*> compared to
ours, is that high magnification images were utilized in our study. Using high magnification images reduces the
field of view and the area of each brain region that is analyzed, which may account for the discrepancies in our
results from previously published studies.

A change in the number of microglia in a brain region may be associated with the severity of the disease.
For example, an increased number of microglia is observed in patients with schizophrenia'®, suicide?, stroke*,
and multiple sclerosis®. These diseases arguably have more severe effects on the brain than mild chronic
stressors and may lead to heightened microglia reactivity, resulting in not only a reactive phenotype but also
increased microglia. Therefore, only measuring a change in the number of microglia may lead to oversights in
understanding microglia reactivity in some disease models. By utilizing multiple measures of reactivity, our
study supports the importance of investigating microglia reactivity through multiple parameters.

In our study, we observed that brain regions with higher total microglia were often accompanied by shorter
process length in the no stress control groups. For example, females had more microglia in the CA1 than males,
with shorter process length compared to males. This correlation between the microglia number and microglia
phenotype was also observed in the female CA1 from other studies?®?S. There may be a link between the
increased number of microglia and reduced length of processes. We speculate that a higher density of microglia
in a given region may result in shorter process length because the surveillance area is distributed to a greater
number of microglia.

In models of inflammation, microglia adopt a morphology with shortened and reduced numbers of
processes to increase cell motility>. Microglia morphology is largely dependent on the neurons®’; neurons
control microglia reactivity by releasing specific cytokines or neurotransmitters based on the change in the
local microenvironment®!. Although we found that chronic stress induced morphological changes, it did not
have a uniform effect on microglial arborization, length, or the number of processes across all brain regions.
Though it was not possible to link a specific microglia morphology to a certain neuron subtype in our study,
the brain region variation in microglia morphology may reflect the negative impact of chronic stress on local
neuronal activity. It is well established that neuron dysregulation leads to behavioral changes®?, and based on
the relationship between neurons and microglia, our findings provide a rationale to investigate how microglia
reactivity is directly associated with the behavioral effects of chronic stress.

Microglia exhibited a more reactive phenotype in the NS males compared to NS females in the AMY. At the
same time, chronic stress increased microglia reactivity in both sexes and all regions except the AMY in males.
While the OFT has been used to evaluate locomotor and anxiety-like behaviors*”*3, the LDT is commonly
used to assess anxiety-like behaviors in rodents®, and the AMY plays a primary role in regulating behaviors
associated with anxiety>>>%, Only male UCMS mice exhibited avoidance behaviors associated with anxiety in the
LDT, and there were no observed behavioral effects in the OFT due to stress. Overall, females traveled a greater
distance than males, as others have also reported in the OFT>”*8, Interestingly, the AMY was more responsive to
negative stimuli in females, but more responsive to positive stimuli in males® in human studies. Furthermore,
the AMY was more sensitive to persistent negative stimulation®’, and increased cortisol levels were linked to
increased AMY activity in females®!. Although we did not measure corticosterone levels in mice, chronic stress
increases corticosterone levels in mice®?, similar to cortisol in humans®®. We observed that females were affected
by chronic stress in the context of cellular reactivity, yet, we and others examining rodent behaviors associated
with anxiety show reduced or no effect in females compared to males®. Here, we show that females are impacted
by chronic stress at the cellular level through stress-induced microglia reactivity. The inconsistency between
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the behavioral and cellular effects of chronic stress in females not only indicates potential sex differences in
mechanisms of disease but also supports the importance of pairing behavioral testing with molecular analysis.
This study contributes to the current body of literature that supports the effect of chronic stress on microglia
reactivity. Importantly, others have identified that prenatal exposure to glucocorticoids, followed by chronic
stress, initiates a sex-specific effect on microglia morphology, which may affect microglia plasticity in long-term
stress exposures®. Additionally, studies from this group have also demonstrated that the duration of chronic
stress affected microglia morphology in the dentate gyrus (DG) and the NAC?2. Our finding aligns with Gasper
et al. that a 2-week chronic stress reduced the length and number of processes in the NAC microglia in females;
however, we observed that chronic stress reduced the process length in the NAC microglia in males?>?. For the
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«Fig. 5. Chronic stress induced microglia reactivity in the AMY by decreasing the arborization, the length
and number of processes. Males exhibited a more reactive phenotype at baseline. (A) Representative images
of the effect of stress on microglia in the AMY from NS and UCMS groups. Microglia were immunostained
with IBA1 (red), nucleus was stained with DAPI (blue). 400x magnification. Scale bar: 50 um. Nissl staining
obtained from the Allen Mouse Brain Atlas and Allen Reference Atlas—Mouse Brain®. (B) Quantitative
analysis of total length of processes in microglia from the AMY. Data analyzed using two-way ANOVA and
followed by multiple comparison analysis: a significant interaction between stress and sex (F; |, =18.44,
p<0.0001) with main effects of stress (F L 136) = =11.34, p<0.0001) and sex (F 1136 = 1747, p<0. 0001). (C)
Quantitative analysis of number of processes in microglia from the AMY. Data analyzed using two-way
ANOVA and followed by multiple comparison analysis: a significant interaction between stress and sex
(F, =26.38, p<0.0001) with main effects of stress (F 1 13ay =73 27,p<0.0001) and sex (F(1 134 =16.84,

p< 0. 0001) (D) Sholl analysis was conducted to measure the process arborization. Data analyzed using

one-way ANOVA followed by multiple comparison analysis (F; ,,) =12.21, p<0.0001). For each mouse, 6

microglia were randomly selected bilaterally for morphologlcai quantification. Data presented as the mean

with SEM. ** p<0.01, ****p <0.0001.

hippocampus, an earlier study conducted by Hellwig et al. showed that stress increased the number of processes
in the DG microglia®®. Gasper et al. reported that a 6-week chronic stress increased the process length and
number in microglia from females only**?. Here in our study, although we did not include the DG in our
analysis, we investigated the CA1 and CA3 hippocampal subregions. We observed a stress-induced decrease in
the number of processes in the CA1 in females within 2 weeks of chronic stress, but we also reported decreases in
both length and number of processes in the CA1 and CA3 microglia in males. Although the comparative studies
included mice from both sexes??3%, our study utilized sex as one of the variables in every morphological
quantification to offer further statistical comparison between sex and chronic stress groups.

Given the complementary and contrasting results in the field of microglia reactivity, we suspect that brain
regions, the duration of stress, animal species, parameters for microglia morphology quantification, and other
experimental factors play a role in microglia plasticity. Here, we contribute unique data to this field of research by
conducting a thorough investigation of microglia morphology utilizing multiple analysis parameters, comparing
six relevant brain regions, and incorporating sex as a biological variable. We also assessed and compared the
behavioral and cellular changes due to chronic stress and explored the confounding effect of sex on microglia
number and reactivity in the brain. Our comprehensive analysis of multiple brain regions complements and
expands upon this current knowledge. Furthermore, our findings contribute to the field of chronic stress
research, where chronic stress could promote a unique microglia reactivity profile that is region and sex specific.

Methods and materials

Animals

Male and female C57B6/] mice (n=25) were purchased from Jackson Labs. Mice were 8-10 weeks old, and
group housed with food and water access ad libitum. The colony was maintained in a thermoregulated and
humidity-controlled room on a 12:12 h light/dark cycle (light on from 6:00 AM to 6:00 PM). Mice were randomly
assigned to the following treatments: no stress (NS) and stress (UCMS) groups. Mice were age and sex-matched
to behaviorally naive controls.

Unpredictable chronic mild stress paradigm

The UCMS groups for both sexes underwent the UCMS paradigm for 14 days, while NS mice were gently handled
every three days. The UCMS protocol was adapted from our previous studies®*~°. For 14 consecutive days, mice
were subjected to three stressors a day in the morning, afternoon, and overnight in a separate procedure room.
Stressors lasted for 1-2 h in the morning and afternoon, and for 13 h overnight. Stressors included: cage on a
cold surface, interruption of light/dark cycle, food deprivation for 14 h, exposure to predator urine odor, new
cage partners of the same sex, a 45° cage tilt, cage shaking at 100 rotations per minute, restraint, social isolation,
wet bedding, stroboscope, and static noise. Throughout the UCMS protocol, stressors remained random as no
stressor was repeated within the same day or on two consecutive days, and novelty was maintained by pairing
stressors such as the cage on a cold surface and cage shaking. Mice were returned to the animal colony room
between stressors.

Body weight measurement

The body weight (Fig. 1D) of each mouse was evaluated the day prior to the UCMS procedure (baseline weight)
and then recorded every 7 days for the remainder of the study. The percent change in weight from baseline
weight was reported.

The open field test (OFT)

The OFT was conducted on day 12 of the UCMS paradigm. Mice were placed in the testing room an hour before
the test for acclimation, During the test, individual mouse was placed in the testing chamber (40 x40 x 35 cm)
with ambient room light (325 Ix). Each OFT test lasted for an hour, and all tests were recorded using the ANY-
Maze system (Stoelting Co, version 7.49). The total distance traveled was measured and analyzed.
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The light dark test (LDT)

The LDT was conducted on day 13 for all groups (Fig. 1E). The testing chamber (ANY-Box) was equally divided
into two areas: the dark zone (20 x 40 x 35 cm) with black painted walls and a lid to prevent any lighting; the light
zone (20 x40 x 35 cm) with clear walls and no lid. A bright light with a light intensity of 1000 Ix was shined on
the light side only. Mice were placed in the testing room an hour before testing for acclimation. Each test was
recorded for 15 min. The time spent in the light zone and the number of entries made to the light zone were
analyzed using the ANY-Maze system (Stoelting Co, version 7.49).

Tissue collection
Mice were deeply anesthetized with an intraperitoneal injection of 12.5 mg/kg xylazine hydrochloride, 87.5 mg/
kg ketamine. They were then transcardially perfused with phosphate buffered saline and fixed with 4%
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«Fig. 6. Chronic stress induced microglia reactivity in the CA1 by decreasing the arborization, the length, and
number of processes. Females exhibited a more reactive phenotype at baseline. (A) Representative images
of the effect of stress on microglia in the CA1 from NS and UCMS groups. Microglia were immunostained
with IBA1 (red), nucleus was stained with DAPI (blue). 400x magnification. Scale bar: 50 um. Nissl staining
obtained from the Allen Mouse Brain Atlas and Allen Reference Atlas—Mouse Brain®. (B) Quantitative
analysis of total length of processes in microglia from the CA1l. Data analyzed using two-way ANOVA and
followed by multiple comparison analysis: a significant interaction between stress and sex (F, |,, =11.34,
p=0.0010) with only a main significant effect of stress (F | ,,,,=25.50, p<0.0001). (C) Quantitative analysis
of number of processes in microglia from the CA1. Data analyzed using two-way ANOVA and followed by
the multiple comparison analysis: a significant a main significant effects of stress (F, 137)= 9536, p<0. 0001).
(D) Sholl analysis was conducted to measure the process arborization. Data analyzed using one-way ANOVA
followed by multiple comparison analysis (F; ) =10.95, p<0.0001). For each mouse, 6 microglia were
randomly selected bilaterally for morphological quantification. Data presented as the mean with SEM.
*p<0.05, **p <0.001, ***p < 0.0001.

paraformaldehyde (pH 7.4). Whole brains were extracted and post-fixed with 4% paraformaldehyde (pH 7.4)
for 24 h and stored in 30% sucrose at 4C for processing.

Immunohistochemistry (IHC)

The immunohistochemistry protocol was adapted from our previous work>*. Prior to sectioning, perfused brains
were embedded in optimal cutting temperature reagent (ThermoFisher) and cryosectioned into 30-micron
tissue sections using a cryostat (HM 525NX, ThermoFisher). Sections were blocked using a blocking buffer
containing 0.1% Triton-X100 and 3% normal donkey serum in 1X PBS for an hour at room temperature, then
incubated overnight at 4C with goat anti-IBA1 (1:800, PA5-18039, Invitrogen). After washing three times with
1 x PBST and blocking for an hour at room temperature, tissues were incubated with secondary antibody donkey
anti-goat Alexa Fluor 568 (1:1000, A-11057, Invitrogen) for 1 h at room temperature. Sections were washed three
times with 1X PBST and twice with 1X PBS, then incubated at room temperature for 5 min for DAPI staining
(1:3000, ref62248, ThermoScientific), following a 5-min wash in 1X PBS. Tissues were mounted with SlowFade
Gold (536936, Invitrogen) for imaging.

Image acquisition morphological analysis

Image acquisition and morphological analysis were performed by a blinded researcher. For each mouse, images
were captured bilaterally from the prelimbic region of the PFC, the core of the NAC, the paraventricular
hypothalamus (HYPO), the basolateral amygdala (AMY), the CA1 and CA3 regions of the hippocampus.
Images were acquired using a 40 x oil-based objective on a Leica SP8 confocal fluorescence microscope. Each
image was captured in a 30-micron deep z-stack (20 z-steps, 1.5 micron/step) with 1024 X 1024 resolution and
8-bit color graphics. 3D reconstruction was then carried out using Imaris (Version 10.1, Oxford Instruments,
Concord, MA USA). The Imaris “Filament” module was used to generate 3D reconstruction of microglia using
IBA1-positive cells. For each image, 6 IBA1-positive cells were randomly selected using Imaris to quantify the
process arborization, the total number of processes and total length of processes per microglia. The number of
microglia per region was also counted bilaterally by hand. Cells were identified as microglia when it was both
positive for DAPI and IBA1. For each region, the number of microglia was counted bilaterally while blinded to
the treatment and the sex of the mice.

Statistical evaluation

Statistical analysis was conducted using GraphPad Prism software. One-way ANOVA was used to evaluate the
process arborization in Sholl analysis for all brain regions. Two-way ANOVA analysis was used to evaluate the
effect of chronic stress in the LDT, the effect of treatment, and sex in the total number of microglia per region,
total number, and length of processes per microglia. Three-way ANOVA was used to analyze the percentage of
weight change and microglia density. Multiple analysis was conducted using Tukey’s post hoc test. A post-hoc
power analysis was conducted using the G* Power (version 3.1). There was a large effect size, f=0.96, with 6
mice per group, which provides a power of 0.8 for p <0.05. The Kruskal-Wallis test was conducted to confirm
that the data were normally distributed. In Sholl analysis, due to the large variation in the distance away from
the cell body, a cutoff point of 55 pm was applied to all microglia. The cutoff point was calculated by averaging
the furthest distance away from the cell body in each group. Statistical outliers were calculated using the two-
sided Grubbs’ test (a=0.05) and excluded from the analysis. Excluded data points: Weight: day 14: 1 Female
NS, 1 male NS. Region: 1 female UCMS in NAC, 1 male UCMS in CA3, 1 male UCMS in CA1.PFC length of
process: 7 male NS, 1 female NS, 1 male UCMS, 1 female UCMS. PFC total number of processes: 2 male NS,
2 female NS, 2 female UCMS. NAC length of process: 10 female NS, 2 female UCMS, 2 male UCMS. NAC
total number of processes: 1 male NS, 1 male UCMS, 3 female NS. HYPO length of process: 1 female UCMS.
HYPO total number of processes: 3 female UCMS. AMY number of processes: 2 male NS, 2 female NS, 1 female
UCMS. AMY length of process: 2 male NS, 1 female NS, 1 male UCMS, 3 female UCMS. AMY total number of
processes: 2 male NS, 2 female NS, 1 female UCMS. CA1 length of process: 1 male NS, 2 female NS, 2 female
UCMS. CA1 total number of processes: 1 female NS, 4 male NS. CA3 length of process: 1 male NS, 1 female NS,
1 male UCMS, 3 female UCMS. CA3 number of processes: 3 male NS, 2 male UCMS.
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«Fig. 7. Chronic stress induced microglia reactivity in the CA3 by decreasing the arborization, the length, and

number of processes. Females exhibited a more reactive phenotype at baseline. (A) Representative images of
the effect of stress on 11microglia in the CA3 from NS and UCMS groups. Microglia were immunostained
with IBA1 (red), nucleus was stained with DAPI (blue). 400 x magnification. Scale bar: 50 um. Nissl staining
obtained from the Allen Mouse Brain Atlas and Allen Reference Atlas—Mouse Brain®. (B) Quantitative
analysis of total length of processes in microglia from the CA3. Data analyzed using two-way ANOVA and
followed by multiple comparison analysis: a significant interaction between stress and sex (F, |, =22.98,
p<0.0001), with main significant effects of stress (F, |, =39.30, p<0.0001) and sex (F, |4 =6.391,
p=0.0126). (C) Quantitative analysis of number of processes in microglia from the CA3. Data analyzed using
two-way ANOVA and followed by multiple comparison analysis: a significant interaction between stress and

sex (F

=15.32, p=0.0001) with main effects of stress (F, =39.92, p<0.0001) and sex (F =4.058,

1,141) ~ (1,141) (1, 141)

p=0. 0459) (D) Sholl analysis was conducted to measure the process arborization. Data analyzed using

one-way ANOVA followed by multiple comparison analysis (F,
microglia were randomly selected bilaterally for morphologica

3,206 = 9-078, p<0.0001). For each mouse, 6
i quantification. Data presented as the mean

with SEM. **p <0.01, **p <0.001, ***p <0.0001.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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