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The mechanistic relationship between the sexually dimorphic neuroimmune system and the sex-specific outcomes
of a pubertal immune challenge is unclear. Therefore, we examined sex differences in the progression of cytotoxic
microglial responses and blood-brain barrier (BBB) disruption to a peripubertal lipopolysaccharide (LPS) treat-
Ibal ment in brain regions relevant to stress responses and cognitive function. Six-week-old (i.e., stress-sensitive pu-
Caspase-3 bertal period) male and female CD-1 mice were treated with LPS (1.5 mg/kg body weight, ip) or 0.9% saline (LPS-
NeuN matched volume, ip). Sex and treatment differences in microglial (Ibal™) and apoptotic neuronal (caspase-3*/
NeuN™) and non-neuronal (caspase-3"/NeuN~) expression were examined in the hippocampus, medial prefrontal
cortex (mPFC), and paraventricular nucleus 24 h (sickness), one week (symptomatic recovery) and four weeks
(early adulthood) post-treatment (n = 8/group). Microglial morphology was quantified with fractal analyses.
Group differences in BBB permeability to 14C-sucrose were examined 24 h (whole-brain, hippocampus, prefrontal
cortex, hypothalamus, and cerebellum) and one week (whole-brain) post-treatment. The acute effects of pubertal
LPS were specific to females (i.e., global BBB disruption, altered microglial expression and morphology in the
mPFC and hippocampus, increased hippocampal apoptosis). The residual effects of pubertal LPS-induced sickness
observed in microglia persisted into adulthood in a sex- and region-specific manner. In addition to highlighting
these sex-specific responses of the pubertal neuroimmune system, we report baseline region-specific sex differ-
ences in microglia spanning puberty through adulthood. We propose that these sex differences in neuroimmune-
neurovascular interactions during the stress-sensitive pubertal period create sex biases in stress-related disorders
of brain and behaviour.

1. Introduction

Sex-specific patterning of the brain and the stress response system
during puberty contribute to sex differences in stress vulnerability and
reactivity during this critical period, particularly towards a systemic
immune challenge (Holder and Blaustein, 2014; Kane and Ismail, 2017;
Schulz and Sisk, 2016; Sisk and Foster, 2004; Vigil et al., 2011). Sex
differences in the reorganization and remodelling of pubertal neuro-
circuitry facilitate the sex-specific outcomes of a pubertal immune chal-
lenge on brain and behaviour. For example, CD-1 mice treated with the
bacterial endotoxin lipopolysaccharide (LPS) (1.5 mg/kg body weight,
intraperitoneal [ip]) during the stress-sensitive pubertal period (i.e., six
weeks of age) show female-skewed increases in depression-like behav-
iours and male-biased increases in anxiety-like behaviours and reactivity
to novel stressors (Murray et al., 2019). Similar sex-dependent effects of

pubertal LPS treatment are observed in stress and immune responses (Cai
et al., 2016; Girard-Joyal et al., 2015; Sharma et al., 2019), behavioural
responsiveness to gonadal hormones (Ismail et al., 2013; Laroche et al.,
2009a,b; Olesen et al., 2011), spatial learning and hippocampal cell
development (Kolmogorova et al., 2019), and dopamine-sensitive be-
haviours (Girard-Joyal and Ismail, 2017). The neural mechanisms
driving the sex-specific acute and enduring effects of LPS treatment
during the stress-sensitive pubertal period remain elusive.

The brain’s primary line of immune defense is a system of microglia
cells whose phagocytic properties lend themselves well to addressing
immune threats (e.g., cellular debris, bacteria), shaping of neural circuits
during critical periods, and maintaining neural networks (Lenz and
Nelson, 2018; Li and Barres, 2018; Tay et al., 2017). Age-related sex
differences in cell density and phenotype (e.g., Crain et al., 2013;
Hanamsagar et al., 2017; Villa et al., 2018) establish region-dependent
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sexual dimorphisms in microglial functions. When faced with an immune
threat, the highly ramified surveillant “resting” microglia alter their
morphology along a graded continuum towards the amoeboid-like form
of their fully “activated” phagocytic state (Hoogland et al., 2015). Intense
systemic immune stressors can dysregulate adaptive microglia-mediated
inflammatory responses (Ling et al., 2006; Puntener et al., 2012; Qin
et al., 2007; Williamson et al., 2011). Maladaptive microglial responses
generate excess cytotoxic factors (e.g., nitric oxide, tumour necrosis
factor alpha) which activate programmed cell death pathways such as
apoptosis (e.g., Cunningham et al., 2005; Khan et al., 2016; 2017; Noh
et al., 2014). Due to genomic and hormonal influences, neonatal and
young females adopt predominantly caspase-dependent apoptotic path-
ways during inflammatory events compared to the caspase-independent
pathways more commonly seen among age-matched males (Alfonso--
Loeches et al., 2013; Du et al., 2004; Liu et al., 2009; Rau et al., 2003;
Waters and Simerly, 2009; Zhu et al., 2005, 2006).

As a key interface between the central nervous system (CNS) and the
periphery, the blood-brain barrier (BBB) moderates neuroinflammatory
responses to systemic immune events by restricting passage of peripheral
immune-activating factors into the CNS (Abbott et al., 2006; Engelhardt
and Liebner, 2014; Langen et al., 2019; Sweeney et al., 2019). High doses
of systemic LPS (e.g., 3.0 mg/kg body weight) disrupt BBB integrity to
small (14C-sucrose [342 Da], sodium fluorescin [376 Da], 99mre DTPA
[487 Da]) and large (131—albumin [66 kDa]) radioisotopes, with the most
significant LPS-induced BBB disruption occurring 24 h post-treatment
(Banks et al., 2015; Nishioku et al., 2009). The magnitude of regional
and global BBB vulnerability to systemic immune events is influenced by
age-related sex differences in circulating gonadal steroid hormones
(Abi-Ghanem et al., 2020; Duckles and Krause, 2007; Erdo et al., 2016;
Erickson and Banks, 2019; Krause et al., 2006). Although our under-
standing of the androgenic influences on the BBB is complicated by the
natural conversion of androgens to estrogenic steroids in the body, an-
drogens and progesterone appear to oppose the cerebrovascular effects of
estrogens (Abi-Ghanem et al., 2020; Krause et al., 2002; Ospina et al.,
2003; Robison et al., 2019). Androgens and progesterone generally
constrict cerebrovascular tone and exert pro-inflammatory effects,
whereas estrogens tend to dilate vascular tone, increase cerebral flow,
and show immune-suppressing or anti-inflammatory properties (Gon-
zales et al., 2005, 2008; Krause et al., 2002; Ospina et al., 2003, 2004;
Sunday et al., 2006).

This study tested the mechanistic involvement of the pubertal neu-
roimmune network in the sex-specific outcomes of systemic immune
challenge during this critical period. We examined sex differences in the
progression of LPS-induced effects on BBB permeability, microglial
expression and morphology, and caspase-3-dependent apoptosis of
neuronal and non-neuronal cells, focusing on the sexually dimorphic and
interconnected brain regions for stress regulation and cognitive func-
tioning. Acutely, systemic LPS treatment was expected to disrupt BBB
integrity (i.e., whole brain and in the hippocampus, prefrontal cortex
[PEC], hypothalamus, and cerebellum) and to induce apoptotic micro-
glial responses in the hippocampus, medial PFC (mPFC), and para-
ventricular nucleus (PVN). LPS-induced BBB disruption and apoptosis
were expected to subside upon symptomatic recovery, whereas the
microglial changes were expected to persist into early adulthood. The
magnitude of all LPS-induced effects was expected to differ betwen re-
gions. Baseline sex differences in the pubertal neuroimmune network
predict a generally female-biased vulnerability to LPS-induced changes in
the examined systems.

2. Methods
2.1. Animals
Three-week-old male and female CD-1 mice were shipped to our

animal facility from Charles River Laboratories (Saint-Constant, Québec).
All mice were housed in groups of three in polycarbonate Lexan cages
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(17 x 28 x 12 cm [width x length x height]) in sex-segregated rooms
maintained on a reversed light cycle (lights off at 1000 h) under standard
conditions (14 h:10 h light/dark cycle; 24 + 2 °C; relative humidity of 40
+ 5%). Dusk and dawn were induced gradually over 1 h. The cages
included Teklad Corn Cob bedding (Harlan Laboratories, Inc., Madison,
WI, USA; 0.25 in. diameter), a cardboard refuge hut (Ketchum
Manufacturing, Inc., Brockville, ON, Canada), and one square piece of
Nestlet (Ancare Corp., Bellmore, NY, USA). Ad libitum access to food
(Harlan Laboratories, Inc., Madison, WI, US, T2018 — Global 18% rodent)
and water was provided. The Animal Care Committee of the University of
Ottawa approved all experimental procedures.

2.2. Treatment administration

Six-week-old mice received either LPS (from Escherichia coli serotype
026:B6; L#3755; Sigma Chemical Co., St. Louis, MO, USA; 1.5 mg/kg
body weight, ip) or 0.9% sterile saline (LPS-matched volume, ip) towards
the end of the light phase (n = 96/treatment). During puberty, this LPS
dose induces sickness for approximately 48 h in both sexes and impairs
stress- and cognition-related neurocircuitry and behaviour in a sex-
dependent manner (Cai et al., 2016; Girard-Joyal et al., 2015; Kolmo-
gorova et al., 2019; Sharma et al., 2019).

2.3. Sickness monitoring

Two experienced raters blinded to treatment examined each mouse
0.5, 2, 4, 8, 12, and 24 h post-treatment for behavioural signs of sickness
(i.e., lethargy, piloerection, ptosis, and huddling). Scores between 0 and
4 were assigned to reflect the number of sickness behaviours observed
(Kolmogorova et al., 2017). Mean scores at each time-point were used for
analysis.

2.4. Body weight

Body weights were measured at time of injection (i.e., baseline) and
12 and 24 h post-treatment. Changes in body weight were examined as
percent change in body weight from baseline (Kolmogorova et al., 2017).

2.5. Brain tissue collection

All mice were deeply anesthetized with sodium pentobarbital (500
mg/kg body weight, ip) at either 24 h, one week, or four weeks after LPS
or saline exposure (n = 8/group). Upon confirmation of deep anesthesia,
mice were intracardially perfused with sterile saline (20.0 mL) followed
by 4% paraformaldehyde (PFA) (20.0 mL). The excised brains were post-
fixed in 4% PFA for 2 h and then placed in fresh 30% sucrose solution 2
and 24 h after post-fixing. The brain tissue was sliced by vibratome into
30 um free-floating sections into four equal series and stored in cryo-
protectant solution at —20 °C.

2.6. Immunohistofluorescence for Ibal

Staining for microglia was completed on one series of brain tissue. All
steps were performed at room temperature with gentle agitation, unless
otherwise specified. Free-floating sections were first washed in 0.3%
TritonX-100/1X phosphate-buffered saline (PBS; three x 5 min). After 2 h
blocking with a 1% bovine serum albumin (BSA)/ 0.3% TritonX-100/1X
PBS solution, the tissue was incubated for 24 h at 4 °C in a solution of
rabbit anti-Ibal (1:1000; Wako Laboratory Chemicals; cat: 019-19741)/
1% BSA/ 0.3% TritonX-100/1X PBS. The sections were again rinsed in
0.3% TritonX-100/1X PBS (three x 5 min) and then incubated with Alexa
Fluor® 488 (1/2000; ThermoFisher Scientific; cat: A21206) in a 1%
BSA/ 0.3% TritonX-100/1X PBS solution for 2 h. A final set of washes in
0.3% TritonX-100/1X PBS (three x 5 min) was completed before
mounting onto glass slides using DPX mountant (Sigma-Aldrich; cat:
06522) and coverslip.



D. Kolmogorova et al.
2.7. Double-labelling for Caspase-3 and NeuN

A second series of brain tissue was used to double-label for neurons
(i.e., NeuN) and apoptotic cells (cleaved caspase-3). Caspase-3 is a key
executioner of programmed cell death in both the mitochondrial
(intrinsic) and death receptor (extrinsic) pathways of apoptosis (Elmore,
2007; Shalini et al., 2015). The procedures were performed at room
temperature with gentle agitation, unless otherwise specified. Briefly, the
tissue was rinsed in 0.3% Triton X-100/1X PBS (three x 5 min) and then
blocked with 1% donkey serum/ 0.3% TritonX-100/1X PBS for 2 h. NeuN
and caspase-3 labelling was achieved with guinea pig anti-NeuN

A

NeuN* Caspase-3*

Binary
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(1/2000; Millipore; cat: ABNP) and rabbit anti-caspase-3 (1/1000; Cell
Signaling Technologies; cat: 9661) diluted in 1% donkey serum/ .3%
TritonX-100/1X PBS (24 h incubation at 4 °C). Following a second wash
(0.3% TritonX-100/1X PBS; three x 5 min), the staining was visualized
using donkey anti-guinea pig Alexa Fluor® 488 (1,/1000; Jackson
Immuno Research; cat: 706-545-148) and donkey anti-rabbit Alexa
Fluor® 594 (1/2000; Life Technology; cat: A21207) diluted in 1%
donkey serum/ 0.3% TritonX-100/1X PBS (2 h incubation). The tissue
was again washed in 0.3% TritonX-100/1X PBS (three x 5 min). Nuclear
counterstaining was achieved by immersing the tissue in Hoechst 33342
(1/20,000; Invitrogen; cat: H3570)/1X PBS for 10 min. After a final set of
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Fig. 1. Apoptotic cells and morphometric analyses of microglial cells.
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Note. Caspase-37/NeuN™ cells (i.e., apoptotic neurons) showed identical co-labelling with Hoechst (A). Caspase-3" cells without this colocalization of Hoechst with
nearby NeuN" cells were considered non-neuronal (i.e., caspase-3*/NeuN~ cells). To analyze morphometric features of the randomly selected Ibal™ cells, the original
photomicrographs were made binary and then converted to outlines in Fiji for fractal analyses using the FracLac plugin (B) (Karperien et al., 1999-2013; Morrison

et al., 2017).
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washes (0.3% TritonX-100/1X PBS; three x 5 min), the tissue was
mounted onto glass slides using with DPX mountant (Sigma-Aldrich; cat:
06522) and coverslip.

2.8. Cell quantification

Quantification of Ibal ™, caspase-3", caspase-3*/NeuN ", and caspase-
3%/NeuN" cells in the hippocampus, hippocampal sub-regions (i.e.,
dentate gyrus [DG], cornus ammonis [CA]1, CA2, and CA3), mPFC, and
PVN was assessed by averaging the total cell counts of two trained raters
blinded to experimental group. Cell quantification was completed on one
representative bilateral image of the dorsal hippocampus (i.e., bregma:
—2.18 mm), mPFC (i.e., bregma: +1.78 mm), and the PVN (i.e., bregma:
—0.82 mm) (Franklin and Paxinos, 2007). All images were captured
using a 20x objective on an Olympus BX61 microscope. Ibal™ cells were
counted only when a cell body was clearly identifiable. Colocalization
with Hoechst was required for counting both caspase-3" and NeuN™"
cells. Caspase-3"/NeuN" cells showed identical Hoechst co-labelling (see
Fig. 1A).

2.9. Quantitative analyses of microglial morphology

Fractal analyses were performed using Fiji software (Schindelin et al.,
2012). Ibal™ cells for fractal analysis were randomly selected using a grid
and random number generator (n = 24 cells/bilateral region) (Morrison
et al., 2017). Photomicrographs of selected Ibal™ cells were first made
binary and then converted to outlines in Fiji (Karperien et al.,
1999-2013; Morrison et al., 2017) (see Fig. 1B). The FracLac plugin
(Karperien, 1999-2013) was then applied to the outline of each micro-
glia cell to quantify density, fractal dimension (using a box plot protocol),
lacunarity (using a box plot protocol), span ratio, and cell circularity (see
Table 1).

2.10. Radioactive measures of in vivo BBB disruption

In vivo BBB disruption was assessed at 24 h (whole-brain and region)
and at one week (whole-brain) after saline or LPS treatment (n = 8/
group). In brief, mice were deeply anesthetized with 0.1-0.2 mL of 40%
urethane (ip) and then injected with 14 sucrose (106 dpm in 0.2 mL of
lactated Ringer’s solution/1% BSA) into the jugular vein (Banks et al.,
2015). After 10 min, arterial blood was collected from the descending
abdominal aorta, the descending thoracic aorta was clamped, the left and
right jugular veins were severed, and 20.0 mL of lactated Ringer’s solu-
tion was perfused through the left heart ventricle in under 1 min. Whole
brains and hippocampal, PFC, cerebellar, or hypothalamic tissue were
then excised, weighed, and solubilized. Serum was obtained by centri-
fuging the collected blood for 5 min at 10,000xg. Total levels of radio-
activity in the brain and serum were measured using a PerkinElmer
Tri-Carb 2910 TR scintillation counter. Data are expressed as mean
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counts per minute (CPM) per brain sample (g) divided by the CPM per uL
in the corresponding serum (uL/g).

2.11. Experimental procedures

Male and female CD-1 mice were treated with LPS or saline at six
weeks of age, a stress-sensitive period during puberty (Laroche et al.,
2009a,b). A subset of mice was used for immunohistofluorescence to
assess sex and treatment differences in microglial expression and
morphology and caspase-3-dependent apoptosis of neuronal and
non-neuronal cells in the hippocampus, mPFC, and PVN over time (i.e.,
24 h [sickness], one week [symptomatic recovery], and four weeks
post-treatment [early adulthood]). Sex- and treatment-dependent
changes in BBB disruption during sickness and symptomatic recovery
were examined in the remaining mice. BBB disruption during sickness
was examined in the whole-brain and regionally in the hippocampus,
PFC, cerebellum, and hypothalamus; whole-brain BBB disruption was
examined during symptomatic recovery. Sample sizes were consistent
across all parameters (n = 8/experimental group).

2.12. Statistical analyses

Extreme statistical outliers (i.e., cases that exceed the 3 x interquartile
range in boxplots) were adjusted by winsorization. Sex (male versus fe-
male) and treatment (saline versus LPS) effects on sickness parameters
over time were examined with a three-way mixed-design analysis of
variance (ANOVA) (Kolmogorova et al., 2017). The Greenhouse-Geisser
correction was applied to F-values that violated Mauchly’s test of sphe-
ricity (i.e., £greenhouse-Geisser < 0-75). The expression of Ibal™, caspase-37,
caspase-3*/NeuN~, and caspase-3*/NeuN™ cells, and the morphometric
profiles of Ibal*cells, and *C-sucrose whole-brain/serum ratios were
analyzed using a three-way (time x sex x treatment) between-subjects
ANOVA. C-sucrose whole-brain/serum ratios for hippocampal, PFC,
hypothalamic, and cerebellar tissue were analyzed with a two-way (sex x
treatment) between-subjects ANOVA. Statistical significance was set to p
< .05. To protect from Type I error, Bonferroni correction was applied to
post hoc pairwise comparisons of statistically significant interactions
(Abdi, 2007). Trending interactions (i.e., .05 < p < .10) are only reported
when corresponding Bonferroni-corrected pairwise comparisons were
statistically significant. Effect sizes were estimated using partial
eta-squared (ng). All analyses were completed with IBM® SPSS® (version
20.0.0) statistical software.

3. Results
3.1. Acute behavioural and physical responses to treatment

The ANOVA of sickness behaviours showed a significant time x sex x
treatment interaction (F(3.8s, 724.68) = 2.45, p = .047, rhz) = 0.013) (see

Table 1
Morphometric measures of microglia cells.
Dimension Measure Unit Interpretation Range
Fractal dimension InNe Dg Measure of cell’s contour bounded by endpoints and process lengths 1-2
Ine
Circularity 4nx cell area Ratio Roundness 0-1
cell perimeter?
Span ratio convex hull eclipse Ratio Cell shape 0-1
longest length
convex hull
eclipse
longest width
Lacunarity ZA(g) A Distribution of gaps or lacuna in the image >0
N
Density # of pixels within cell outline # of pixels Cell size 0-1
area of convex hull area

Note. N refers to the number of pixels; ¢ refers to box size or scale; Ng, refers to the number of grid origins; A refers to the calculated mean lacunarity (A) per image

(Karperien et al., 2013).
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Fig. 2A). As expected, sickness behaviour responses changed significantly 3.2.2. DG

over the 24 h observation period (F(3.85, 724.68) = 202.47, p < .001, 113 =
0.519) and were consistently higher among LPS-treated mice compared
to their saline-treated counterparts (F(q, 188) = 4427.20, p < .001, ryﬁ =
0.959). Sickness behaviour responses were also significantly affected by
sex (Fa1, 188) = 16.56, p < .001, ’71% = 0.081). Among LPS-treated mice,
males and females showed similar increases in sickness behaviours 30
min post-treatment; however, mean sickness behaviour responses were
significantly higher among LPS-treated males relative to their female
counterparts at 2, 8, 12, and 24 h post-treatment (mean difference [MD]
= 0.53, standard error [SE] = 0.11; MD = 0.32, SE = 0.09; MD = 0.47, SE
= 0.08; and MD = 0.56, SE = 0.12, respectively; all p < .001).
Analyses of percent change in body weight from baseline revealed a
significant time x treatment interaction (F(3, 376) = 1273.13, p < .001, 111%
= 0.684) and significant main effects of time (F(3, 376) = 155.37,p < .001,
1% = 0.452) and treatment (F(, 188) = 728.74, p < .001, 1 = 0.795) (see
Fig. 2B). Baseline body weight did not differ between saline- and LPS-
treated mice (p > .05). LPS treatment induced significant body weight
loss in both male and female mice than their saline-treated counterparts
12 h and 24 h post-treatment (all p < .001). Males and females showed
similar treatment-related percent changes in body weight (all p > .05).

3.2. Treatment and sex differences in hippocampal microglial expression

3.2.1. Total

Hippocampal microglia expression revealed a significant time x sex
interaction (F(o, g4y = 3.15, p = .048, 1712, = 0.070), as well as significant
main effects of treatment (F(1, g4) = 5.43, p = .022, ’75 = 0.061) and sex
(F1, 84) = 6.07, p = .016, r]g = 0.067) (see Fig. 3B). Saline-treated males
expressed more Ibal™ cells in the hippocampus than their female coun-
terparts at both 24 h and one week post-treatment (MD = 357.75, SE =
123.94, p =.005 and MD = 302.63, SE = 123.94, p = .017, respectively).
LPS-treated females showed significantly more total Ibal™ cells than
saline-treated females during symptomatic recovery (MD = 342.06, SE =
123.94, p = .007). Microglial expression in the hippocampus was similar
across groups during adulthood (all p > .05).

DG expression of microglia showed significant time x sex (F(2, g4) =
3.19,p =.046, '7% = 0.071) and sex x treatment (F(;, g4) = 5.22, p = .025,
11;‘; = 0.058) interactions, as well as significant main effects of treatment
(Fa, 84y = 4.01,p = .049, 2 = 0.046) and sex (F(1, g4) = 8.42, p = .005, 11>
= 0.091) (see Fig. 4A). Ibal™ cell counts in the DG were significantly
higher 24 h and one week post-treatment among saline-treated males
relative to saline-treated females (MD = 161.69, SE = 49.15, p = .001 and
MD = 137.63, SE = 49.15, p = .006, respectively). At one week post-
treatment, Ibal™ cell counts were significantly higher among LPS-
treated females relative to saline-treated females (MD = 128.69, SE =
49.15, p = .010). Microglial expression in the DG during adulthood was
similar across groups (all p > .05).

3.2.3. CAl

Microglial expression in the CAl revealed a significant time x sex
interaction (F(2, g4y = 3.87, p = .025, ’7§ = 0.084) and significant main
effects of treatment (F(1, g4) = 5.95,p = .017, '7% = 0.066) and sex (F(1, 84)
= 8.81, p = .004, 1712, = 0.095) (see Fig. 4B). Saline-treated males
expressed more Ibal™ cells in the CA1 than saline-treated females 24 h
and one week post-treatment (MD = 126.75, SE = 45.39, p = .006 and
MD = 124.82, SE = 45.39, p = .007, respectively). LPS-treated females
expressed more Ibal™ cells in the CAl than their saline-treated coun-
terparts one week post-treatment (MD = 105.63, SE = 45.39, p = .022).
Microglial expression in the CAl was similar across groups during
adulthood (all p > .05).

3.24. cA2
Microglial expression in the CA2 was similar across groups at each
time-point (all p > .05) (see Fig. 4C).

3.2.5. CA3

Microglial expression in the CA3 differed significantly across time
(F2, 84y = 5.26, p = .007, ’11% = 0.111) (see Fig. 4D). Although the in-
teractions were not statistically significant (all p > .05), the time-point x
sex x treatment interaction was trending towards significance (F(2, g4) =
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Fig. 3. Microglial expression in the hippo-
campus.
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2.79,p = .067, qg = 0.067). Microglial expression in the CA3 was similar
across groups 24 h post-treatment (all p > .05). Ibal™ cell expression was
significantly higher one week post-treatment among LPS-treated females
relative to saline-treated females (MD = 72.25, SE = 32.88, p = .031).
During adulthood, LPS-treated males had significantly higher Ibal™ cell
counts relative to their saline-treated counterparts (MD = 66.50, SE =
32.88, p = .046).

3.3. Morphometric features of hippocampal microglia

Analyses of microglial morphology in the hippocampus (see
Fig. 5A-F) revealed a significant time x sex interaction for density (F(o,
84) = 4.10, p = .020, 11% = 0.089) and a significant sex x treatment
interaction for Dg (F(1, g4y = 5.90, p = .017, '71% = 0.066). Trends towards
statistical significance were observed for the time x sex interaction for

24h

1 week 4 weeks -001).

4 weeks

span ratio (F(2, g4y = 3.04, p = .053, 11% = 0.068) and the sex x treatment
interaction for lacunarity (F(1, g4y = 3.41,p = .068, '7% =0.039). Dg values
differed significantly across time (F(2, g4y = 3.41, p =.038, ’71% =0.075). A
significant main effect of treatment was observed for density (F1, g4) =
8.38, p =.005, 73 = 0.091) and Dy (F(1, g4y = 10.91, p = .001, 7% = 0.115),
as well as a significant main effect of sex for density (F, g4y = 11.44,p =
.001, ’15 = 0.120). Hippocampal microglia of LPS-treated mice consis-
tently showed significantly higher circularity and lacunarity compared to
those of saline-treated controls (F(1, g4y = 8.78, p = .004, nf, =0.095 and
Fa, 84y = 5.00, p = .028, ’h% = 0.056, respectively). Span ratios were
significantly lower among LPS-treated mice relative to controls (F(1, 84) =
16.13, p < .001, 73 = 0.161).

During LPS-induced sickness, hippocampal microglia showed signifi-
cantly higher Dg values among LPS-treated females relative to saline-treated
females (MD = 0.05, SE = 0.02, p = .005). One week post-treatment, density
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Fig. 4. Microglial expression in the hippocampal subregions.
Note. Mean (+SEM) total Ibal™ cells counted in dentate gyrus (A), cornus ammonis (CA) 1 (B), CA2 (C), and CA3 (D) 24 h, one week, and four weeks post-treatment.
Asterisks depict significant sex and treatment differences (* = p < .05, ** =p < .01, *** = p < .001).
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was significantly higher among saline-treated females relative to their LPS- SE =0.03,p =.008 and MD = 0.03, SE = 0.01, p = .001, respectively) and
treated counterparts (MD = 0.02, SE = 0.01, p = .014) and saline-treated LPS-treated males (MD = 0.05, SE = 0.03, p = .042 and MD = 0.02, SE =
males (MD = 0.02, SE = 0.01, p = .015). Hippocampal microglia four 0.01, p = .028, respectively). Microglial span ratios were significantly
weeks post-treatment showed significantly greater lacunarity and density higher in saline-treated females relative to male counterparts during
among LPS-treated females compared to saline-treated females (MD = 0.07, adulthood (MD = 0.17, SE = 0.08, p = .041).
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3.4. Hippocampal apoptosis

Hippocampal caspase-3-dependent apoptosis showed a significant
time x sex x treatment interaction (F(2, g4y = 15.50, p < .001, rz% =0.270)
and significant main effects of time (F(3, g4y = 9.93, p < .001, ng =0.191),
sex (Fa1, 84)=7.14,p = .009, ’7[% = 0.078), and treatment (F(;, g4) = 18.29,
p < .001, 1112, = 0.179) (see Table 2). Mean hippocampal caspase-3" cell
expression 24 h post-treatment was significantly higher among LPS-
treated females relative to saline-treated females (MD = 3.25, SE =
0.38, p < .001) and LPS-treated males (MD = 3.25, SE = 0.38, p < .001).
Significant sex and treatment differences were not observed at later time-
points (all p > .05).

3.4.1. Neuronal and non-neuronal apoptosis

Analyses of hippocampal apoptosis also revealed significant time x
sex x treatment interactions for apoptosis of neuronal (i.e., caspase-3"/
NeuN™) (F(2, 84y = 9.30, p < .001, ’712> = 0.181) and non-neuronal (i.e.,
caspase-3'/NeuN") cells (F2, 84y = 5.73, p = .005, ng = 0.120) (see
Table 2). Significant main effects of time, sex, and treatment were
observed for neuronal (Fo, g4y = 7.14, p = .001, '75 = 0.145; F1, 84) =
6.07, p = .016, 72 = 0.067; and F1, g4y = 10.37, p = .002, ;i = 0.110,
respectively) and non-neuronal cells (F(2, g4y =5.73, p = .005, ’73 =0.120;
Fq, 84y = 5.73, p = .019, 42 = 0.064; and Fq1, g4y = 5.73, p = .019, 1j% =
0.064, respectively). At 24 h post-treatment, LPS-treated females had
significantly more caspase-3*/NeuN" and caspase-3*/NeuN~ cells than
saline-treated females (MD = 1.88, SE = 0.27, p < .001 and MD = 0.75,
SE = 0.13, p < .001, respectively) and LPS-treated males (MD = 1.88, SE
= 0.27, p < .001 and MD = 0.75, SE = 0.13, p < .001, respectively).
Neuronal and non-neuronal apoptosis was similar across groups one
week and four weeks post-treatment (all p > .05).

3.5. Temporal sex and treatment effects on total microglial expression in
the mPFC

Microglial expression in the mPFC revealed a significant time x sex
interaction (F(2, g4) = 5.22, p = .007, 'h% = 0.110) and a significant main
effect of sex (F(1, g4) = 10.43, p = .002, ’13 = 0.110) (see Fig. 6B). Ibal™
cell numbers in the mPFC did not differ between groups 24 h and one
week post-treatment (all p > .05). Four weeks post-treatment, however,
mean Iba™ cell counts were significantly higher among males relative to
females in saline-treated and LPS-treated mice (MD = 171.19, SE =
56.66, p = .003 and MD = 188.56, SE = 56.66, p = .001).

Table 2
Caspase-3-dependent apoptosis in the hippocampus.
Cell Time post- Males Females
treatment , ,
Saline- LPS- Saline- LPS-
treated treated treated treated
Caspase-3" 24 h .00 (.00) .0 (.00) .0 (.00) 3.25
(.:80)
1 week .00 (.00) .00 (.00) .00 (.00) .00 (.00)
4 weeks .00 (.00) .75 (.49) .00 (.00) .00 (.00)
Caspase-3"/ 24h .00 (.00) .0 (.00) .0 (.00) 1.88
NeuN™" (.64)
1 week .00 (.00) .00 (.00) .00 (.00) .00 (.00)
4 weeks .00 (.00) .25 (.16) .00 (.00) .00 (.00)
Caspase-3"/ 24 h .00 (.00) .00 (.00) .0 (.00) .75 (.31)
NeuN" 1 week .00 (.00) .00 (.00) .00 (.00) .00 (.00)
4 weeks .00 (.00) .00 (.00) .00 (.00) .00 (.00)

Note. Data present group means (+SEM) of total caspase-3™, caspase-3*/NeuN™
(i.e., neuronal), and caspase-3"/NeuN~ (i.e., non-neuronal) cells counted in the
hippocampus. Asterisks denote significant sex and treatment differences (* =p <
.05, ** =p < .01, *** = p < .001).
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3.6. Morphometric features of microglia in the mPFC

Fractal analyses in the mPFC (see Fig. 7A-E) identified significant
time x sex (F(2, g4) = 3.16, p = .048, 17% = 0.070) and time x sex X
treatment interactions (F(o, g4) = 3.51, p = .034, '71% = 0.077) for circu-
larity. There were trends towards statistical significance for the time x
treatment interaction for span ratio (F(o, g4) = 2.94, p = .059, 'h% =0.065)
and the time x sex x treatment interaction for Dg values (F(2, g4) = 2.55, p
=.084, nf, = 0.057). Circularity, Dg, and span ratios varied significantly
across time (F(, g4y = 4.30,p = .017, nf, =0.093; F2, 84y = 3.32,p = .041,
’15 = 0.073; and F(y, g4y = 6.94, p = .002, r]% = 0.142, respectively). A
significant main effect of sex was observed for circularity (F1, g4) =
22.85,p < .001, ’75 = 0.214). Span ratios and density values were overall
significantly higher among females compared to males (F(y, g4y = 16.13,
p < .001, 72 = 0.161 and Fy, g4y = 23.40, p < .001, # = 0.218, respec-
tively). In contrast, Dg and lacunarity values were significantly skewed
towards males (F(1, g4y = 22.81,p < .001, ’15 =0.214 and F(1, g4) = 42.90,
p <.001, ;112) = 0.338, respectively).

Microglia in the mPFC 24 h post-treatment showed significantly
higher span ratios among saline-treated females relative to LPS-treated
females (MD = 0.15, SE = 0.05, p = .006) and saline-treated males
(MD = 0.14, SE = 0.05, p = .012). Female controls also showed signifi-
cantly lower Dp values than saline-treated males (MD = —0.04, SE =
0.02, p = .025) and less circularity than LPS-treated females (MD =
—0.03, SE = 0.01, p = .027) and saline-treated males (MD = —0.02, SE =
0.01, p = .028) at this time-point. One week post-treatment, Dy values,
lacunarity, circularity were significantly skewed towards males in saline-
treated (MD = 0.04, SE = 0.02, p = .045; MD = 0.04, SE = 0.02,p = .015
and MD = 0.04, SE = 0.01, p = .001, respectively) and LPS-treated mice
(MD = 0.08, SE = 02, p < .001; MD = 0.08, SE = 0.02, p < .001; and MD
= 0.04, SE = 0.01, p = .002, respectively). Conversely, span ratios one
week post-treatment were significantly greater among females relative to
males in saline-treated and LPS-treated mice (MD = 0.19, SE = 0.05,p =
.001) and LPS-treated mice (MD = 0.16, SE = 0.05, p = .003). This female
bias in span ratios among saline-treated and LPS-treated mice persisted
into adulthood (MD = 0.11, SE = 0.05, p = .039 and MD = 0.13, SE =
0.05, p = .014, respectively). LPS-treated females displayed significantly
less circularity in microglia than females (MD = —0.02, SE = 0.01, p =
.045) and LPS-treated males (MD = —0.03, SE = 0.01, p = .003) four
weeks post-treatment. Dg and lacunarity values during adulthood were
significantly higher among LPS-treated males relative to LPS-treated fe-
males (MD = 0.04, SE = 0.02, p = .049 and MD = 0.05, SE = 0.02, p =
.003, respectively). The microglia of adult male controls showed signif-
icantly greater lacunarity than their female counterparts (MD = 0.04, SE
=0.02, p = .029).

3.7. Apoptosis in the mPFC

Caspase-3 activity in the mPFC showed significant interactions of
time x treatment (F(2, g4y = 3.18, p = .047, ’75 = 0.070) and time x sex X
treatment (F(2, g4y = 3.18, p = .047, r]f, = 0.070) and a significant main
effect of sex (F(1, g4y = 6.24, p = .014, qg = 0.069) (see Table 3). Mean
caspase-3™ cell numbers were similar across groups 24 h and one week
post-treatment (all p > .05). During adulthood, however, LPS-treated
males had significantly higher mean capase-3" cell expression
compared to saline-treated males (MD = 0.38, SE = 0.14, p = .010) and
LPS-treated females (MD = 0.38, SE = 0.14, p = .010).

3.7.1. Neuronal and non-neuronal apoptosis

Among apoptotic cells in the mPFC, neuronal cells showed significant
interactions of time x treatment (F(o, g4) = 3.18,p = .047, 115 =0.070) and
time x sex x treatment (F(2, g4) = 3.18, p = .047, ’75 = 0.070) and a sig-
nificant main effect of sex (F(1, g4y = 6.24, p = .014, 111% = 0.069) (see
Table 3). Neuronal apoptosis in the mPFC was similar across groups 24 h
and one week post-treatment (all p > .05). Caspase-37/NeuN" cell
expression during adulthood was significantly higher among LPS-treated
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Fig. 6. Microglial expression in the mPFC.
Note. Schematic drawing depicting the region
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males compared to their saline-treated and female counterparts (MD =
0.38, SE = 0.14, p = .010 and MD = 0.38, SE = 0.14, p = .010, respec-
tively). Non-neuronal apoptosis in the mPFC was similar across groups at
each time-point (all p > .05).

3.8. LPS-induced changes in microglial expression in the PVN

Microglial expression in the PVN revealed a significant time x sex x
treatment interaction (F(2, 84y = 5.64, p = .005, ;1;2, = 0.118) and signifi-
cant main effects of treatment (F;, g4y = 5.63, p = .020, ’71% =0.063) and
sex (F1, g4y = 10.42, p = .002, ’75 = 0.110) (see Fig. 8B). During LPS-
induced sickness, LPS-treated females had significantly more Ibal™
cells in the PVN than their male counterparts (MD = 32.69, SE = 12.42,p
=.010). Ibal ™" cell expression one week post-treatment was significantly
lower among saline-treated males compared to LPS-treated males (MD =

24h

1 week 4 weeks

4 weeks

—32.38, SE =12.42, p = .011) and saline-treated females (MD = —36.75,
SE = 12.42, p = .004). Ibal™ cell numbers in the adult PVN were
significantly higher among LPS-treated females relative to saline-treated
females and LPS-treated males (MD = 35.13, SE = 12.42, p = .006 and
MD = 28.25, SE = 12.42, p = .025, respectively).

3.9. Time-related sex and treatment effects on microglial morphology in the
PVN

Fractal analyses in the PVN (see Fig. 9A-E) revealed a significant sex
x treatment interaction for Dg (F(1, g4) = 8.63, p = .004, ’75 =0.093) and
density (F(1, g4) = 4.89, p = .030, r]f, = 0.055) and a significant time x
treatment interaction for lacunarity (F1, g4) = 3.42,p = .037, 111% =0.075).
A main effect of treatment was also observed for lacunarity (F(1, g4y =
4.26, p = .042, 1112, = 0.048). The ANOVAs failed to reveal statistically
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Table 3 3.10. Apoptosis of neuronal and non-neuronal cells in the PVN
able
C -3-d dent tosis in the mPFC. .
ASpase > cepencent apoprosts In The m Caspase-3™ cells were not detected in the PVN of any groups at any of
Cell Time post- Males Females the time-points.
treatment - N
Saline- LPS- Saline- LPS-
freated treated _treated treated 3.11. Sex and treatment differences in whole-brain and regional BBB
Caspase-3" 24h .25 (1.60) .00 (.00) .00 (.00) .00 (.00) disruption
1 week .25 (1.60) .00 (.00) .00 (.00) .00 (.00)
4 weeks .00 (.00) .38 (.26) .00 (.00) .00 (.00) 3.11.1 Regional
CaSPasef*/ 24h -25(1.60) .00 (.00) .00 (.00) .00 (.00) ¢ sucrose brain/serum ratios in cerebellar, hippocampal, hypotha-
NeuN ix:::s ‘32 ((l(f);)) 'gg 2‘22; 'gg E'gg; 'gg E‘gg; lamic, and PFC tissue 24 h post-treatment failed to identify any signifi-
- - M _ cant interactions and main effects (all p > .05) (see Fig. 10A-D).
Caspase-3"/  24h .00 (.00) .00 (.00) .00 (.00) .00 (.00)
NeuN" 1 week .00 (.00) .00 (.00) .00 (.00) .00 (.00) .
4 weeks .00(00)  .00(.00) .00(00) .00 (.00) 3.11.2. Whole-brain

Note. Data present group means (+SEM) of total caspase-3™, caspase-37/NeuN"
(i.e., neuronal), and caspase-3"/NeuN~ (i.e., non-neuronal) cells counted in the
mPFC. Asterisks denote significant sex and treatment differences (* =p < .05, **
=p <.01, *** =p < .001).

significant main effects and interactions for circularity and span ratio of
microglia in the PVN (all p > .05).

The morphometric features of microglia in the PVN were similar
across groups 24 h post-treatment (all p > .05). Following symptomatic
recovery from treatment, LPS-treated females had significantly higher Dy
and lacunarity values relative to saline-treated females (MD = 0.04, SE =
0.02, p =.023 and MD = 0.04, SE = 0.01, p = .004, respectively). Saline-
treated males also showed significantly higher Dg and density values than
LPS-treated males (MD = 0.04, SE = 0.02, p = .026 and MD = 0.03, SE =
0.01, p = .032, respectively) and saline-treated females (MD = 0.06, SE =
0.02, p =.001 and MD = 0.04, SE = 0.01, p = .006, respectively) at this
time-point. During adulthood, lacunarity values were significantly higher
among saline-treated males relative to saline-treated females (MD =
0.03, SE = 0.01, p = .033).

10

14G-sucrose whole-brain/serum ratios demonstrated a significant
time x sex x treatment interaction (F(1, s6) = 4.55, p = .037, ’7% =0.075)
and a significant main effect of treatment (F(y, 56y = 5.75, p = .020, ’73 =
0.093) (see Fig. 10E and F). LPS-treated females had significantly higher
14G-sucrose whole-brain/serum ratios 24 h post-treatment than their
saline-treated and male counterparts (MD = 10.09, SE = 3.61, p = .007
and MD = 11.01, SE = 3.61, p = .003, respectively). 1*C-sucrose whole
brain/serum ratios were similar across groups one week post-treatment
(all p > .05).

4. Discussion

Pubertal CD-1 mice displayed sex-specific patterns of LPS-induced
changes to BBB permeability, microglia expression and morphology
(see Table 4), and caspase-3-dependent apoptosis in brain regions
involved in stress and cognition. The acute effects of systemic LPS on the
pubertal neuroimmune system were specific to females (i.e., altered
microglial morphology in the hippocampus and the mPFC, increased
hippocampal apoptosis, and global BBB disruption). Despite symptom-
atic recovery from LPS, microglia increased in number in the PVN of
males and in the hippocampus of females and displayed several
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Fig. 8. Microglial expression in the PVN.
Note. Schematic drawing depicting the re-
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morphometric changes in the PVN of both sexes and in the hippocampus
of females one week post-treatment. Four weeks post-treatment, LPS-
treated males showed apoptosis of mPFC neurons and heightened
expression of microglia in the CA3 region of the hippocampus, whereas
their female counterparts showed increased microglial expression in the
PVN and altered morphology of microglia in the mPFC and in the hip-
pocampus. The pubertal neuroimmune system’s response to systemic
LPS, especially within microglia, highlight the sex-specific nature of this
critical period for sexual maturation and the sex-specific vulnerability of
these interconnected brain systems.

Unlike BBB permeability and caspase-3 activity, microglia displayed
baseline region-specific sex differences spanning from puberty through
adulthood. Young (i.e., six- and seven-week-old) females had lower
microglial expression in the hippocampus than age-matched males,
though this sex difference disappeared by adulthood (i.e., ten weeks of

-
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24h
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counted in the PVN (B). Photomicrographs of
Ibal™ cells in the PVN from the experimental
groups from the three time-points (i.e., 24 h,
one week, and four weeks post-treatment)
(C). Asterisks depict significant sex and
treatment differences (* =p < .05, ** =p <
.01, *** = p < .001).
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age). Microglial expression increased temporarily in the PVN of females
at seven weeks of age and diverged significantly between the sexes in the
mPFC during adulthood. Fractal analyses of young saline-treated mice
identified larger hippocampal microglia, structurally simpler and elon-
gated microglia in the mPFC, and smaller, less structurally complex
microglia in the PVN among females relative to age-matched males.
Hippocampal microglia remained larger in females during adulthood,
and microglia in the hippocampus and the mPFC of adult mice were more
elongated in females relative to males. Sex differences in PVN lacunarity
among adult controls imply less bushiness/ramification of PVN microglia
in males relative to females. These sex differences in microglia are likely
secondary to the sex differences in age of pubertal onset and the ensuing
developmental changes towards sexual maturity (Schulz et al., 2009;
Sisk, 2016; Sisk and Foster, 2004). Similar sex and region differences in
microglia during earlier critical periods (Lenz et al., 2013; Schwarz et al.,
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Fig. 9. Sex and treatment differences in microglial
morphology in the PVN.

Note. The figures depict group means (+£SEM) in
fractal analyses (i.e., fractal dimension [A], circu-
larity [B], span ratio [C], lacunarity [D], and density
[E]) of microglia in the PVN 24 h, one week, and four
weeks post-treatment. Asterisks denote significant sex
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2012) are thought to arise in part from sex differences in the organiza-
tional and activational effects of fluctuating gonadal steroid hormone
levels (Crain et al., 2013; Sierra et al., 2008). The reactivation of the
hypothalamic-pituitary-gonadal axis at pubertal onset leads to similar
changes in circulating levels of androgenic and estrogenic steroids
secreted by the testes and the ovaries (Herbison, 2016; Sisk and Foster,
2004). Therefore, it is plausible that sex differences in the influx of an-
drogens, estrogens, and progesterone at pubertal onset influences
microglial expression and phenotype during this critical period (Herbi-
son, 2016; Sisk and Foster, 2004).

Systemic LPS was able to alter baseline number and morphology of
pubertal microglia in a sex-specific manner. During LPS-induced sick-
ness, females showed an increase in hippocampal cell complexity and
increased circularity and elongation of microglia in the mPFC. Pubertal
LPS treatment eliminated baseline sex differences in expression and
certain morphological features of hippocampal and PVN microglia seen
in seven-week-old mice. The LPS-induced changes to microglial
morphology in the PVN one week post-treatment point towards a female-
specific transition to a more “activated” microglial state despite symp-
tomatic recovery from LPS-induced sickness. Pubertal LPS treatment also
removed the sex difference in CA3 microglial expression during adult-
hood and increased PVN microglial expression in adult females. Relative
to their saline-treated counterparts, adult females treated with LPS dur-
ing puberty also showed less circularity in mPFC microglia and greater
cell complexity and lacunarity in hippocampal microglia.

Aside from baseline sex differences in microglia during this critical
period, pubertal females may have been more vulnerable than their male
counterparts to LPS-induced changes to microglia because of sex differ-
ences in BBB integrity. Systemic LPS disrupts BBB permeability by
interfering with the paracellular and transcellular pathways of transport
(Banks et al., 2015; Erickson et al., 2018; Nishioku et al., 2009). We
found that systemic LPS significantly increased global BBB permeability
during sickness in pubertal females but not males. Given that BBB
permeability in the hippocampus, cerebellum, hypothalamus, and PFC
were grossly intact during LPS-induced sickness in both sexes, this global
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BBB disruption likely resulted from additive effects of non-significant
changes to BBB permeability across brain regions. This increased
global BBB permeability is a double-edged sword because infiltrating
circulating immune factors (e.g., peripheral leukocytes, pro- and
anti-inflammatory cytokines) may assist with wound healing and debris
clearance in the CNS but can also lead to maladaptive immune activation,
immune-mediated cellular damage and dysfunction, and increases in
intracranial pressure (Varatharaj and Galea, 2017). Follow-up research is
needed to confirm the functional consequences of this sex-specific effect
of pubertal immune challenge on BBB permeability.

Pubertal fluctuations in gonadal steroid hormones likely contributed
to the sex-specific responses of the pubertal neuroimmune network to
systemic LPS. Circulating androgenic and estrogenic steroids moderate
the neuroimmune network’s responses via direct and indirect means
(Dantzer, 2017; Hampl et al., 2015; Robison et al., 2019). In general,
estrogens tend to dilate cerebrovascular tone, increase cerebral flow, and
facilitate immune-supporessing or anti-inflammatory responses in the
brain and cerebrovasculature (Brown et al., 2007; Gonzales et al., 2005,
2008; Gottfried-Blackmore et al., 2008; Kipp et al., 2012; Krause et al.,
2002; Ospina et al., 2003, 2004; Sunday et al., 2006). Androgens tend to
constrict vascular tone and enhance immune responses (i.e.,
pro-inflammatory effects). Consistent with our findings, the organiza-
tional and activational effects of circulating hormones also extend to the
activation of molecular cell death pathways during inflammatory events,
fostering a female bias in caspase-dependent apoptosis at younger ages
(Arai et al., 1996; Liu et al., 2009; Nunez et al., 2001; Penaloza et al.,
2009; Rau et al., 2003). However, recent evidence of estradiol-mediated
amplification of microglial, cytokine, and thermoregulatory responses to
systemic LPS in pubertal female C57Bl/6 mice suggests age-related
hormonal influences on the neuroimmune system’s functioning (Velez--
Perez, 2020). Therefore, further investigation is warranted to elucidate
the role of circulating gonadal steroid hormones in the sex-specific
vulnerability and reactivity of the pubertal neuroimmune network.

The functional significance of the LPS-induced changes to microglial
structure reported here are unclear. Morphometric analyses revealed sex-
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Fig. 10. Sex and treatment differences in global and
regional BBB permeability.

Note. Data presented as mean (+SEM) 14C-sucrose
whole brain/serum (uL/g) ratios in the hippocampus
(A), PFC (B), hypothalamus (C), cerebellum (D) 24 h
post-treatment and in the whole-brain 24 h (E) and
one week (F) post-treatment. Asterisks denote sig-
nificant pairwise comparisons (* =p < .05, ** =p <
.01, *** = p < .001).

PFC

N[

Group

Cerebellum

]

gagl

Group

1 week post-
treatment

-

NE®

/LEII_I:I_:I_E_

Group

C— Male-Saline =~ Male-LPS === Female-Saline &= Female-LPS

and region-dependent changes to microglial morphology following pu-
bertal LPS treatment. Among LPS-treated mice, females were more prone
to morphometric changes, several of which are consistent with an in-
crease in “activational” state. For example, the increased circularity and
elongation of microglial cells in the mPFC of females during LPS-induced
sickness point towards a shift in morphology towards the more activated
“rod-like” form (Morrison et al., 2017; Taylor et al., 2014). Although
fractal analyses captured the subtle LPS-induced changes to microglial
structure that categorical, qualitative approaches cannot (e.g., Fernan-
dez-Arjona et al., 2017; Morrison et al., 2017; Soltys et al., 2001), this
approach does not allude to the phenotypic polarization of microglia. The
duality in microglia-mediated neuroinflammatory responses (i.e.,
simultaneous secretion of pro-inflammatory and pro-repair mechanisms
of inflammation) complicate the functional translation of these
morphological changes on the local microenvironment (Giordano et al.,
2021; Loane and Kumar, 2016). Given that the magnitude of this duality
also differs between the sexes (Crain et al., 2013; Guneykaya et al., 2018;
Hanamsagar et al., 2017; Lively et al., 2018; Villa et al., 2018), additional
investigations into the kinds of inflammatory responses employed by
pubertal microglia are needed to provide functional context to our
findings.

Immune-mediated perturbations during stress-sensitive critical pe-
riods like puberty have widespread implications for health. Sex differ-
ences in stress responses (Oyola and Handa, 2017) during this critical
postnatal period may explain sex biases in the pathogenesis of
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stress-related disorders that appear during puberty or early adulthood
but do not originate in the pre-/post-natal periods or during adulthood
(Angold and Costello, 2006; Marcotte et al., 2002). Preclinical and
clinical models generally show a strong positive relationship between
stress burden during puberty and risk for internalizing and externalizing
disorders, reactivity to future stressors, and cognitive functioning in
young adulthood (e.g., Angold et al., 1998; Byrne et al., 2017; Ellis et al.,
2019; Graber, 2013; Hamilton et al., 2014). Our findings add to this
literature by highlighting sex differences in the vulnerability of the pu-
bertal neuroimmune response, particularly within microglia, across brain
regions involved in stress responses and cognitive functioning. Microglia
play critical roles in immune responses, homeostatic process (e.g., debris
clearance), the shaping of immature neural networks, and programming
of adult behaviours (Lenz and Nelson, 2018; Li and Barres, 2018; Mot-
tahedin et al., 2017; Nelson et al., 2019; Wolf et al., 2016). Therefore, the
residual effects of LPS-induced sickness on microglial expression and
morphology in the hippocampus, mPFC, and the PVN suggest mecha-
nistic involvement of these cells in the sex-specific outcomes of pubertal
LPS on related behaviours (i.e., stress and immune responses [Cai et al.,
2016; Girard-Joyal et al., 2015; Sharma et al., 2019]; depression-like
behaviours [Murray et al., 2019]; spatial retention errors on
hippocampus-dependent tasks [Kolmogorova et al., 2019]; reactivity to
novel stressors and expression of anxiety-like behaviours (Murray et al.,
2019]).
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Table 4
Summary of key findings in microglia cells.

Region Summary of key findings

Hippocampus Counts:

The baseline male-skewed expression of hippocampal microglia
during puberty disappears by early adulthood. Developmental sex
differences in microglia numbers were also observed in hippo-
campal subregions.

Pubertal LPS temporarily increased total microglial numbers in
females (i.e., one week post-treatment) and altered microglial
numbers in a region- and sex-specific manner. Males were pro-
tected from acute LPS-induced changes to microglial expression.
Morphology:

Among controls, young males showed larger hippocampal
microglia relative to their female counterparts. Microglia were
more structurally complex and larger in adult females relative to
adult males.

Pubertal LPS increased cell complexity in females during sickness
and eliminated several baseline morphological sex differences one
week post-treatment. During adulthood, LPS-treated females
showed greater cell complexity and lacunarity in hippocampal
microglia than their saline-treated counterparts. Males were pro-
tected from acute and enduring LPS-induced changes to
morphology.

Counts:

mPFC

e Baseline microglial expression diverged during adulthood (i.e.,
total microglial expression increased in males and decreased in
females relative to their younger counterparts).

e Pubertal LPS did not impact baseline microglial expression in
males and females.

Morphology:

e Several baseline sex differences in mPFC microglia were observed
from puberty through adulthood.

e Females showed elongation of mPFC microglia during LPS-
induced sickness. Pubertal LPS decreased baseline circularity of
microglia in adult females.

PVN Counts:

e Baseline microglial expression increased temporarily in the PVN
of females at seven weeks of age.

e Pubertal LPS temporarily increased microglial expression in males
at seven weeks of age. LPS-treated females showed an increased in
PVN microglial expression in adulthood.

Morphology:

Young female controls showed smaller, less structurally complex
microglia in the PVN relative to their male counterparts. Adult
males showed greater lacunarity (i.e., reduced bushiness/
ramification) in PVN microglia than adult females.

Pubertal LPS temporarily altered morphology in males and
females. These LPS-induced changes one week post-treatment
suggest a female-specific transition to a more “activated” micro-
glial state despite symptomatic recovery from LPS-induced
sickness.

4.1. Conclusions

This study examined whether the neuroimmune network contributes
to the sex-specific outcomes of a systemic immune challenge during the
stress-sensitive pubertal period. The female-specific BBB disruption ap-
pears to moderate some of the sex-specific effects of pubertal LPS on
microglial expression and morphology in brain regions for stress regu-
lation and cognitive functioning. The residual effects of LPS-induced
sickness highlight the stress sensitivity of pubertal microglia and the
sex- and region-specific nature of this vulnerability. These significant sex
differences in the pubertal neuroimmune system may explain some sex
biases in stress-related disorders of brain and behaviour that arise during
adulthood.
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