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Abstract

Exposure to stressors can enhance neuroinflammatory responses, and both stress and 

neuroinflammation are predisposing factors in the development of psychiatric disorders. Females 

suffer disproportionately more from several psychiatric disorders, yet stress-induced changes in 

neuroinflammation have primarily been studied in males. Here we tested whether exposure to 

inescapable tail shock sensitizes or ‘primes’ neuroinflammatory responses in male and female rats. 

At 24 h post-stress, male and female rats exposed to a peripheral immune challenge enhanced 

neuroinflammatory responses and exacerbated anxiety- and depressive-like behaviors. These 

changes are likely glucocorticoid dependent, as administering exogenous CORT, caused a similar 

primed inflammatory response in the hippocampus of male and female rats. Further, stress 

disinhibited anti-inflammatory signaling mechanisms (such as CD200R) in the hippocampus of 

male and female rats. In males, microglia are considered the likely cellular source mediating 

neuroinflammatory priming; stress increased cytokine expression in ex vivo male microglia. 

Conversely, microglia isolated from stressed or CORT treated females did not exhibit elevated 

cytokine responses. Microglia isolated from both stressed male and female rats reduced 

phagocytic activity; however, suggesting that microglia from both sexes experience stress-induced 

functional impairments. Finally, an immune challenge following either stress or CORT in females, 

but not males, increased peripheral inflammation (serum IL-1β). These novel data suggest that 

although males and females both enhance stress-induced neuroinflammatory and behavioral 

responses to an immune challenge, this priming may occur through distinct, sex-specific 

mechanisms.

Keywords

glucocorticoids; microglia; neuroimmune; sex differences; sickness behavior; stressors

*Corresponding author: Laura K. Fonken, Division of Pharmacology and Toxicology, University of Texas, Austin, TX 78712; (512) 
232-8331; laura.fonken@austin.utexas.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

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

HHS Public Access
Author manuscript
Brain Behav Immun. Author manuscript; available in PMC 2019 May 01.

Published in final edited form as:
Brain Behav Immun. 2018 May ; 70: 257–267. doi:10.1016/j.bbi.2018.03.005.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Current antidepressant therapies have minimal efficacy for ~50% of patients (Kirsch, 2014). 

One contributing factor to this high failure rate may be the lack of consideration of sex as a 

biological factor influencing depression. Indeed, most neuroscience research is conducted in 

males (Klein et al., 2015), yet females suffer disproportionately more from several 

neuropsychiatric disorders including mood disorders (Seney and Sibille, 2014). Exaggerated 

innate immune responses in the brain are associated with psychiatric disorders including 

depression, anxiety, post-traumatic stress disorders, autism, and schizophrenia (Raison et al., 

2006). One predisposing factor for both psychiatric disorders and neuroinflammation is 

stress. Acute and chronic stressors amplify neuroinflammatory responses to a subsequent 

immune challenge. Indeed, we and others have demonstrated that stress sensitizes or 

‘primes’ neuroinflammatory and behavioral responses to subsequent peripheral immune 

activation (e.g., infection with E. coli) (de Pablos et al., 2014; Espinosa-Oliva et al., 2011; 

Fonken et al., 2016; Frank et al., 2007; Frank et al., 2012; Johnson et al., 2002; Johnson et 

al., 2003; Munhoz et al., 2006; Weber et al., 2015; Wohleb et al., 2012; Wohleb et al., 2011).

Well-established sex differences in both the stress response and the immune system suggest 

that stress-elicited neuroinflammatory priming may vary between the sexes (Bekhbat and 

Neigh, 2017). Sex differences in the stress response exist throughout the lifespan and relate 

to both the organizational and activational effects of gonadal hormones (Bourke et al., 2012). 

In adulthood, females exhibit more robust and prolonged behavioral and physiological 

responses to stressors. For example, the glucocorticoid (corticosterone; CORT) response to 

various stressors is enhanced in females (Bourke et al., 2012). Importantly, CORT is the 

proximal signal through which acute and chronic stress primes neuroinflammatory responses 

in male rats (Frank et al., 2014; Frank et al., 2010; Frank et al., 2012). This suggests the 

heightened CORT response to stress may render females more susceptible to 

neuroinflammatory priming.

As the predominant innate immune cells of the brain, microglia are considered the likely 

source of neuroinflammatory priming (Frank et al., 2007). Indeed, microglia isolated from 

male rodents that have experienced prior stress exhibit an enhanced response to an ex vivo 
challenge with lipopolysaccharide (LPS) (Frank et al., 2007). Endogenously released 

molecules in the central nervous system (CNS) following stress cause microglia to enter this 

primed state (Weber et al., 2015). In the adult CNS, there are sex differences in both 

microglia colonization and morphology (Schwarz et al., 2012). Female rats and mice express 

greater numbers of microglia than males in brain regions involved in regulating emotional 

behaviors including the hippocampus and amygdala (Schwarz et al., 2012). Female 

microglia also have a more activated morphology, including thicker and more branched 

processes (Nelson et al., 2017; Schwarz et al., 2012). Interestingly, female brains exhibit 

enhanced immune activation despite the presence of the neuroprotective steroids estrogen 

and progesterone (Schwarz and Bilbo, 2012).

Overall, the prevalence of several neuropsychiatric disorders differs between the sexes, yet 

little is known about the contribution of neuroimmune dysregulation to mood disorder 

etiology in females (Bekhbat and Neigh, 2017). Here, we tested the hypothesis that stress-
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induced neuroinflammatory priming occurs in female rats, and explored whether priming is 

exaggerated by enhanced CORT signaling and/or microglial reactivity. Our results indicate 

that while females demonstrate comparable behavioral and in vivo neuroinflammatory 

changes following stress exposure, the mechanisms mediating neuroinflammatory priming 

in males and females are likely distinct. Most notably, whereas microglia from post-stress 

male rats consistently demonstrated elevated reactivity, microglia from female rats were 

unaffected (or slightly blunted) by stress exposure.

2. Methods

2.1. General Methods

2.1.1. Animals—Adult (3 mos.) male and female Sprague Dawley rats (Envigo) were pair-

housed (unless otherwise specified) with a same-sex conspecifics in separate rooms; food 

and water were available ad libitum. Rats were maintained on a 12:12 light cycle with lights 

on at 0700h MST (zeitgeber time 0; ZT0) at an ambient temperature of 22 ± 2°C. All rats 

were acclimated to the facility for 2 weeks and to handling for 3 days prior to experimental 

manipulations. Because of the large number of groups represented throughout these 

experiments and the potential confound of exposing male and female rats to each other’s 

odors, male and female rats were run on sequential days (i.e. males and females were housed 

in the facility at the same time but males would undergo stress 24 h prior to females). A total 

of 258 rats were used in these experiments. All procedures were conducted in accordance 

with ARRIVE guidelines and the National Institute of Health’s Guide for the Care and Use 

of Laboratory Animals. Experiments were approved by the University of Colorado 

Institutional Animal Care and Use Committee.

2.1.2. Inescapable tail shock—This stressor protocol has been extensively used in this 

laboratory and reliably potentiates hippocampal pro-inflammatory cytokine responses to a 

peripheral immune challenge in male rats (12). All stress occurred between ZT3 and ZT5 

± 1 h (the stress session is approximately 108 min). Male and female received a single 

session of inescapable tail shock stress that consisted of rats being placed in Plexiglas tubes 

and exposed to 100 1.6 mA, 5s tail shocks with a variable inter-shock interval ranging from 

30-90s. Following stressor exposure, rats were immediately returned to their home cages. 

During the stress session, home cage (control) rats remained undisturbed.

2.1.3. Tissue collection—Rats received a lethal IP injection of sodium pentobarbital 

(Fatal-plus; 150 mg/kg), a cardiac blood sample was collected, and then rats were 

transcardially perfused with 4°C 0.1 M PBS to remove peripheral immune cells from CNS 

vasculature. Brains and hippocampal tissue were rapidly extracted on ice. For in vivo 
experiments, hippocampus was flash frozen in liquid nitrogen and stored at −80°C. For ex 
vivo experiments, microglia were immediately isolated.

In experiments where tissue was not collected, rats were humanely euthanized with CO2 

exposure and donated to the Birds of Prey Foundation (only non-LPS treated rats).

2.1.4. Microglia isolations—Hippocampal microglia were isolated as described in 

(Frank et al., 2006). Following PBS perfusion, hippocampal tissue was homogenized in 3 
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mL of 0.2% glucose in 1X DPBS (Gibco, Life Technologies, Waltham, MA) in a sterilized 

glass homogenizer. The homogenate was strained through a 40 μm filter (Falcon, Sigma) 

that was rinsed with an additional 2 mL of glucose. The homogenate was transferred to a 

sterile 5 mL tube and pelleted at 1000 g for 10 min at 22°C. Supernatant was poured off and 

a Percoll gradient was created by resuspending the pellet in 2 mL of 70% isotonic Percoll 

(GE Healthcare, Lafayette, CO; isotonic Percoll is 10:1 Percoll with 10X PBS; 100% 

isotonic Percoll is then diluted with 1X DPBS), followed by a layer of 2 mL 40% Percoll, 

and topped with 1 mL DPBS. The gradient was spun at 1200 g for 30 min at 22 °C with no 

acceleration or break. Myelin debris was removed and then microglia were extracted from 

the 40/70% interface. Microglia were washed in DPBS and then resuspended in filtered 

media [sterile high glucose DMEM (Gibco, 11960-044) with 10% FBS (Atlanta biological, 

Flowery Branch, GA, S11050)] and microglia concentration was determined by trypan blue 

exclusion. Microglia concentration was adjusted to a density of 10,000 cells/100 uL and 

cells were plated in a 96-well v-bottom plate. Microglia were challenged ex vivo with LPS 

(LPS; E. coli serotype 0111:B4; Sigma) at a concentration of 1, 10, or 100 ng/mL or media 

alone (Frank et al., 2007) for 4 h at 37 °C, 5% CO2. Following LPS exposure, cells were 

washed with DPBS and RNA was immediately extracted using SuperScript III CellsDirect 

cDNA Synthesis System (Invitrogen, Carlsbad, CA) following the manufacturer’s protocol.

2.1.5. Protein analyses—Blood was allowed to clot, clots were removed, and then 

samples were centrifuged (4,000 g for 10 min at 4°C) and serum was collected. 

Hippocampal and liver samples were sonicated on ice using a tissue extraction reagent 

(Invitrogen) supplemented with protease inhibitor cocktail (Sigma). Homogenates were 

centrifuged (14,000 g for 10 min at 4°C) and supernatant collected and stored at −20°C.

Enzyme immunoassays for corticosterone (Assay Designs, Inc., Ann Arbor, MI) were run in 

duplicate according to the manufacturer’s instructions. Serum samples were treated with a 

steroid displacement reagent and then diluted either 1:20 or 1:40 with assay buffer. The high 

and low limits of detectability were 80 μg/dL to 0.064 μg/dL (taking into account the 

dilution factors). All samples fell within the range of detectability.

Rat IL1β ELISAs (R&D systems) were run in duplicate according to the manufacturer’s 

instructions. All samples fell within the range of detectability (2000 pg/ml and 7.8 pg/ml 

respectively). The concentration of IL-1β protein is expressed relative to total protein 

concentrations established in a Bradford assay for the hippocampal and liver homogenates 

(pg of IL1β/100μg of total protein).

Glucocorticoid receptor (GR) protein concentrations were evaluated in the hippocampus 

using Western blot. Samples were heated to 75°C for 10 min and loaded into a standard 

polyacrylamide Bis-Tris gel (Invitrogen). SDS-PAGE was performed in 3-(N-morpholino)-

propanesulfonic acid running buffer (Invitrogen) at 175 V for ~75 min. Protein was 

transferred onto a nitrocellulose membrane using an iBlot dry transfer system (Invitrogen). 

The membrane was blocked with Odyssey blocking buffer (LI-COR Biosciences, Lincoln, 

NE) for 1 h and incubated overnight at 4°C in block buffer with primary antibodies: rabbit 

anti-rat GR (1:5000; Santa Cruz Biotechnology, SC-1004) and mouse anti-rat β-actin 

(1:500,000; Sigma). The membrane was washed in 1× PBS + 0.1% Tween and then 
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incubated in blocking buffer containing either goat anti-rabbit or goat anti-mouse (LI-COR) 

IRDye 800CW secondary antibody at a concentration of 1:10,000 (LI-COR) for 1 h at room 

temperature. Protein expression was quantified using an Odyssey Infrared Imager (LI-COR) 

and expressed relative to the housekeeping protein β-actin.

2.1.6. Quantitative real-time PCR (qPCR)—Primers were previously designed using 

Genbank at the National Center for Biotechnology Information (NCBI), the Operon Oligo 

Analysis Tool, and the Basic Local Alignment Search Tool at NCBI and obtained from 

Invitrogen. Primers were designed to span exon/exon boundaries and thus exclude 

amplification of genomic DNA. Primer specificity was verified by melt curve analysis. 

Primer sequences are included in Table 1. RNA was extracted from hippocampal and liver 

homogenates using TRIZOL reagent and 2 μg of RNA was reversed transcribed to cDNA 

using Superscript II (Life Technologies) according to the manufacturer’s instructions. RNA 

was isolated from microglia and reversed transcribed to cDNA using SuperScript III 

CellsDirect cDNA Synthesis System (Life Technologies). PCR amplification of cDNA was 

performed using the Quantitect SYBR Green PCR Kit (Qiagen, Valencia, CA) with a MyiQ 

Single-Color Real-Time PCR Detection System (BioRad, Hercules, CA). Gene expression 

was determined in duplicate and expressed relative to β-actin. There were no group 

differences in β-actin. All qPCR results were analyzed using the 2−ΔΔCt method and were 

normalized such that the female control group was set to a value of 1.

2.1.7. Statistical Analysis—All data are presented as mean ± standard error of the mean 

(SEM). Data were analyzed with StatView and Prism 7 (GraphPad Software, La Jolla, CA). 

Data were analyzed using analysis of variance (ANOVA) with sex, stress, and immune 

challenge as the between subjects factors (2 × 2 × 2). A 4-way ANOVA (repeated measures 

with sex, stress, and immune challenge as between subjects factors) was used to analyze 

juvenile social exploration results. F values are reported for each ANOVA and serve as the 

criteria for post hoc analysis (Tukey’s HSD). Threshold for statistical significance was set at 

p < 0.05. Sample sizes and more details on the exact statistical comparisons are provided in 

figure captions and degrees of freedom (also indicating sample size) are reported throughout 

the results section.

2.2. Experimental design

2.2.1. Experiment 1: Are LPS-induced sickness behaviors exaggerated by 
prior stress in male and female rats?—Male and female rats were assessed for 

putative anxiety-like responses and behavioral anhedonia in a juvenile social exploration 

task and a sucrose preference test as previously described (Fonken et al., 2015) 

(experimental timeline in Fig 1A). Rats were singly housed for the behavioral experiment.

Rats were first acclimated to behavioral tests and baseline values were established. After 

baseline testing, rats underwent either tail shock stress (described above in 2.1.2.) or 

remained undisturbed in their home cage (control). 24h following stress exposure, rats 

received an intraperitoneal (IP) injection of LPS (10 ug/kg; Escherichia coli serotype 

0111:B4; Sigma) or vehicle (sterile saline) between ZT3 and ZT5. This LPS dose was 

selected to maintain consistency with past studies investigating neuroinflammatory priming 
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in this laboratory and because it reliably causes a low-grade hippocampal pro-inflammatory 

response (Johnson et al., 2002). Low-grade pro-inflammatory response was preferred to 

avoid robust LPS induced sickness behaviors that may mask stress-induced priming in males 

and females.

To assess behavioral anhedonia (Willner et al., 1987), rats were provided with two bottles, 

one containing water and one containing water supplemented with 2% sucrose (side of 

sucrose bottle was counterbalanced within groups). Rats were acclimated to the two-choice 

test for 4 h on the night (ZT12 – ZT16) directly prior to baseline assessment and all rats 

showed a strong preference for the sucrose solution (approximately 90% sucrose intake). 

Sucrose intake was then measured for 4 h each night (ZT12 – ZT16) at baseline and 

following the experimental manipulations (stress and LPS) and a percentage of relative 

sucrose intake was calculated: [sucrose intake/(sucrose intake + water intake)] × 100.

To assess motivation to engage in social exploratory behavior, a novel same-sex juvenile rat 

(28 ± 4 days old) was introduced into the home cage of the experimental rat for 3 min. A 

condition-blind observer scored the session live for two mutually-exclusive conditions 

(engaging with the juvenile versus not engaging with the juvenile) using a program designed 

with LATEX. Engaging with the juvenile was defined as social exploratory behaviors 

(sniffing, pinning, allogrooming, and following) initiated by the experimental rat. Juvenile 

rats were used a maximum of 5 times per session with a > 30 min break between uses and 

experimental rats always encountered a novel juvenile rat. Juvenile rats were also 

counterbalanced between the groups and there were no significant order effects or 

differences in investigation time based on the juvenile. An endpoint criterion for the juvenile 

social exploration task is the occurrence of aggressive behavior; no aggressive encounters 

occurred in this experiment. Baseline social behavior was established 24 h prior to stress 

exposure (ZT3 – ZT5). Rats then underwent stress and 24 h later received LPS. Social 

behavior was then repeatedly assessed at 2 h (ZT5 – ZT7), 6 h (ZT9 – ZT11), and 24 h (ZT3 

– ZT5) following an LPS injection (between ZT3 and ZT5).

24 h after the conclusion of behavioral testing, rats were humanely euthanized (tissue was 

not collected because euthanasia occurred > 48 h post-LPS and the stress of behavioral 

testing would confound results).

2.2.2. Experiment 2: Does prior stress potentiate LPS-induced inflammatory 
responses in the periphery and hippocampus of male and female rats?—Male 

and female rats underwent either tail shock stress or remained undisturbed in their home 

cage. 24h following stress exposure, rats received an IP injection of LPS (10 ug/kg) or 

vehicle between ZT3 and ZT5. Three hours following the LPS or vehicle injection, tissues 

and serum were collected in order to evaluate the inflammatory response.

2.2.3. Experiments 3: Are microglia isolated from the hippocampus of adult 
male and female rats primed by prior stress?—Male and female rats underwent 

either tail shock stress or remained undisturbed in their home cage. 24 h following stress 

exposure, hippocampal microglia were isolated and challenged ex vivo with 

lipopolysaccharide (described above in 2.1.4.).
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2.2.4. Experiment 4: Does prior stress shift the phagocytic capacity of 
microglia isolated from male and female rats?—Male and female rats underwent 

either tail shock stress or remained undisturbed in their home cage. 24 h following stress 

exposure, microglia were isolated (described above in 2.1.4.) and their phagocytic activity 

was assessed. For the phagocytosis assay, microglia were plated at a density of 50,000 cells 

per well in 8-well chambered culture slides (Nunc Lab-Tek II; ThermoFisher 154534PK). 

The microglia were incubated at 37⁰C, 5% CO2 for 2 h and then latex beads-rabbit IgG-

FITC complex (at 1:100; Cayman Chemicals, 400291) were added to the wells. After a 30 

min incubation, the beads were washed off with PBS and the cells were fixed with cold 4% 

paraformaldehyde for 30 min. The slides were stored in PBS. For immunocytochemistry, 

slides were incubated in 10% normal donkey serum for 30 min, then with primary antibody 

(rabbit anti-Iba1, 1:1000; Wako 019-19741) overnight. Cells were incubated with secondary 

antibody (Alexa 546 donkey anti-rabbit, 1:500; ThermoFisher A10040) and DAPI for 2 h. 

Slides were coverslipped and imaged using an inverted Nikon Ti-E microscope. For image 

capture and analysis, 20 images per well were taken (random areas within the well). The 

percent of cells containing green phagocytic beads was assessed. Multiple groups (i.e., 

stress-home cage; male-female) were included, so female and male rats were run on 

different days; thus, the data are expressed as percent home cage control.

2.2.5. Experiment 5: Is the serum corticosterone response differentially 
affected by stress in male and female rats?—After acclimating the rats to handling, 

we collected a baseline blood sample from the tail vein. Male and female rats then 

underwent stress or home cage treatment and repeated tail vein blood samples were 

collected at 0 h (immediately upon cessation of the stress protocol), 24 h, 72 h, 1 week and 4 

weeks following the stress paradigm. Rats were humanely euthanized at the conclusion of 

this experiment and donated to the Birds of Prey Foundation (Broomfield, CO).

2.2.6. Experiment 6: Are microglia isolated from the hippocampus of female 
rats primed one week following stress when CORT concentrations have 
normalized?—Male and female rats underwent either tail shock stress or remained 

undisturbed in their home cage. One week following stress exposure, when serum CORT 

concentrations had returned to baseline in female rats, hippocampal microglia were isolated 

and challenged ex vivo with LPS.

2.2.7. Experiment 7: Is CORT sufficient to prime neuroinflammatory responses 
in male and female rats?—Male and female rats received a single subcutaneous 

injection of CORT (2.5 mg/kg; Sigma, St. Louis, MO) or vehicle (100% propylene glycol) at 

~ZT4 (corresponding to the time of stress). We previously demonstrated that this CORT 

dose recapitulates inescapable shock-elicited CORT (Fleshner et al., 1995) and induces 

neuroinflammatory priming in male rats (Frank et al., 2012). 24 h following the CORT or 

vehicle injection, rats received a single IP injection of LPS (10 ug/kg) or vehicle between 

ZT3 and ZT5. Three hours following the LPS or vehicle injection, tissues and serum were 

collected in order to evaluate the inflammatory response.
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2.2.8. Experiment 8: Are glucocorticoid sufficient to prime microglia 
responses in male and female rats?—Male and female rats received a single 

subcutaneous injection of CORT (2.5 mg/kg) or vehicle at ~ZT4. 24 h later, microglia were 

isolated and stimulated ex vivo with LPS. Graphs from this experiment are represented in 

Figure 2, 3, 4.

3. Results

3.1 Stress exacerbates LPS-induced behavioral changes in male and female rats

Male rats that experience stress prior to an immune challenge exhibit an exaggerated 

behavioral sickness response (Johnson et al., 2003). Here, we tested whether females exhibit 

similar stress-enhanced behavioral responses to immune challenge (Fig 1A). Male and 

female rats underwent 100 sessions of inescapable tail shock stress. 24 h later, rats were 

given either an IP vehicle or LPS (10 ug/kg) injection and sickness behaviors were evaluated 

(n = 6/group with a total of 48 rats). One female rat was euthanized prior to the conclusion 

of behavioral testing due to an injury sustained in the stress paradigm and is not included in 

statistical analyses. Male and female rats are graphed separately for ease of visualization. 

Sex was analyzed as a variable in all statistical comparisons and all male/female differences 

are described below and noted in the figures.

There were no baseline differences in sucrose preference between the groups and there was 

no effect of sex (p > 0.05). On the evening following stress, sucrose preference was reduced 

in male and female rats that received stress as compared to home cage control treatment 

(main effect of stress, p < 0.05; Fig 1B&C). 24 h post-stress rats were administered LPS, 

which additively reduced sucrose intake in male and female stress rats (main effect of LPS 

and stress, p < 0.05; Fig 1B&C).

There were no baseline differences in juvenile social exploration between groups (p > 0.05) 

and juvenile social interaction varied over time (time X stress and LPS: F3,117 = 8.2 and 14.6 

respectively, p < 0.05; Fig 1D&E). There was a main effect of sex on social exploration 

(F1,39 = 11.8, p < 0.005); such that females showed an overall reduction in social exploratory 

behavior compared to males. However, there was no interaction of sex with time, stress, or 

immune challenge; thus, male and female rats had a comparable response to the 

experimental manipulations. Stress and LPS reduced juvenile social exploration in an 

additive manner in male and female rats at 2 h and 6 h post-LPS (post hoc, p <0.05). By 24 h 

post-LPS, rats had recovered from the effects of the LPS (p > 0.05) but not prior stress (post 

hoc, p < 0.05).

3.2. Post-stress male and female rats exhibit primed hippocampal cytokine responses

To determine whether female rats demonstrate similarly primed neuroinflammatory 

responses to male rats following stress, rats received an LPS (10 ug/kg) injection 24 post-

stress and hippocampal tissue was collected 3 h later. In agreement with previous findings, 

stressor exposure 24 h prior to an LPS challenge caused an exaggerated hippocampal 

cytokine response in male rats (Johnson et al., 2002). Furthermore, there was no effect of sex 

on hippocampal cytokine expression (p > 0.05): female rats had similarly elevated 
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hippocampal cytokine expression in response to LPS post-stress. Male and female rats 

showed potentiated IL-1β mRNA (stress X LPS: F1,46 = 26.3, p < 0.0001; Fig 2A) and 

IL-1β protein (stress X LPS: F1,46 = 17.2; p < 0.0001; Fig 2B) responses in the hippocampus 

3 h following LPS. Furthermore, male and female rats had enhanced hippocampal TNFα 
mRNA (stress X LPS: F1,45 = 17.8, p < 0.0001; Fig 2C) and IL-6 mRNA (stress X LPS: 

F1,48 = 7.9; p < 0.01; Fig 2D) expression following LPS post-stress.

3.3. In the hippocampus of male and female rats, stress down-regulates anti-inflammatory 
signaling pathways

The CD200:CD200R and CX3CL1:CX3CR1 (fractalkine) dyads are considered 

neuroinflammatory “off” signals for microglia (Biber et al., 2007; Paolicelli et al., 2014). 

Down-regulation or ablation of CX3CR1 or CD200 causes heightened neuroinflammatory 

responses (Cardona et al., 2006; Denieffe et al., 2013). Thus, here we evaluated whether 

male and female rats exhibit changes in the CD200 and fractalkine family of genes 

following stress and LPS exposure. Females had elevated CD200 receptor and reduced 

CD200 ligand expression in the hippocampus as compared to male rats (sex: F1,48 = 10.6 

and 4.8 respectively, p < 0.05; Fig 3A&B). Stress elicited reductions in the CD200 receptor 

(stress: F1,48 = 38.2; p < 0.0001; Fig 3A) but did not affect expression of the ligand (p > 

0.05; Fig 3B) in the hippocampus of male and female rats.

Fractalkine receptor (CX3CR1) expression was significantly affected by sex, stress, and 

LPS. CX3CR1 was elevated in the hippocampus of female as compared to male rats (sex: 

F1,46 = 5.9, p < 0.05) and was down-regulated by exposure to stress (stress: F1,46 = 24.2, p < 

0.0001; Fig 3C). LPS also reduced CX3CR1 expression (LPS: F1,46 = 16.5). In contrast, 

there was no effect of sex, stress, or LPS on fractalkine ligand expression (p > 0.05; Fig 3D).

3.4. Stress primes serum IL-1β responses in female but not male rats

Stress-evoked cytokine increases to LPS were limited to the CNS in male but not female 

rats. In agreement with previous findings, liver IL-1β mRNA expression was increased by 

LPS but unaffected by stress in both male and female rats (F1,32 = 60.2, p < 0.0001; Fig 4A). 

Of note, a subset of liver samples (n = 2/group) were lost which is why the degrees of 

freedom is lower for this comparison. In contrast, female but not male rats that underwent 

stress 24 h prior showed potentiated serum IL-1β responses to LPS (sex X stress X LPS: 

F1,46 = 7.0, p < 0.05; Fig 4B).

3.5. Microglia isolated from male, but not female rats are primed following stress

Although microglia appear to contribute to neuroinflammatory priming in males, it is 

important to establish whether or not microglia similarly drive priming in females. Indeed, 

other groups have demonstrated that immune cells mediating neuroinflammatory responses 

can vary between the sexes (Sorge et al., 2015). Male and female rats received stress and 24 

h later hippocampal microglia were isolated. Microglia were challenged ex vivo with LPS 

(0, 1, 10, 100 ng/ml) for 4 h (Fig 5A). There were sex differences in microglia responses to 

stress followed by an ex vivo challenge with LPS (sex X stress X LPS for IL-1β and IL-6: 

F3,48 = 3.4 and 2.9 respectively, p < 0.05). As expected, LPS dose dependently increased 

IL-1β and IL-6 mRNA expression in microglia isolated from both male and female rats (Fig 
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5B&C). However, while prior-stress potentiated the IL-1β (post hoc, p < 0.05; Fig 5B) and 

IL-6 (post hoc, p < 0.05; Fig 5C) response in microglia isolated from male rats, microglia 

isolated from females had comparable IL-1β and IL-6 mRNA expression following stress or 

control treatment (p > 0.05). The lack of priming in microglia isolated from female rats was 

confirmed in separate cohort of animals (supplemental Fig 1). This suggests that prior stress 

primed male, but not female microglia.

3.6. Microglia from stressed male and female rats show reduced phagocytic capacity

Microglia isolated from female rats following stress did not show the enhanced 

inflammatory profile to LPS typically found in microglia isolated from stressed male rats. 

This led us to next test whether microglia were functionally shifted toward an alternative 

activation phenotype. One functional feature of alternative activation is increased phagocytic 

ability. We evaluated phagocytic capacity of hippocampal microglia isolated from stressed 

male and female rats 24 h after stress, using fluorescent latex beads. Fewer microglia from 

stressed, compared to home cage, rats phagocytosed the latex beads (stress: F1,22 = 6.454, p 

< 0.05; Fig 6). While there was no significant interaction of sex and stress on phagocytosis, 

microglia from stressed females had particularly robust reductions in phagocytosis with 41% 

fewer stressed female microglia containing beads compared to home cage female microglia.

3.7. Glucocorticoid responses vary between male and female rats following stress

Previous work from our laboratory demonstrates that in vivo and ex vivo priming in males is 

driven by CORT (Frank et al., 2010; Frank et al., 2012). Thus, we next evaluated CORT 

responses in male and female rats that underwent stress followed by an injection of LPS 24 h 

later. Tissue was collected 3 h post-LPS. Hippocampal CORT was potentiated by stress 

followed by LPS in male and female rats (stress X LPS: F1,48 = 18.0, p < 0.0001; Fig 7A). 

There was an interaction of sex and stress on hippocampal GR expression (sex X stress: 

F1,41 = 7.6, p < 0.01; Fig 7B): such that, there was no effect of stress on GR expression in 

the hippocampus of male rats (post hoc, p > 0.05), but female rats exhibited an overall 

down-regulation in GR following stress (post hoc, p < 0.05).

Serum CORT concentrations were elevated in females as compared to males (F1,10 = 11.93, 

p < 0.05) and were elevated by stress as compared to home cage treatment (F5,50 = 130.20, p 

< 0.05; Fig 7C). Elevations in serum CORT concentrations persisted longer in females 

compared to males: by 24 h post-stress males no longer exhibited higher CORT 

concentrations than baseline (post hoc, p < 0.05). Females demonstrated elevated CORT 

concentrations at 24 h (post hoc, p < 0.05). While CORT concentrations were no longer 

significantly elevated in females at 3 days post–stress, CORT levels were highly variable 

(CORT from some animals was near baseline levels, while CORT from other female rats 

remained elevated).

In order to determine whether prolonged elevations in CORT may be preventing priming in 

microglia at 24 h in females, we next isolated microglia from female rats at 7 days post-

stress when serum CORT concentrations were back to baseline. Male microglia exhibit 

priming for up to one-month post-stress (Frank et al, unpublished observations). Microglia 

isolated from female rats 7 days post-stress exhibited typical increases in IL-1β and IL-6 
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mRNA expression in response to LPS (LPS on IL-1β: F3,24=77.59, LPS on IL-6: 

F3,24=82.59, p < 0.05; Fig 7D&E). However, female microglia still did not appear primed by 

stress: IL-1β mRNA expression was unaffected by prior stress (p > 0.05) and IL-6 mRNA 

expression was suppressed by prior stress (stress: F1,24=11.70, p < 0.05).

3.8. CORT induces priming in vivo but not ex vivo in female rats

CORT is a proximate signal through which stress primes neuroinflammatory and microglial 

responses in male rats (Frank et al., 2014; Frank et al., 2010; Frank et al., 2012). Indeed, a 

CORT injection that mimics the rise in CORT induced by stress causes neuroinflammatory 

priming in male rats (Frank et al., 2010). Thus, we next evaluated whether CORT similarly 

induces priming in female rats. To test this, male and female rats were injected with a single 

subcutaneous dose of CORT or vehicle (propylene glycol) (Frank et al., 2010). 24 h later, 

rats received 10 ug/kg IP LPS and then hippocampal tissue was collected after 3 h to 

evaluate cytokine expression. Prior CORT potentiated LPS induced IL-1β mRNA expression 

(CORT X LPS: F1,21= 15.0, p < 0.001; Fig 8A) and IL-6 mRNA expression (CORT X LPS: 

F1,21 = 6.3, p < 0.05; Fig 8B) in the hippocampus of male and female rats. Importantly, prior 

CORT also potentiated the serum IL-1β response to LPS in female but not male rats (sex X 

CORT X LPS: F1,23 = 4.3 and post hoc, p < 0.05; Fig 8C).

In a separate cohort of rats, microglia were isolated 24 h following CORT or vehicle 

treatment. Microglia were isolated at 24 h post-CORT because this is when the in vivo 
immune challenge would occur. Microglia priming was differentially affected by CORT 

treatment in male and female rats (sex X CORT: F1,48 = 7.7, p < 0.05). In agreement with 

previous findings, in vivo CORT potentiated ex vivo LPS-elicited IL-1β mRNA responses in 

microglia isolated from male rats (post hoc, p < 0.05; Fig 8D). In contrast, prior CORT 

treatment did not affect female microglia IL-1β induction in response to ex vivo LPS 

stimulation (p > 0.05).

Discussion

Exposure to stressors and peripheral immune challenges induce pro-inflammatory cytokines 

in the CNS. Furthermore, cross-sensitization between these factors can occur; for example, 

stress potentiates the CNS cytokine response to a subsequent immune challenge (Frank et 

al., 2016). This phenomenon, termed “neuroinflammatory priming”, has primarily been 

studied in males. Sex differences in both the stress response (Bourke et al., 2012) and the 

immune system (Klein and Flanagan, 2016) led us to test whether behavioral and 

neuroinflammatory changes in response to stress differ in male and female rats. Here we 

show that male and female rats exhibit comparable behavioral changes in response to stress 

followed by a peripheral injection of LPS. Exposure to stress increased behavioral 

anhedonia, as assessed by a sucrose preference test in male and female rats. Furthermore, 

stress and LPS additively affected sucrose preference with animals that experienced both 

challenges exhibiting the greatest reduction in sucrose intake. Similarly, male and female 

rats that underwent stress followed by LPS showed additive reductions in social exploratory 

behavior in a juvenile social exploration task. Consistent with the greater behavioral 

changes, neuroinflammatory responses to LPS were enhanced in male and female rats that 
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underwent prior stress. Indeed, the induction of pro-inflammatory cytokines (IL-1β, TNF-α, 

and IL-6) in the hippocampus was elevated in male and female rats that received a peripheral 

LPS injection 24 h post-stress. Importantly, behavioral changes and CNS cytokine induction 

were similarly altered in male and female rats, suggesting that stress-elicited 

neuroinflammatory priming is equivalent in vivo.

The anti-inflammatory signature of the hippocampus was comparable in male and female 

rats post-stress. Stress caused a down-regulation of anti-inflammatory pathway genes, 

including CD200R and CX3CR1, in the hippocampus of male and female rats. Both the 

CD200:CD200R and CX3CL1:CX3CR1 dyads are neuroinflammatory “off” signals for 

microglia (Biber et al., 2007; Paolicelli et al., 2014). CD200R and CX3CR1 are expressed 

exclusively on microglia and other myeloid cells in the CNS (Cardona et al., 2006; Koning 

et al., 2009). Interactions between the neuronally expressed CX3CL1 and CD200 ligands 

and corresponding receptors on microglia inhibit inflammatory responses (Cardona et al., 

2006). Our findings support previous work implicating these pathways in 

neuroinflammatory priming in the context of stress and aging (Fonken et al., 2016; Wynne et 

al., 2010). Since stress reduces CD200R and CX3CR1, stress may induce 

neuroinflammatory priming by attenuating neuronal inhibition of microglia. Dampening the 

pathways through which neurons inhibit microglia could produce a CNS microenvironment 

permissive to pro-inflammatory activation (Frank et al., 2007).

Thus, next we tested whether microglia contribute to stress-induced potentiation of CNS 

pro-inflammatory responses. Microglia isolated from male and female home cage control 

rats exhibit comparable reactivity to ex vivo LPS treatment indicating male and female 

microglia have equivalent baseline pro-inflammatory capacity. Following stress, male rats 

exhibit increases in microglia activation in vivo and potentiated ex vivo microglia responses 

to an LPS challenge (Frank et al., 2007), suggesting that microglia are a neuroimmune 

substrate leading to stress-elicited neuroinflammatory priming in males. In contrast, while 

female rats exhibit comparable pro-inflammatory cytokine potentiation in the CNS 

following stress and LPS, microglia isolated from female rats did not exhibit a primed 

phenotype. Paradoxically, there was an overall trend towards stress suppressing microglia 

activation in females (see Fig 5 and supplemental Fig 1). This indicates that 

neuroinflammatory priming in females may not depend on, or be initiated by, heightened 

microglia reactivity. The lack of microglia priming in females is somewhat surprising as 

female rodents express more microglia than males in limbic structures (Schwarz et al., 2012) 

and female microglia have a more activated morphology (Nelson et al., 2017; Schwarz et al., 

2012).

It is possible that microglia from female rats undergo alternative activation in response to 

stress or display a different time course of neuroinflammatory priming. To test this first 

possibility, the phagocytic capacity of microglia isolated from rats that had underwent a 

stressor 24 h prior was assessed. Pro-inflammatory microglia phagocytose less efficiently 

(Koenigsknecht-Talboo and Landreth, 2005), whereas microglia treated with anti-

inflammatory factors (e.g., IL-4) increase phagocytic capacity (Shimizu et al., 2008) – partly 

via CD200:CD200R signaling (Varnum et al., 2015). Thus, stress was expected to reduce 

phagocytic ability of microglia isolated from male rats. Interestingly, both male and female 
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rats showed reduced phagocytic capacity 24 h following stress. This reduction in microglial 

phagocytic activity from both sexes suggests that while microglia from stressed females are 

less reactive to an in vitro inflammatory challenge than male microglia, they are not more 

anti-inflammatory.

Second, we evaluated whether the time course of priming was altered in microglia isolated 

from female rats. Importantly, while male and female rats had comparable peak CORT 

concentrations directly following stress, the CORT elevation was protracted in female rats. 

The sustained increase of stress-elicited CORT in females 24 h post-stress could blunt the 

microglial response to LPS ex vivo at this same time post-stress. Previous work in our 

laboratory suggests that microglia priming following exposure to stress can last up to a 

month in male rats (Frank et al, unpublished observations). Thus, we tested whether 

microglia isolated from female rats 7 days post-stress, when serum CORT concentrations 

had returned to baseline in female rats, would exhibit an enhanced inflammatory response to 

an ex vivo challenge. Microglia isolated from female rats one week following stress did not 

exhibit an enhanced immune response to an ex vivo immune challenge. Moreover, treating 

rats with exogenous CORT and isolating microglia 24 h later only produced a primed 

phenotype in microglia isolated from male rats. Taken together, these results suggest that 

microglia from female rats do not undergo the ex vivo priming in response to in vivo stress 

that has been described in males. This may indicate that in female, but not male rats 

continued signaling from other CNS cells is required for priming to occur.

Glucocorticoids are a proximate signal through which stress primes inflammatory responses 

in male rats (Frank et al., 2013). In male rats, CORT is necessary and sufficient for stress-

induced neuroinflammatory and microglia priming (Frank et al., 2013). Thus, we next 

evaluated whether CORT similarly induces hippocampal neuroinflammatory priming in 

female rats. In agreement with previous findings, the administration of CORT 24 h prior to 

LPS potentiated cytokine responses in the hippocampus of male rats. Moreover, female rats 

also exhibited increases in hippocampal IL-1β and IL-6 mRNA in response to an LPS 

injection 24 h post-CORT administration. As noted above, microglia responses to CORT 

injection paralleled findings in microglia isolated post-stress: whereas microglia isolated 

from males rats 24 h following CORT showed enhanced inflammatory potential to ex vivo 
LPS, prior CORT treatment did not potentiate cytokine responses in microglia isolated from 

female rats. One limitation to administering exogenous CORT in females is that it may not 

parallel the curve produced by stress exposure. Indeed, females typically show more rapid 

metabolism and clearance of glucocorticoids (reviewed in (Goel et al., 2014)). However, 

female rats displayed prolonged elevations in serum CORT as compared to males following 

tail shock stress. Furthermore, it is unclear if the time course of CORT in the hippocampus 

differs in male and female rats: previous work in our lab suggests that hippocampal and 

serum CORT responses can differ (Barrientos et al., 2015).

Finally, enhanced inflammatory responses appear limited to the CNS in male rats in these 

experiments. However, female rats that received stress or CORT prior to LPS had potentiated 

serum IL-1β responses. Therefore, an enhanced immune-to-brain signal in females may 

contribute to neuroinflammatory priming. Interestingly, in other models of stress-induced 

priming, peripheral immune signaling may be critical for neuroinflammatory potentiation 
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(McKim et al., 2017), although see (Lehmann et al., 2016). Alternatively, it is possible that 

sex differences in serum IL-1β can be attributed to differential kinetics of LPS and CORT 

responses in males and females since only one time point was assessed.

Overall, these results suggest that the mechanisms mediating stress induced 

neuroinflammatory potentiation is likely distinct between the sexes. Sex differences in the 

mechanisms mediating neuroinflammatory changes have been characterized in other 

contexts. For example, the sexually dimorphic effects of morphine were recently attributed 

to basal sex differences in microglia reactivity (Doyle et al., 2017). Moreover, chronic pain 

hypersensitivity is mediated by completely different mechanisms in male and female mice; 

microglia enable mechanical pain hypersensitivity in males, whereas adaptive immune cells 

induce pain sensitivity in female mice (Sorge et al., 2015).

Stage of estrous can affect both the stress response and neuroimmune activation (Bekhbat 

and Neigh, 2017). For example, stress-induced IL-1β responses vary across the estrous cycle 

(Arakawa et al., 2014). However, stage of estrous does not affect microglia gene expression 

profiles (Hanamsagar et al., 2017) or behavioral responses to stress in this model (Baratta et 

al, unpublished observation). Because of the large-scale nature of these experiments, here we 

focused on sex differences (not estrous cycle-dependent differences) in stress-induced 

neuroinflammatory priming. One additional variable not addressed in this experiment is 

whether the stressor (inescapable tail shock) was differentially perceived between the sexes. 

Indeed, in humans, there are sex difference in both stress perception and coping strategies in 

response to a variety of stressors (for example see (Brougham et al., 2009)). The perception 

of stress could possibly account for some of the sex differences in stress response; however, 

stress perception is difficult to evaluate in rats.

Taken together, our data suggest that stress exaggerates neuroinflammatory responses in 

male and female rats by distinct mechanisms. Although here we used a single method of 

stress (tail shock), other stressors including social defeat (Wohleb et al., 2012) and chronic 

variable stress (de Pablos et al., 2014) also alter neuroinflammatory responses suggesting 

these results may generalize to other types of stress. Importantly, psychological and 

physiological stressors that are neuroinflammatory may potentiate the CNS pro-

inflammatory and behavioral response in any disease condition characterized by glial 

activation and/or neuroinflammation. Lifetime risk of experiencing a number of 

neuroinflammatory disorders, including multiple sclerosis (Ramagopalan et al., 2010), 

Alzheimer’s disease (Mielke et al., 2014), and stroke (Seshadri et al., 2006), is higher in 

females. This underscores the importance of studying etiologies underlying or exacerbating 

diseases/disorders in both sexes. More broadly, our findings suggest that distinct sex-specific 

cellular and physiologic mechanisms could underlie similar psychological disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

* Male and female rats exhibit similar neuroinflammatory responses to stress

* Stress-induced neuroimmune changes may occur through distinct sex-

specific mechanisms

* Microglia are a likely cellular source of priming in male but not female rats

* Prior stress enhances peripheral immune signals in female rats only

* It is critical to investigate mechanisms underlying biological phenomena in 

both sexes
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Figure 1. Sickness behavior is increased by prior stress in male and female rats
(A) Male and female rats underwent inescapable stress (100 trials of tailshock) or remained 

in the home cage. 24 h later rats received a single IP injection of 10 ug/kg LPS or saline 

(vehicle-control) and then underwent behavioral testing (see methods for additional details 

on timing). Male and female rats are graphed separately to simplify interpretation but sex 

was analyzed as a variable in both the sucrose preference and social exploration tests. (B) 

Male and (C) female rats demonstrated reduced sucrose preference following stress. 

Furthermore, prior stress exaggerated the LPS induced reduction in sucrose preference in 

both male and female rats. Juvenile social exploration was reduced by both stress and LPS in 

(D) male and (E) female rats. Furthermore, female rats had lower levels of social 

investigation as compared to male rats. Sucrose preference results were analyzed for each 

day using a 2 × 2 × 2 ANOVA with sex, stress, and immune challenge as the between 

subjects factors (n = 6 per group with a total of 48 rats). Results from the juvenile social 

exploration test were analyzed using 2 × 2 × 2 repeated measures ANOVAs with sex, stress, 

and immune challenge as the between subject factors and time as the within subjects factor. 

Data are expressed as mean ± SEM. †main effect of sex, *main effect of stress, #main effect 

of LPS, p < 0.05 in all cases. Abbreviations: JSE (juvenile social investigation), SA (sucrose 

anhedonia), LPS (lipopolysaccharide).
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Figure 2. Male and female rats exhibit comparable primed hippocampal cytokine responses post-
stress
Male and female rats underwent inescapable stress or remained in the home cage. 24 h later 

rats received a single IP injection of 10 ug/kg LPS or saline and tissue was collected 3 h 

later. (A) Stress potentiated LPS-induced IL-1β mRNA elevations in the hippocampus of 

male and female rats. (B) IL-1β protein was similarly regulated in the hippocampus of male 

and female rats. Additional pro-inflammatory cytokine mRNA including (C) TNFα and (D) 

IL-6 were elevated by stress followed by LPS. Results were analyzed using 2 × 2 × 2 

ANOVAs with sex, stress, and immune challenge as the between subjects factors (n = 6 – 8 

per group with a total of 56 rats). Data are expressed as mean ± SEM. *simple effect of 

stress, p < 0.05 in all cases.
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Figure 3. Male and female rats exhibited comparable down-regulation of anti-inflammatory 
pathway genes following stress
Male and female rats underwent inescapable stress or remained in the home cage. 24 h later 

rats received a single IP injection of 10 ug/kg LPS or saline and tissue was collected 3 h 

later. (A) CD200R mRNA was lower in the hippocampus of male as compared to female rats 

and was suppressed by stress in both sexes. (B) CD200L was increased in the hippocampus 

of male as compared to female rats and unaffected by and LPS stress. (C) CX3CR1 was 

reduced in the hippocampus of male as compared to female rats and suppressed by stress 

and LPS. (D) In contrast, mRNA expression of the CX3CL1 was unaffected by sex, stress, 

or LPS. Results were analyzed using 2 × 2 × 2 ANOVAs with sex, stress, and immune 

challenge as the between subjects factors (n = 6 – 8 per group with a total of 56 rats). Data 

are expressed as mean ± SEM. †main effect of sex, *main effect of LPS, #main effect of 

stress, p < 0.05 in all cases.
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Figure 4. Peripheral cytokine responses are potentiated in female but not male rats in response to 
stress and LPS
Female and male rats underwent inescapable stress or remained in the home cage. 24 h later 

rats received a single IP injection of 10 ug/kg LPS or saline and blood and tissue were 

collected 3 h later. (A) IL-1β mRNA expression in liver was increased by LPS but not stress 

in both female and male rats. (B) Serum IL-1β concentrations were increased by exposure to 

stress and LPS in female rats. In contrast, serum IL-1β was not affected by stress exposure 

in male rats. Results were analyzed using 2 × 2 × 2 ANOVAs with sex, stress, and immune 

challenge as the between subjects factors (n = 6 – 8 per group). Data are expressed as mean 

± SEM. #main effect of LPS, *simple effect of stress, p < 0.05 in all cases.
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Figure 5. Microglia are primed by exposure to stress in male but not female rats
(A) Male and female rats underwent inescapable stress or remained in the home cage. 24 h 

later microglia were isolated from the hippocampus using a percoll density gradient. Cells 

were plated (10,000 cell per well) with LPS for 4 h prior to isolating mRNA. (B) Prior stress 

exposure potentiated IL-1β mRNA responses to LPS in microglia isolated from male rats. In 

contrast, IL-1β mRNA expression was unaffected by prior stress in female microglia. (C) 

Similarly, IL-6 mRNA expression was potentiated by stress exposure in males, which trends 

toward an overall suppression in microglia isolated from the female hippocampus. Results 

were analyzed using 2 × 2 × 4 ANOVAs with sex, stress, and LPS dose as the independent 

variables (n = 4 per group and experiment replicated in an additional cohort of 32 female 

rats [supplemental Fig 1]). Data are expressed as mean ± SEM. *main effect of LPS, #stress 

X LPS interaction, p < 0.05 in all cases.
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Figure 6. Stress reduces phagocytic capacity in microglia isolated from male and female rats
Male and female rats underwent inescapable stress or remained in the home cage. 24 h later 

microglia were isolated from the hippocampus using a percoll density gradient. Microglia 

were plated (5 × 104 cells per well) with a latex bead solution (1:100 concentration). 

Microglia were identified with Iba1 (red), beads were conjugated to a green fluorophore, and 

nuclei were identified using DAPI (blue). Arrows highlight microglia that phagocytosed 

latex beads (yellow represents colocalization of red microglia and green beads). Stress 

caused fewer microglia to phagocytose the beads. Results were analyzed using a 2 × 2 

ANOVA with sex and stress as the independent variables (n = 6 per group with a total of 24 

rats; 20 images were analyzed per rat and averaged). Data are expressed as mean ± SEM. 
#main effect of stress, p < 0.05. Scale bar: 50 mm.
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Figure 7. Some aspects of the glucocorticoid response are differentially modulated in male and 
female rats, but normalizing CORT concentrations does not result in priming in female 
microglia
(A) CORT responses are elevated by both prior stress and LPS in the hippocampus of male 

and female rats. (B) However, while glucocorticoid receptor concentrations are unaffected 

by stress in the hippocampus of male rats, females show downregulated glucocorticoid 

receptor expression in the hippocampus following stress. A representative blot is included 

below the graph (note: groups are represented in a different order in the blot than the figure). 

(C) The peripheral serum CORT response is elevated in females compared to males and 

CORT is increased for a longer duration of time following stress in females. Microglia 

isolated from female rats one week following stress when CORT concentrations have 

returned to baseline do not exhibit primed (D) IL-1β or (E) IL-6 mRNA expression. Panels 

A&B were analyzed using 2 × 2 × 2 ANOVAs with sex, stress, and immune challenge as the 

independent variables (n = 6 – 8 per group). Panel C was analyzed using a 2-way repeated 

measures ANOVA with sex as the between subjects factor and time as the within subject 

factor (n = 6 per group). Panels D&E were analyzed using 2 × 4 ANOVAs with stress and 

dose of LPS as the independent variables (n = 4 per group). Data are expressed as mean ± 

SEM. *main effect of stress, #main effect of sex, †main effect of LPS, p < 0.05 in all cases.
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Figure 8. Prior CORT treatment induces neuroinflammatory priming in vivo in male and female 
rats but does not prime female microglia
Male and female rats were injected with a single subcutaneous dose of CORT or vehicle 

(propylene glycol). 24 h later rats received 10 ug/kg IP LPS. Serum and hippocampi were 

collected after 3 h to evaluate cytokine expression. Prior CORT treatment potentiated LPS 

induced hippocampal IL-1β mRNA expression in (A) male and female rats. (B) 

Hippocampal IL-6 expression was similarly potentiated by prior CORT treatment in male 

and female rats. (C) Serum IL-1β was induced by an LPS injection in male rats but only 

potentiated by prior CORT treatment in females. In a separate cohort of rats, microglia were 

isolated 24 h following CORT or vehicle treatment. (D) Ex vivo treatment with LPS 

produced exaggerated IL-1β mRNA responses in male but not female rats that had received 

prior CORT treatment. Panels A – C were analyzed using 2 × 2 × 2 ANOVAs with sex, 

CORT, and LPS as the independent variables (n = 4 per group with a total of 32 rats). Panel 

D was analyzed using 2 × 2 × 4 ANOVAs with sex, CORT, and LPS dose as the independent 
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variables (n = 4 per group with a total of 16 rats). Data are expressed as mean ± SEM. *main 

effect of LPS, #interaction of CORT and LPS (G), p < 0.05 in all cases.
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Table 1

Primer sequences.

Gene Primer Sequence 5′ → 3′ Function

β-Actin F: TTCCTTCCTGGGTATGGAAT
R: GAGGAGCAATGATCTTGATC

Cytoskeletal protein (Housekeeping gene)

CD200 F: CTCTCTATGTACAGCCCATAG
R: GGGAGTGACTCTCAGTACTAT

Neuronal antigen that binds CD200R to inhibit microglia

CD200R F: TAGAGGGGGTGACCAATTAT
R: TACATTTTCTGCAGCCACTG

Cognate receptor for CD200

CX3CL1 F: ATCATCCTGGAGACGAGACAGC
R: CCACACGCTTCTCAAACTTGCC

Neuronal antigen that binds CX3CR1 to inhibit microglia

CX3CR1 F: TCAGGACCTCACCATGCCTA
R: CGAACGTGAAGACAAGGGAG

Cognate receptor for CX3CL1

IL-1β F: CCTTGTGCAAGTGTCTGAAG
R: GGGCTTGGAAGCAATCCTTA

Pro-inflammatory cytokine

IL-6 F: AGAAAAGAGTTGTGCAATGGCA
R: GGCAAATTTCCTGGTTATATCC

Pro-inflammatory cytokine

TNFα F: CAAGGAGGAGAAGTTCCCA
R: TTGGTGGTTTGCTACGACG

Pro-inflammatory cytokine
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