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Abstract

Previous work from our group has shown that chronic homotypic stress (repeated restraint – RR) 

increases microglial morphological activation in the prefrontal cortex (PFC), while chronic 

heterotypic stress (chronic variable stress – CVS) produces no such effect. Therefore, we 

hypothesized that stressor modality would also determine the susceptibility of the PFC to a 

subsequent inflammatory stimulus (low dose lipopolysaccharide (LPS)). We found that RR, but 

not CVS, increased Iba-1 soma size in the PFC after LPS injection, consistent with microglial 

activation. In contrast, CVS decreased gene expression of proinflammatory cytokines and Iba-1 in 

the PFC under baseline conditions, which were not further affected by LPS. Thus, RR appears to 

promote microglial responses to LPS, whereas CVS is largely immunosuppressive. The results 

suggest that neuroimmune changes caused by CVS may to some extent protect the PFC from 

subsequent inflammatory stimuli. These data suggest that modality and/or intensity of stressful 

experiences will be a major determinant of central inflammation and its effect on prefrontal 

cortex-mediated functions.

1. Introduction

Stress-induced changes in the CNS immune environment are thought to play a major role in 

the development of stress related disorders, such as depression (Kreisel et al 2014; Leonard 

2005; Hayley et al 2003; Grippo et al 2005; Wager-Smith & Markou 2011). Stress 

influences CNS immune responses via a variety of mechanisms, including glucocorticoid 

(Frank et al 2012) or β-adrenergic receptor signaling (Porterfield et al 2012). Microglia, the 

major immune cells of the brain, show dynamic responses to stress that contribute to 

behavioral and hormonal consequences (Walker et al 2013). Stress can have differential 

effects on microglial function, inducing pro- or anti-inflammatory responses. In many stress-

responsive brain regions, acute stress increases microglial numbers and markers of 

microglial activation (Kreisel et al 2014; Johnson et al 2002; Sugama et al 2007; Jankord et 

al 2010). However, under persistent chronic unpredictable stress, microglial activation can 

become greatly reduced and the cells can even undergo apoptosis (Kreisel et al 2014). 

Reversing either the acute or chronic effects of stress on microglia can attenuate the 
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development of stress-induced depression-like behavior (Kreisel et al 2014). Furthermore, 

antidepressant treatment can reverse both acute stress-induced microglial proliferation 

(Kreisel et al 2014) and chronic stress-induced immunosuppression (Basso et al 1993) and 

microglial decline (Kreisel et al 2014).

Conversely, there are a variety of other chronic stressors (repeated restraint stress, repeated 

social defeat, and chronic intermittent cold stress) that are known to enhance microglial 

activation in a variety of stress-responsive brain regions (Tynan et al 2010; Gadek et al 2012; 

Wohleb et al 2012; Reader et al 2015; Porterfield et al 2012; Girotti et al 2011). This 

enhanced microglial activation may potentiate central immune responses to subsequent 

inflammatory challenge, called priming. Stress primes CNS immune responses by enhancing 

microglial activation and prolonging cytokine release to a subsequent stressor or immune 

challenge, such as exposure to lipopolysaccharide (LPS). These enhanced microglial 

responses primed by stress contribute to the behavioral and hormonal consequences of stress 

(Hinwood et al 2012; Gadek et al 2012; Wohleb et al 2012; Grippo et al 2005).

Previous work by our group has shown that chronic stress modality can affect microglial 

activation in the prefrontal cortex (PFC) (Kopp et al 2013). The PFC is a major stress 

regulatory brain region, and PFC dysfunction is implicated in numerous stress related 

disorders, including major depression (Drevets et al 1997; Drevets et al 2008; Mayberg et al 

2005; Lemogne et al 2012). Importantly, our work suggests that the characteristics of 

different stress regimens may differentially affect PFC inflammation: chronic homotypic 

stress (repeated restraint stress) increases Iba-1 coverage in the PFC whereas chronic 

heterotypic stress (chronic variable stress) does not affect PFC Iba-1 percent area (Kopp et al 

2013). The present study was designed to explore possible differences in chronic stress 

modality by testing for prolonged or sustained PFC microglial activation following LPS. We 

compared the effects of repeated restraint stress versus chronic variable stress on PFC 

microglial morphology and cytokine expression after subsequent peripheral immune 

challenge with a low dose of lipopolysaccharide (LPS). Our results indicate that repeated 

restraint stress enhances Iba-1 cell activation by LPS (indicated by increased Iba-1 soma 

size), while chronic variable stress blunts PFC cytokine and Iba-1 gene expression despite 

LPS challenge, demonstrating differential effects of chronic stress modality on PFC 

inflammatory tone. These findings highlight the effects of different chronic stress protocols 

on the PFC immune environment, which likely will have important implications for 

understanding PFC behaviors that are linked to the development of stress-related disorders.

2. Methods

2.1 Subjects

Adult male Sprague-Dawley rats, purchased from Harlan (Indianapolis IN USA), were 

acclimated to the colony room for 1 week. The colony room was humidity and temperature 

controlled with a 12 hour light cycle (lights on at 6:00am, lights off at 6:00pm). Rats were 

housed two per cage in clear polycarbonate cages, with corncob bedding, with food and 

water available ad libitum. Male rats, weighing 270–300 g when the experiment began, were 

randomly placed into one of three groups: unhandled control (CON, n = 18), chronic 

variable stress (CVS, n = 18), and repeated restraint (RR, n = 18). All procedures were 
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carried out in compliance with the National Institutes of Health Guidelines for the Care and 

Use of Animals and approved by the University of Cincinnati Institutional Animal Care and 

Use Committee.

2.2 Stress regimens

For CVS, subjects were given two stressors per day for 14 consecutive days, with each 

stressor lasting for 1 h or less (except for overnight stressors). Morning and afternoon 

stressors were spaced by at least 2 h, with the morning stressor taking place any time 

between 08:00 – 11:300 h and afternoon stressor between 13:30 – 17:00 h. Stressors were 

scheduled in an unpredictable manner and included: cold swim (10 min at 16 – 18 °C), 

hypoxia (30 min with 92%N2/8%O2), open field in a guinea pig cage with bright light (5 

min), elevated plus maze (5 min), cart transport (15 min), rotational shaker (1 h at 100rpm), 

cold room (1 h at 4°C), overnight crowding (6 per rat cage), and overnight single housing in 

a mouse cage. For RR, subjects were placed in Plexiglas® restraint cylinders in their home 

cage for 30 min every morning at 10:00 h. The RR regimen also lasted 14 consecutive days, 

concurrent with the CVS regimen. Animals in the CON group were unhandled.

2.3 LPS administration

On the morning of the 15th day, 12 of the 18 subjects from each group were given an 

intraperitoneal (i.p.) injection of 50μg/kg of lipopolysaccharide (LPS, Sigma Aldrich St. 

Louis MO USA) dissolved in sterile saline (1mL/kg injection volume). The remaining 6 of 

18 subjects from each group received an equal volume i.p. injection of vehicle (sterile saline 

(SAL)).

2.4 Experimental Time points

Six animals from each stress group were killed via rapid decapitation 6 hours after injection 

on the 15th day (n = 6 each for 6h CON LPS, 6h RR LPS, 6h CVS LPS). There were no 

SAL groups at the 6h time point. On the morning of the 16th day (24 h post LPS/SAL 

injection), 6 animals from each group were killed (n = 6 each for 24h CON SAL, 24h RR 

SAL, 24h CVS SAL, 24h CON LPS, 24h RR LPS, 24 CVS LPS). Our primary measure was 

the 24h time point, since microglial activation to LPS can be detected 

immunohistochemically 24h after LPS injection (Wang et al 2009, Kongsui et al 2015) and 

we sought to simultaneously determine whether stress altered cytokine and microglial 

mRNA expression for a more prolonged period after LPS. As a secondary measure, we 

collected tissue at the 6h time point to determine whether stress altered early increases in 

proinflammatory cytokine expression following LPS.

2.5 Tissue Extraction

Following decapitation, trunk blood was collected into tubes with EDTA for corticosterone 

radioimmunoassay (RIA). Brains were promptly removed and hemisected. One half of each 

brain was flash frozen in isopentane at −30°C and stored at −80°C for qPCR. The other half 

was post-fixed for immunohistochemistry, using a protocol that was graciously provided by 

Dr. Arshad Khan and described in Khan & Watts 2004. Briefly, hemisected brains were 

placed in semi-frozen 4% paraformaldehyde (PFA) fix with sodium acetate buffer (pH 6.0, 
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1–4°C) for 24 h, followed by 4% PFA fix with sodium borate (pH 9.5, 4°C) for 2 days, 4% 

PFA/20% glycerol buffered with 0.1M sodium phosphate overnight, and finally transferred 

to 30% sucrose/0.1M sodium phosphate buffer at 4°C until sectioning with a microtome.

2.6 Quantitative PCR

Using a cryostat, the prelimbic (PL) and infralimbic (IL) divisions of the prefrontal cortex 

were micropunched (1mm each) and placed together in RNAlater® solution (Ambion) at 

−80°C. PL and IL punches were pooled to ensure sufficient RNA yield, since brains were 

hemisected. To prepare for RNA isolation, punches were thawed and manually homogenized 

with pestles. The RNA isolation was performed using a kit from Ambion, according to 

manufacturer’s instructions, with DNA decontamination steps at the end. RNA was 

quantified by low range RiboGreen® Assay (Invitrogen), with detected fluorescence 

measured as RNA quantity. RNA was reverse transcribed to cDNA (Invitrogen). Primers for 

genes PTGES, IL6, TANK, TNFa, IL18, IL1B, IL10, AIF1, ITGAM, and RPL32 were 

purchased from Invitrogen (see Table 1). RT PCR was performed individually for each 

primer on all samples with Taqman® 10μl fast reaction, according to instructions from the 

Invitrogen kit. Samples were run in duplicate. Average CT values above 37 were considered 

not expressed, and data not analyzed. Two punches included the corpus callosum, and were 

excluded. Therefore, for all qPCR data, n = 6 for 6h CON, 6h RR, 6h CVS, 24h CON LPS, 

24h RR LPS, 24h CVS LPS, 24h CVS SAL and n = 5 for 24h CON SAL and 24h RR SAL. 

The data were analyzed by calculating expression relative to L32, finding ΔΔCT values, and 

expressing all values as % expression relative to the 24h unstressed saline treated group (24 

CON SAL).

2.7 Immunohistochemistry

We used ionized calcium binding adaptor molecule 1 (Iba-1) as a marker of microglia. Iba-1 

is restricted to microglia and macrophages, and mediates membrane motility for 

phagocytosis (Ohsawa et al 2000). Consequently, Iba-1 is not detectable in neurons, 

astrocytes, or oligodendrocytes (Ito et al 1988). For immunohistochemistry, hemisected 

brains were removed from 30% sucrose, frozen to a dry ice stage, and sectioned with a 

sliding microtome. The 35μm sections were stored at −20°C in cryoprotectant (0.1 M 

phosphate buffer, 30% sucrose, 1% polyvinylpyrrolidone, 30% ethylene glycol). Sections 

were removed from cryoprotectant and rinsed 5 × 5 min in 50mM potassium phosphate 

buffered saline (KPBS, pH 7.2) at room temperature (RT). The remaining steps were also 

done at RT. After rinsing, sections were incubated for 1 h in blocking solution (0.1% bovine 

serum albumin (BSA), 0.2% Triton-X 100, 50mM KPBS). Next, sections were incubated 

overnight in primary anti-Iba-1 polyclonal rabbit antibody (1:1500, Synaptic Systems, 

Goettingen, Germany) and primary anti-NeuN monoclonal mouse antibody (1:200, 

Millipore, Temecula CA USA), diluted in blocking solution. On the second day, sections 

were rinsed 5 × 5 min with KPBS before 1 h incubation with Cy 3 donkey anti-rabbit 

(Jackson Immuno Research, West Grove, PA USA) and Alexa 488 goat anti-mouse 

(Molecular Probes, Eugene OR USA). These fluorescent secondary antibodies were each 

diluted 1:500 in 0.1% BSA with 50mM KPBS. Finally, sections were rinsed 4 × 5 min in 

KPBS and mounted onto slides. After drying, slides were immersed in Nano-H2O for 1 min 
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and coverslipped for imaging, using Fluka mounting medium (Sigma Aldrich, St. Louis MO 

USA).

2.8 Imaging and Histological Analysis of Microglia

Using Zeiss Axiovision 4.6 software and the Paxinos & Watson rat brain atlas (Paxinos & 

Watson 1997), the medial prefrontal cortex (PFC, AP + 3.5, DV − 3.0 to − 5.0, ML ± 0.25 to 

1.0) was imaged and analyzed by an individual blind to the experimental conditions. The 

Alexa 488 NeuN label was used to discriminate PFC cell layers, while the Cy 3 Iba-1 label 

was used to analyze Iba-1 positive cells. At 40× magnification, Cy 3 Z-stacks were taken 

from layers 5/6 of the prelimbic (PL) and infralimbic (IL) divisions of the PFC. These 

individual Z-stacks were used to create consecutive projection images, each 7μm in 

thickness. The Iba-1 positive cells were manually counted in the projection images for each 

division of the PFC. Iba-1 percent area was measured in the PL and IL with a percent area 

tool on Axiovision software as previously described in Kopp et al 2013. Condensed images 

were also examined using Image J software (NIH open access) to quantify soma perimeter, a 

parameter used for assessing Iba-1 cell activation. The perimeter of the soma was measured 

using the ImageJ software tool “Freehand line”, as described in Cutando et al 2013. Iba-1 

cells were only included for analysis if the whole cell was present and not overlapping any 

other cells in the image. Contrast was increased to clearly see the edges of each cell. 

Afterwards, the soma perimeter was measured using the ImageJ software tool “Measure” 

under the “Analyze” option. An equal number of measurements (3 cells per animal for each 

region (PL and IL)) were taken in each area for each animal, then averaged and converted to 

μm based on the scale set in the Image J program (150 pixels/inch).

2.9 Corticosterone Radioimmunoassay (RIA)

Plasma was collected from blood samples centrifuged at 4°C for 20 min at 1800 × g and 

stored at −80°C. Samples were thawed on ice and plasma corticosterone levels were 

measured with RIA 125I kit (MP Biomedicals, Solon OH USA).

2.10 Statistical Analysis

Data are graphed as mean ± SE. Two-way repeated measures ANOVA was used for body 

weight changes and two-way ANOVAs were used for analyzing the remaining data. Critical 

significance level was set at p < 0.05 and Fisher’s Least Significant Difference (LSD) post-

hoc test was used with stress group (CON, RR, CVS) and treatment (LPS, SAL; with two-

way ANOVAs) as between-subjects factors. For the 6h vs 24h comparison, stress group 

(CON, RR, CVS) and time (6h, 24h) were between-subjects factors. Any data that failed the 

assumption of equal variance or normality were transformed by log10 or square root, but the 

graphs represent the untransformed values. Figure legends indicate which data were 

transformed. Analysis was carried out with Sigma Stat (Systat Software, San Jose CA USA).

3. Results

3.1 Stress regimens and body weight

There was a significant interaction between day and stress on body weight [F(1, 153) = 

21.399; p < 0.001] (Fig. 1). At the beginning of the study on day 0, there were no significant 
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differences between groups. But by day 4, RR and CVS animals gained less weight than 

CON animals, and also weighed less on days 8 and 15 (p < 0.05, Fisher’s LSD post-hoc).

3.2 Corticosterone (CORT) levels

From trunk blood samples taken 24 h post LPS, there was a main effect of LPS treatment on 

CORT concentration [F(1, 30) = 17.502; p < 0.001] (Fig. 2) but no stress main effect or stress 

× LPS treatment interaction. The post-hoc analysis revealed that the LPS CON group had 

significantly higher CORT concentration than the SAL CON group, and that LPS RR group 

had significantly higher CORT levels than the SAL RR group (p < 0.05, Fisher’s LSD post-

hoc). The LPS CVS group did not have significantly higher CORT than the SAL CVS 

group.

3.3 Iba-1 Immunohistochemistry

For Iba-1 soma size in the IL PFC, there was a significant interaction between stress and 

LPS treatment [F(2, 29) = 3.946; p = 0.031] (Fig. 3A). LPS increased Iba-1 soma perimeter, 

but only in the animals exposed to RR (p < 0.05, Fisher’s LSD post-hoc). In the LPS treated 

animals, Iba-1 soma perimeter was increased in the RR group (p < 0.05, Fisher’s LSD post-

hoc) relative to the CON LPS group and RR LPS group (Fig. 3A). This effect was not seen 

in the PL PFC (Fig. 3B) and there were no significant differences in Iba-1 positive cell 

counts in the IL PFC (Fig. 3C) or PL PFC (Fig. 3D). Representative images of Iba-1 

immunohistochemistry are shown in Fig. 4. There were no differences in Iba-1 percent area.

3.4 Microglia gene expression: CD11b (ITGAM) and Iba-1 (AIF1)

There was a main effect of LPS treatment on ITGAM mRNA expression in the medial PFC 

(IL and PL combined) [F(1, 28) = 5.895; p = 0.022] (Fig. 5A). LPS treated animals had 

higher ITGAM expression than SAL treated animals, with post hoc revealing that the LPS 

CVS group had significantly higher ITGAM expression than the SAL CVS group (p < 0.05, 

Fisher’s LSD post-hoc). Then there was a significant main effect of stress on AIF1 mRNA 

levels in the medial PFC [F (2, 28) = 14.646; p < 0.001] (Fig. 5B). CVS animals had 

decreased AIF1 expression, with the SAL CVS group significantly lower than both SAL 

CON and SAL RR and the LPS CVS significantly lower than the LPS CON (p < 0.05, 

Fisher’s LSD post-hoc). There was no main effect of LPS treatment on AIF1 mRNA 

expression. In comparing microglial gene expression at the 6h vs. 24h time point, there was 

a main effect of stress on AIF1 expression [F(2, 30) = 13.517; p < 0.001], but no effect of 

time (Figure 7A). Animals exposed to CVS had lower AIF1 mRNA expression than both the 

RR and CON groups at 6h and lower AIF1 mRNA expression than the CON group at 24h(p 

< 0.05, Fisher’s LSD post-hoc) (Figure 7A).

3.5 Proinflammatory cytokine gene expression

There was a main effect of stress on IL-1β mRNA expression in the medial PFC [F(2, 28) = 

3.866; p = 0.033] (Fig. 6A). CVS animals had significantly lower IL-1β mRNA expression 

than their respective unstressed controls, both in the SAL and LPS groups (p < 0.05, Fisher’s 

LSD post-hoc) (Fig. 6A). Similarly, there were main effects of stress on TNFα expression 

[F(2, 28) = 8.129; p = 0.002] (Fig. 6C) and IL-18 expression [F(2, 28) = 3.534; p = 0.043] (Fig. 
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6D). CVS-exposed animals had significantly lower TNFα mRNA expression than their 

respective unstressed controls, both in the SAL and LPS groups (p < 0.05, Fisher’s LSD 

post-hoc) (Fig. 6C). Animals exposed to CVS also had lower IL-18 mRNA expression, with 

the CVS SAL group being significantly lower than the RR SAL group and the CVS LPS 

group being significantly lower than the CON SAL group (p < 0.05, Fisher’s LSD post-hoc) 

(Fig. 6D). There were no significant effects of LPS treatment or stress on IL-6 expression 

(Fig. 6B). In comparing cytokine expression at the 6h vs. 24h time point, there was a main 

effect of time on TNFα expression [F(1, 30) = 23.474; p < 0.001] (Figure 7B). Independent of 

stress group, animals had significantly higher TNFα mRNA expression at 6h compared to 

their respective stress group 24h after LPS injection (p < 0.05, Fisher’s LSD post-hoc) 

(Figure 7B). There was again a main effect of stress on IL-18 expression [F(2, 30) = 3.765; p 

= 0.035], but no effect of time. Animals exposed to CVS had lower IL-18 mRNA expression 

than the unstressed controls at the 24h time point (p < 0.05, Fisher’s LSD post-hoc) (data not 

shown). In comparing the 6h vs. 24h time point, there were no significant differences in 

IL-1β or IL-6 expression.

4. Discussion

Previous work has shown that exposure to a repeated restraint stress experience induces 

changes in medial PFC microglial morphology that reflect an activated state (Kopp et al 

2013; Tynan et al 2010), while CVS fails to induce these changes (Kopp et al 2013). The 

present study demonstrates that RR exposure increases Iba-1 soma size in the IL PFC with 

LPS injection, while CVS downregulates Iba-1 gene expression and proinflammatory 

cytokine gene expression in the medial PFC, consistent with differential effects of stressor 

regimens on central immune responses. Moreover, CVS-induced downregulation of pro-

inflammatory gene expression appears to be an enduring phenomenon independent of 

superimposed peripheral immune stimulation by LPS. These divergent effects of homotypic 

versus heterotypic chronic stress on PFC inflammatory responses suggest that microglia may 

be highly selective in their responsivity to various stress stimuli, particularly chronic insults.

Acute restraint stress activates neurons of the paraventricular nucleus of the hypothalamus 

(PVN) and subsequently increases circulating glucocorticoids. Acute restraint with water 

submersion increases microglial labeling in the hypothalamus, thalamus, and hippocampus 

(Sugama et al 2007). Repeated restraint increases microglial labeling throughout a broad 

range of limbic brain regions, including the prefrontal cortex (Tynan et al 2010). With 

repeated restraint, there is some habituation of the HPA axis by the end of a 14 day regimen 

(Viau & Sawchenko 2002). Interestingly, acute and repeated restraint stress activate 

distinctly different neural populations of the PVN (Viau & Sawchenko 2002) and there is 

significant habituation of immediate early gene responses in stress regulatory brain regions 

to chronic restraint in comparison to a single acute restraint session (Melia et al 1994, Stamp 

& Herbert 1999, Perrotti et al 2004). This supports the notion that the neurobiology of 

repeated restraint stress is different from an independent acute restraint exposure.

The chronic variable stress (CVS) model is a heterotypic stress regimen that prevents 

habituation and promotes increased basal glucocorticoid secretion (Herman et al 1995, 

Radley & Sawchenko 2015). CVS recapitulates pathological features of chronically stressed 
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people, indicated by increased HPA activation seen in stress-related disorders such as 

depression and anxiety (Herman et al 1995, Chrousos 2009). Individual stressors of the CVS 

regimen, such as cold exposure, acutely activate the HPA axis and activate microglia in 

stress-responsive brain regions (Sugama et al 2011). However, as with acute vs repeated 

restraint, cumulative exposure to CVS is likely very different from exposure to any one 

stressor of the regimen alone, since chronic variable stress induces substantial reorganization 

of stress regulatory circuits (Jankord & Herman 2008).

Chronic stress (CVS) has clear peripheral immunosuppressive actions, as indicated by 

decreased T lymphocyte percentage and sensitivity (Basso et al 1993). Centrally, CVS 

reduces microglial activation and can induce microglial apoptosis in the hippocampus 

(Kreisel et al 2014). Our data also suggests that chronic stress in the form of CVS may 

constrain pro-inflammatory activity in the PFC. The difference between the two paradigms 

may be related to habituation of the HPA axis. The CVS paradigm induces greater 

cumulative glucocorticoid exposure than RR since animals do not habituate (Herman et al 

1995; Ulrich-Lai et al 2006; Flak et al 2009; Flak et al 2012; Radley & Sawchenko 2015), 

which may serve as a mechanism to limit inflammatory responses. Lower concentrations of 

corticosteroids increase pro-inflammatory activities of microglia through the microglial 

mineralocorticoid receptor (MR), while higher concentrations of corticosteroids inhibit 

microglial activation through the microglial glucocorticoid receptor (GR) (Tanaka et al 

1997). While our current data do not allow us to directly comment on glucocorticoid load or 

HPA axis sensitivity, the differences we see may be due to stress habituation. Repeated 

restraint induces significant habituation of the HPA axis that is mediated by MR and not GR 

(Cole et al 2000). The habituating nature of the RR paradigm may predominantly activate 

microglial MR to enhance microglial activity whereas the non-habituating nature of the CVS 

paradigm may activate microglial GR to inhibit microglial activity.

Interestingly, RR increases Iba-1 soma perimeter with LPS challenge specifically in the 

infralimbic (IL) but not prelimbic (PL) division of the PFC. Previous studies have shown 

that RR or LPS alone increase indices of microglial activation in both the PL and IL (Kopp 

et al 2013, Tynan et al 2010, Kongsui et al 2015). However, these studies used a much higher 

dose of LPS (Kongsui et al 2015) and took tissue much sooner after cessation of RR than the 

present study (Kopp et al 2013, Tynan et al 2010). It is possible that the previously published 

effects of RR alone return to baseline 36h after cessation of the RR regimen. The IL is 

sensitive to RR-induced molecular changes in pathways relevant to depression (Barreto et al 

2012), so our current data suggest that it is possible that the IL is more sensitive to a lower 

dose of LPS and more prolonged effects of RR. This would suggest a larger role for the IL 

vs PL in chronic stress-induced depression-like behaviors that are potentially mediated by 

increased microglial activation. In contrast, the CVS regimen causes decreased Iba-1 and 

proinflammatory cytokine gene expression in the face of LPS injection. For gene expression, 

IL and PL were pooled to allow sufficient RNA yield. Further studies are necessary to 

determine the exact role of IL vs PL in chronic stress-induced suppression of 

proinflammatory molecules.

The timing of our effects also highlights the putative divergent actions of CVS and RR. Here 

we see evidence of a RR-induced increase in microglial activation at the protein level 24 h 
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after LPS injection, indicated by increased Iba-1 soma perimeter. For our present study, we 

were interested in evaluating the effect of prior chronic stress on sustained PFC 

inflammatory responses 24h after LPS challenge. At the mRNA level at the 24h time point, 

expression of Iba-1 and proinflammatory cytokines IL-1β, TNFα, and IL-18 are reduced in 

the CVS groups, both with LPS and saline treatment. In contrast, RR does not affect 

proinflammatory cytokine gene expression. Previous studies indicate that stress-induced 

potentiation of cytokine responses to LPS challenge occur within 1h of injection at the 

protein level (Johnson et al 2002), suggesting that the LPS effects on gene expression may 

have dissipated by the 6 and 24 hour time point. However, the CVS-induced downregulation 

of proinflammatory cytokine gene expression in the saline group is present even though the 

final stressor of the CVS paradigm was 36 hours prior to tissue collection. This cytokine 

downregulation is maintained in the face of LPS injection and Iba-1 gene expression is 

decreased in the CVS group even at the 6h time point. Together, this suggests that CVS 

promotes a tonic suppression of CNS immune activity, possibly via GR-mediated genomic 

effects of glucocorticoids.

While CVS decreases PFC Iba-1 gene expression and proinflammatory cytokine expression, 

an increase in LPS-evoked CD11b expression was observed in the CVS group. This suggests 

that despite a decrease in some brain inflammatory markers in the PFC with CVS, the 

animals are still capable of mounting a CNS response to peripheral LPS challenge. This is 

supported by the data showing that even animals exposed to CVS have elevated TNFα 
expression 6h after LPS. Although not reaching significance, the TNFα expression 6h after 

LPS is lower in the CVS group compared to the CON and RR groups.

The present data further demonstrate divergent effects of chronic homotypic stress (repeated 

restraint, RR) and chronic heterotypic stress (chronic variable stress, CVS) on immune status 

in the PFC following subsequent immune challenge with LPS. Taken together, our findings 

suggest that stressor modality or habituation help to determine the nature of chronic stress-

induced immune consequences in the PFC. By understanding how the PFC immune 

environment responds to a variety of chronic stress regimens, we can determine whether 

these responses play a neuroprotective role in stressor habituation or a neurotoxic role in the 

development of stress related disorders.
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Highlights

Repeated restraint increases PFC Iba-1 soma size with subsequent LPS 

injection.

CVS decreases PFC proinflammatory cytokine gene expression despite LPS 

injection.

PFC immune responses are highly dependent on chronic stress modality.
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Figure 1. 
Animals subjected to CVS or RR had decreased body weight gain. *p < 0.001 vs CON
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Figure 2. 
LPS increased morning circulating CORT in the CON and RR groups. *p < 0.01 vs CON 

SAL, **p < 0.001 vs RR SAL (Data were log10 transformed for statistical analysis, but 

figure depicts untransformed values)
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Figure 3. 
(A) Iba-1 soma perimeter was increased in the IL PFC in RR animals treated with LPS. (B) 

There were no differences in soma perimeter in the PL PFC and (C – D) there were no 

differences in cell counts. *p < 0.01 vs CON LPS; ^ p < 0.05 vs RR SAL
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Figure 4. 
Representative 40× images of Iba-1 positive cells in the IL PFC, layers 5/6. White boxes 

depict examples of cells selected for analysis. Red boxes (insets) depict the same respective 

cell per figure with enhanced zoom and contrast, showing soma perimeter with red dashed 

line. Scale bar in inset represents 20μm. In the LPS treated groups (D–F), only the RR LPS 

group (E) had increased soma size relative to the RR SAL group (B). The CON SAL (A) did 

not differ from CON LPS (D), and CVS SAL (C) did not differ from CVS LPS (F).
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Figure 5. 
Microglial gene expression at the 24h time point. (A) LPS increased CD11b gene expression 

specifically in the CVS LPS group. *p < 0.01 vs CVS SAL. (B) CVS animals showed 

decreased gene expression of Aif1 at 24h post-injection, independent of LPS. *p = 0.002 vs 

CON SAL, # p < 0.001 vs RR SAL, **p < 0.001 vs CON LPS
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Figure 6. 
Proinflammatory cytokine gene expression at the 24h time point. (A) CVS animals showed 

decreased proinflammatory cytokine expression of IL-1β. *p < 0.05 vs respective CON 

group (B) There were no significant differences in IL-6 expression. (C) CVS animals 

displayed decreased TNFα expression. *p < 0.05 vs CON SAL, **p = 0.005 vs CON LPS 

(D) CVS animals also showed decreased IL-18 expression. *p < 0.05 vs CON LPS, # p < 

0.05 vs RR SAL (Data for IL-1β and TNFα were square root and log10 transformed, 

respectively, but figure depicts untransformed values)
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Figure 7. 
Comparison of gene expression at 6h vs. 24h time point. (A) Animals exposed to CVS had 

decreased Iba-1 gene expression (Aif-1) both 6h and 24h after LPS injection *p < 0.005 vs 

respective CON group, # p < 0.005 vs 6h RR (B) Animals injected with LPS had increased 

TNFα mRNA expression 6h after injection versus 24h after injection. *p < 0.05 vs 24h 

CON, # p < 0.005 vs 24h RR, ^ p < 0.01 vs 24h CVS
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Table 1

qPCR: List of primer names, primer reference number, accession number, and exon boundary.

Target Gene name Accession # Ref # Exon boundary

IL10 Interleukin 10 NM_012854.2 Rn00563409_m1 4 – 5

ITGAM (CD11b) Integrin alpha M (complement component 3 receptor 3 
subunit)

NM_012711.1 Rn00709342_m1 1 – 2

TNF Tumor necrosis factor NM_012675.3 Rn99999017_m1 2 – 3

IL6 Interleukin 6 NM_012589.2 Rn01410330_m1 3 – 4

IL1b Interleukin 1 beta NM_031512.2 Rn00580432-m1 5 – 6

PTGES (mPGES-1) Prostaglandin E synthase NM_021583.3 Rn00572047_m1 2 – 3

TANK TRAF family member associated NFKB activator (1, 2) NM_001164073.1
NM_145788.2

Rn00595794_m1 7 – 8

IL18 Interleukin 18 NM_019165.1 Rn01422083_m1 3 – 4

AIF1 (Iba-1) Allograft inflammatory factor 1 NM_017196.3 Rn00574125_g1 5 – 6

RPL32 Ribosomal protein L32 NM_013226.2 Rn00820748_g1 4 – 4
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