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Abstract

Background—Chronic stress-induced inflammatory responses occur in part via danger 

associated molecular pattern (DAMP) molecules, such as HMGB1 but the receptor(s) underlying 

DAMP signaling have not been identified.

Method—DAMP signaling and microglia morphology were examined in enriched rat 

hippocampal microglia during the development and expression of chronic unpredictable stress 

(CUS)-induced behavioral deficits, including long-term, persistent changes after CUS.

Results—The results show that CUS promotes significant morphological changes and causes 

robust up-regulation of HMGB1 mRNA in enriched hippocampal microglia, an effect that persists 

for up to 6 weeks after CUS exposure. This coincides with robust and persistent up-regulation of 

receptor for advanced glycation end products (RAGE) mRNA, but not toll-like receptor 4 (TLR4) 

in hippocampal microglia. CUS also increased surface expression of RAGE protein on 

hippocampal microglia determined by flow cytometry and returned to basal levels 5 weeks after 

CUS. Importantly, exposure to short term stress was sufficient to increase RAGE surface 

expression as well as anhedonic behavior, reflecting a primed state that results from a persistent 

increase in RAGE mRNA expression. Further evidence for DAMP signaling in behavioral 

responses is provided by evidence that HMGB1 infusion into the hippocampus was sufficient to 

cause anhedonic behavior, and evidence that RAGE KO mice were resilient to stress-induced 

anhedonia.

Conclusions—Together, the results provide evidence of persistent microglial HMGB1-RAGE 

expression that increases vulnerability to depressive-like behaviors long after chronic stress 

exposure.

INTRODUCTION

Major Depressive Disorder (MDD) is a recurrent mental health illness that affects as many 

as 1 in 5 Americans (1). High levels of psychological or environmental stressors are 

associated with the initial development of MDD and also play a role in relapse (2–8). 
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Subsequent episodes of MDD are often more severe and chronic, suggesting that the initial 

depressive episode causes priming or increased sensitivity to subsequent stressors or risk 

factors that cause reinstatement of depressive symptoms (9, 10). A potential underlying 

cause for this increased vulnerability is elevated inflammation (i.e., release of pro-

inflammatory cytokines interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α) via 

activation of the immune system in response to physical and psychological stressors (11).

Microglia, the resident innate immune cells of the CNS, are robustly activated following 

stress exposure in brain regions implicated in depression and are thought to be the main 

contributors to central inflammation during stress. Our group and others have previously 

demonstrated that central inflammation is necessary for the development of depressive-like 

behaviors in rodents and may be mediated through activation of the cytoplasmic protein 

complex known as the NLRP3 inflammasome, which is required for the processing and 

release of IL-1β (12–17). Blockade of the ATP purinergic receptor P2X7 blocks activation 

of the inflammasome by stress and prevents the release of IL-1β, blocking stress-induced 

behavioral deficits (12). This work suggests that the inflammasome complex is an important 

mediator of depressive behavior, a possibility supported by studies demonstrating that mice 

with a null mutation of NLRP3 are protected from stress-induced behavioral deficits (12, 

15–17)

Sterile activation of the inflammasome complex (i.e., in the absence of infectious agents) is 

induced by the release of endogenous factors collectively called danger associated molecular 

patterns (DAMPs). Physical, psychological and cellular stressors promote the release of 

DAMPs such as ATP, high mobility group box 1 protein (HMGB1), S100 proteins and heat 

shock proteins (18–20). Upon release, DAMPs can prime the assembly and activation of the 

inflammasome by binding to pattern recognition receptors (PRRs) such as toll-like receptors 

(TLRs) and the receptor for advanced glycation end products (RAGE) on the surface of 

immune competent cells, including microglia (18, 19, 21).

Recent evidence suggests that HMGB1 may be a critical mediator of stress-induced 

inflammasome activation of hippocampal microglia and may potentiate inflammatory 

responses to subsequent stimuli. Weber and colleagues (2015) reported that acute exposure 

to inescapable tail shock increases microglial HMGB1 release and sensitization to ex vivo 
LPS challenge 1 day after stress [19]. Pharmacological blockade of HMGB1 signaling using 

the selective antagonist BoxA, attenuated HMGB1-mediated potentiation of LPS responses 

in cultured primary microglia (22, 23). In addition, in vivo administration of glycyrrhizic 

acid (GZA), a non-selective antagonist of HMGB1, protects rodents against LPS-induced 

depressive-like behaviors (24) and cognitive deficits following fluid percussion injury (25). 

Together, these studies suggest that immune activation and microglial priming can promote 

HMGB1-mediated behavioral deficits. However, the receptor signaling mechanism by which 

HMGB1 potentiates subsequent inflammatory responses and contributes to the onset and 

relapse of depression remains to be elucidated.

One hypothesis is that severe acute or sustained chronic immune activation enhances the 

expression of DAMP receptors on the surface of microglia. However, it is unclear whether 

HMGB1 acts at via toll-like receptor 4 (TLR4) and/or RAGE, both of which are known to 
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increase inflammatory signaling in various models of inflammation and neurodegeneration 

(18, 26–29). In this study, we demonstrate that chronic unpredictable stress (CUS) increases 

mRNA levels of RAGE, as well as HMGB1 in enriched hippocampal microglia and that 

these effects persist for up to 6 weeks after the end of CUS exposure. Importantly, flow 

cytometry shows that the up-regulation of surface RAGE levels on hippocampal microglia 

coincides with the onset and recurrence of depressive-like behaviors in post stress rats that 

are re-exposed to short-term unpredictable stress. Furthermore, preliminary evidence 

indicates that RAGE deletion mutant mice are resistant to CUS-induced behavioral deficits. 

Together, our findings indicate that stress-induced HMGB1-RAGE microglial signaling in 

the hippocampus plays a role in the development and persistent increase in vulnerability for 

recurrence of depressive behavior.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats and male RAGE constitutive knockout (KO) mice (30–32) 

(provided by Dr. Kevan Herold, Yale University) were group-housed and maintained in 

standard conditions with a 12h light/dark cycle. Animals had ad libitum access to food and 

water except during food or water deprivation stressors. Animal use and procedures were in 

accordance with the National Institutes of Health guidelines and approved by the Yale 

University Animal Care and Use Committee.

Unpredictable stress exposure

Animals were subjected to short-term (3 to 7 days; US) or chronic (28 days; CUS) 

unpredictable stress exposure that consisted of a random combination of two stressors per 

day, including cold exposure (4°C for 1 h), cage rotation, overnight isolation, food or water 

deprivation, overnight lighting, light off during day (3h), odor, overnight stroboscope, 

crowding, cage tilting (45°) and immobilization (1h). Cold exposure and cage rotation were 

consistently used in combination on the last stress day. A subset of animals was subjected to 

28 days of CUS followed by 28 days of stress recovery (Post Stress). Post stress animals 

were then randomly assigned to a non-stressed (Post Stress) or stress re-exposure group that 

received a 7 days re-exposure to unpredictable stress (Post Stress + US).

Stereotactic surgery and intracerebral ventricular (ICV) injections

Mice were anesthetized with a solution of ketamine/xylazine (100/10 mg/kg) and 

stereotaxically implanted with an intracerebral ventricular (ICV) guide cannula (26G, 

2.4mm from the pedestal; Plastics One, VA) into the lateral ventricle using the following 

coordinates from bregma (33): −0.4mm anterior-posterior, −1.0mm medial-lateral, and 

−2.4mm dorsal-ventral. After 7 days of recovery, the free moving mice were infused with 

5ul of saline or recombinant HMGB1 (dsHMGB1 certified LPS free (1ug/ul); HMGBiotech) 

using a 33G internal cannula (Plastics One, VA).

Behavioral Tests

Sucrose preference and consumption test—Animals were tested for sucrose 

preference as previously described (34). Briefly, animals were habituated to 1% sucrose for 
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48 hours, and the position of the bottle was counterbalanced across days. For sucrose 

preference test, the animals were water deprived for 6h and then presented with pre-weighed 

identical bottles of 1% sucrose and water on testing day. Sucrose and water consumption 

was quantified following one-hour bottle choice in rats and overnight bottle choice for mice. 

For sucrose consumption, the mice were given 1% sucrose (Day 1) and water (Day 2), and 

overnight consumption was quantified.

Novel object recognition test—Animals were tested for a single trial of novel object 

recognition as previously described (35). Briefly, animals were habituated to an open arena 

for 10 mins. The following day, the animals were placed back into the arena, and given 10 

minutes to explore two identical objects placed near the northeast and northwest corners. 1h 

or 24h post familiar object exposure, the animals were placed back into the arena, which 

contained one of the familiar objects and a novel object placed near the northeast and 

northwest corners of the arena, and their positions were counterbalanced across animals and 

conditions. The animals were given 5 minutes to freely explore either object while being 

recorded. Exploration time was quantified for each object and used to determine preference.

Locomotor activity—Locomotor activity was quantified by placing animals in a clean, 

empty cage and ambulatory activity recorded for a 20-minute period. Distance traveled 

within that time was measured using the AnyMaze tracking system (36).

Microglia cell isolation

Hippocampal microglia were isolated as described previously (37). In brief, hippocampal 

tissue collected 4 h after the last stress exposure or after the 28–42 days post stress time 

period were homogenized in HBSS, pH 7.4, by passing through a 70 μm nylon cell strainer. 

Homogenates were centrifuged at 600 × g for 6 min. Supernatants were removed and cell 

pellets were resuspended in 70% isotonic Percoll (GE Healthcare) at room temperature. A 

discontinuous Percoll density gradient was layered as follows: 70%, 50%, 35%, and 0% 

isotonic Percoll. The gradient was centrifuged for 20 min at 2000 × g and microglia were 

collected from the interphase between the 70% and 50% Percoll layers (38, 39). Each 

hippocampi extraction yielded ~3 × 104 viable cells >90% microglia.

Flow cytometry

Cells were washed and then incubated with the conjugated antibodies CD45-FITC (BD 

Biosciences), CD11b-APC (BD Biosciences), TLR4-PerCP (Novus Biologicals) , and 

RAGE-PE (Bioss Antibodies) for 1 h. Cells were washed and then re-suspended in FACS 

buffer (2% FBS in 1X PBS with 1 mg/ml sodium azide) for analysis. Nonspecific binding 

was assessed by using nonspecific, isotype-matched antibodies. Antigen expression was 

determined using the BD FACSAria cell sorter. Twenty thousand events were recorded for 

each sample and isotype-matched conjugate. Data were analyzed using FlowJo software 

(Tree Star) and gating for each antibody was determined based on nonspecific binding of 

appropriate negative isotype stained controls.
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Immunofluorescent labeling of microglia

Microglia were immunostained for Iba-1 detection as previously described (40). Briefly, 

animals were deeply anesthetized and transcardially perfused with sterile PBS (pH 7.4) and 

10% formalin. Brains were removed, post-fixed in formalin for 2 days and incubated in 30% 

sucrose for cryoprotection. Brains were sectioned (25μm) and brain regions were located 

anatomically in accordance with the stereotaxic rat brain atlas (Paxinos and Watson, 2004). 

Hippocampal brain sections were incubated overnight at 4°C with IBA1 antibody (1:1000, 

Wako), washed several times and incubated overnight at 4°C in secondary antibody Alexa 

Fluor 546-conjugated anti-rabbit IgG (1:10000; Invitrogen). Sections were then mounted and 

kept at 4°C until processed.

Image analysis

Images were captured using a confocal microscope (Zeiss Axiovert LSM510, Carl Zeiss). 

20X images were used to assess microglial density by counting Iba-1+ cells within the 

dentate gyrus (DG), CA1 and CA3 of the hippocampus. The computer-based cell tracing 

software Neurolucida 360 (MBF Bioscience, VT) was used for 3D reconstruction of Iba-1+ 

cells within the CA3 pyramidal layer of the hippocampus. NeuroExplorer software (MBF 

Bioscience, VT) was used to analyze microglial soma size and branch length and volume for 

≥ 15 cells per animal. Sholl analysis was used to determine branch tree morphology by 

placing 3D concentric circles in 5 μ m increments starting at 5μ m from the soma.

Quantitative Real-Time PCR

RNA was purified from freshly isolated enriched hippocampal microglia using the 

RNAqueous kit (Ambion). RNA concentration was determined by Nanodrop 

spectrophotometry. cDNA was synthesized using 250ng of total RNA was used to synthesize 

cDNA using dNTP primers and reverse transcriptase (Genisphere, USA). Gene-specific 

primers for TLR2, TLR4, RAGE and HMGB1 were designed using Primer 3 software, and 

qPCR was run on the Applied Biosystems 7900HT using SYBR Green (Qiagen). CT values 

of genes of interest were normalized to that of housekeeping gene HMBS. Results were 

expressed as fold difference.

GENE FORWARD REVERSE

TLR4 CCA GAA TGA GGA CTG GGT GAG AAA CCA CCA CAA TAA CTT TCC GGC TCT TG

RAGE TGA CCC TGA CCT GTG CCA TC CCT CAT CCT CAT GCC CTA CCT C

HMGB1 CAC TGC TGC GGA TGA CAA GC CCT CCT CGT CGT CTT CCT CTT

HMBS GGA GGT CCG AGC CAA GGA CCA CTG GCA CGC TAC AGC CTC CTT CC

Statistical analysis

Data were analyzed using GraphPad Prism7 software. Data points greater than two standard 

deviations from the mean were considered outliers and excluded from all analyses. For two 

group comparisons, statistical differences were determined by two-tailed Student t-test. 

Group effects were determined by one-way ANOVA followed by Bonferonni post hoc test 

for multiple comparison. For 2X2 comparison statistical differences were determined by 
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two-way ANOVA followed by Bonferroni or Tukey post hoc test for multiple comparison. 

Statistical significance was considered if p≤ 0.05 for all test.

RESULTS

CUS increases microglial reactivity and RAGE expression in hippocampal microglia

Under basal conditions, microglia are found in a ramified state during which they 

dynamically survey the microenvironment and take part in homeostatic processes such as 

synaptic plasticity and pruning (41–48). Stress can increase microglial density and reactivity, 

leading to hyper-ramification and increased soma size (49, 50). Using the CUS paradigm 

(Fig 1A) known to promote anhedonic behavior, a core symptom of depression (51), 

microglia density and morphology was examined with 3D reconstructed confocal images 

obtained within the CA3 pyramidal cell layer of hippocampus. CUS exposure increased 

soma size (Fig 1B-C) and caused hyper-ramification of microglia, characterized by 

significantly increased branch number, length and volume (Fig 1D-H), demonstrating robust 

microglial reactivity in the hippocampus. We did not observe any changes in microglial 

density following CUS (Supplemental Fig 1,2).

In follow-up experiments CUS-induced transcriptional alterations that influence microglia 

activation were investigated (Fig 2A). Several factors that may contribute to priming of the 

NLRP3 inflammasome pathway were examined, including the PRRs RAGE and TLR4, as 

well as a DAMP ligand for these receptors, HMGB1 (18, 19). We found that CUS increased 

the expression of RAGE (Fig 2B), but not TLR4 (Fig 2C) in enriched hippocampal 

microglia samples. We also examined levels of these factors 4 and 6 weeks after the last 

CUS, when there is no longer evidence of an elevated corticosterone response (Supplemental 

Fig 3A). Rats displayed normal weight gain at these time points, although weights were still 

decreased relative to controls (Supplemental Fig 3B). Interestingly, the stress-induced up-

regulation of microglial RAGE was still present 4 weeks after the end of CUS exposure (~5 

fold) and persisted for up to 6 weeks (Fig 2B). We also found that CUS increased the 

expression of HMGB1 mRNA in enriched hippocampal microglia and that this effect was 

also persistent for up to 6 weeks after the cessation of CUS exposure (Fig 2D).

In the absence of stress, HMGB1 is primarily localized in the nucleus where it acts as a 

transcription regulator. Upon stress exposure, immune competent cells actively translocate 

and release HMGB1 out of the cell where it acts as a DAMP with inflammatory actions via 

binding to TLR4 and RAGE (52, 53). To determine if HMGB1 localization is altered 

following CUS exposure, we examined the levels of HMGB1 in sub-cellular fractions of 

hippocampus. We found a significant reduction in nuclear HMGB1 on the last day of CUS 

exposure that persisted for up to 4 weeks after stress exposure (Supplemental Fig 4B-C).

Next, we assessed if the persistent increase in RAGE mRNA in enriched hippocampal 

microglia influenced protein expression. For these studies we assessed the number of 

hippocampal microglia expressing surface RAGE or TLR4 by flow cytometry. These studies 

showed that CUS significantly increased the proportion of microglia, determined by sorting 

based on the ration of CD11b+/CD45lo, with surface expression of RAGE (Fig 2F-I). These 
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findings are consistent with the observed up-regulation of RAGE mRNA levels. In contrast, 

there was no significant effect on the number of TLR4+ microglia (Fig 2H-I).

CUS causes long-term, persistent stress-induced behavioral deficits

As previously reported (12) we found that CUS exposure significantly decreases sucrose 

preference, a measure of anhedonia (Fig 3A-B). This effect was no longer observed when 

animals were tested 4 weeks after CUS exposure (Fig 3C, naïve vs. CUS/post stress). We 

next challenged CUS/post stress rats with an acute restraint stress to determine if stress 

sensitivity was elevated. CUS/post stress rats displayed a non-significant elevation of serum 

corticosterone levels in response to restraint stress (Supplemental Fig 5A). We also found 

that this short-term restraint stress was insufficient to reveal increased behavioral sensitivity 

in the sucrose preference test (Supplemental Fig 5B). Next we tested a 7 d US paradigm, 

which also had no effect on sucrose preference in naïve rats (i.e., control), consistent with 

previous reports that anhedonic behavior develops after several weeks of CUS exposure (54, 

55). However, animals previously exposed to CUS 4 weeks earlier (post stress) and then 

exposed to 7 d US showed a significant reduction in sucrose preference, indicating increased 

sensitivity and reinstatement of anhedonia (Fig 3C). These findings demonstrate that 

previous stress exposure increases vulnerability to stress-induced behavioral deficits, even to 

short-term stress that is insufficient to cause depressive-like behavior.

Previous studies have reported that increased RAGE signaling results in cognitive deficits in 

a number of psychiatric/neurological disorder and rodent models (25, 56–60). Here we 

found that CUS animals showed a trend for a reduction (P≤ 0.1) in novel object exploration 

compared to age-matched controls at both 1 and 24 h after familiar object exposure (Fig 3D) 

as previously reported (61–63). Interestingly, this deficit significantly worsened 4 weeks 

post stress exposure, suggesting that chronic stress results in long-lasting cognitive deficits 

(Fig 3D-E).

CUS causes long-term, persistent stress-induced microglia reactivity and increased RAGE

To determine if prolonged vulnerability to depression-like behaviors coincides with long 

lasting microglial reactivity in post stress animals, we assessed microglial morphology (Fig 

4A-I). Remarkably, changes in soma size, branch length and branch volume still persisted at 

5 weeks after stress cessation, indicating that microglia from post stress animals remain 

hyper-ramified long after CUS exposure (Fig 4B-I). These morphological changes were 

reduced compared to the effects observed immediately after CUS exposure (Fig 1) but were 

comparable to those observed in naïve animals exposed to 7 d US (Fig 4B-I). Surprisingly, 7 

d US re-exposure decreased soma size and branch volume in previously stressed animals 

(Fig 4C and Fig 4I), indicating that stress causes differential morphological changes 

depending on prior experiences.

We next determined if CUS exposure resulted in persistent sensitivity of microglial RAGE 

expression in response to stress re-exposure. Using flow cytometry, we found that the 

number of hippocampal microglia (CD11b+/CD45lo cells) expressing RAGE was 

normalized in rats exposed to CUS 5 weeks earlier (Fig 5B-C). Exposure to 7 d US resulted 

in a significant main effect on surface RAGE expression (p < 0.001), and there was a strong 
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trend for a US × post stress interaction (p = 0.06), with a robust elevation of RAGE surface 

expression in the post stress plus US group (Fig 5B-C). There was also a main effect of post 

stress on surface expression of TLR4 (p < 0.01) and a trend for a US × post stress interaction 

(p = 0.07) (Fig 5D-E). These results demonstrate that chronic stress primes microglia, in part 

via increased RAGE mRNA expression to display increased levels of extracellular RAGE 

upon subsequent short-term stress exposure. We also observed evidence post stress plus US 

causes priming of IL-1β and NLRP3 protein, but not mRNA levels in hippocampus 

(Supplemental Fig 6).

RAGE null mutant mice are resilient to CUS exposure

Due to the parallel changes in RAGE expression and the onset and reinstatement of stress-

induced behavioral deficits, we next examined the effects of CUS on RAGE knockout (KO) 

mice (Fig 6A). Under basal conditions, RAGE KO mice showed no differences in sucrose 

consumption or novel object recognition compared to their wild-type littermates (Fig 6B-E). 

Analysis of CUS shows a significant main effect on sucrose, but not water consumption (Fig 

6 B-C). In addition, RAGE KO mice displayed an attenuated, but non-significant response to 

CUS-induced deficits in sucrose consumption (Fig 6B-C), as well as object recognition (Fig 

6D), compared to wild-type littermates. Taken together, these findings suggest that RAGE 

signaling plays a role in the development of stress-induced behavioral deficits.

We next assessed if increased HMGB1 was sufficient to promote anhedonic behavior by 

infusion of disulfide HMGB1 (dsHMGB1, 5ug, i.c.v.). DsHMGB1 has previously been 

shown to robustly activate inflammatory signaling in the hippocampus (64, 65) and to induce 

depressive-like behaviors 20 hrs after infusion (16). We found that dsHMGB1 infusion 

robustly decreased sucrose preference compared to mice infused with saline (Fig 6G) in as 

little as 4h post infusion, in support of the hypothesis that enhanced HMGB1 DAMP 

signaling can quickly promote the development of depressive-like behaviors.

DISCUSSION

While physiological responses to acute stress allows an organism to adapt to changes in the 

environment, severe and/or chronic stress exposure can lead to maladaptive alterations that 

may contribute to the pathophysiology of mood disorders. This can include persistent 

molecular and cellular alterations that contribute to long-lasting priming and/or sensitivity to 

subsequent stressors and recurrence of depressive behaviors.

In the current study we examine microglial reactivity and characterize the endogenous 

factors that mediate stress-induced priming and activation of the inflammasome pathway. 

The results demonstrate that CUS exposure causes robust microglial hyper-ramification, 

which surprisingly persists for up to 5 weeks after CUS exposure. The results also show that 

short-term US (7 d) increases microglia reactivity although the effects were reduced 

compared to CUS. In contrast to these strong effects on microglia morphology, there were 

no significant effects on microglial density following either CUS or 7 d US exposure 

(Supplemental Fig 2). The literature on stress and microglia density is mixed with reports of 

increased, no effects, or decreased density (49, 66, 67). The reasons for these differences 

could be due to multiple variables, including the stress paradigm (timing and types of 
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stressors) and methods for labeling microglia. Nevertheless, the current findings demonstrate 

robust and persistent effects of CUS on microglia morphology.

Previous reports have shown increased expression and activity of TLR4 following exposure 

to severe short-term stressors such as inescapable tail shock stress, suggesting that TLR4 up-

regulation contributes to stress-induced priming (68–70). In the current study, we found that 

CUS, considered one of the most valid rodent models of depression (51), increased mRNA 

levels of RAGE, but not TLR4 in enriched hippocampal microglia, and the increase in 

RAGE mRNA was persistent for up to 6 weeks after CUS. Flow cytometry analysis also 

demonstrates increased number of hippocampal microglia expressing RAGE, but not TLR4 

after CUS exposure. Taken together, these findings are consistent with the hypothesis that 

stress-induction of RAGE mRNA promotes the onset of depressive-like behaviors by 

increasing microglial receptor availability upon subsequent stress exposure, thereby priming 

DAMP signaling (Fig 7). However, TLR4 may be dynamically regulated by CUS and altered 

expression of this PRR may have been missed due to the time point examined. Therefore, 

the degree to which microglial RAGE, TLR4 or other PRRs contribute to the development of 

behavioral deficits following chronic stress remains unclear, and the results of the current 

study do not rule out a role for TLR4. We are currently conducting studies using conditional 

knockouts to selectively ablate microglial RAGE and TLR4 to further elucidate the role of 

these PRRs in chronic stress and post stress conditions.

Similarly, the results demonstrate that CUS exposure increases the expression of HMGB1 

mRNA in hippocampal microglia, an effect that also persists for up to 6 weeks after CUS. In 

addition, CUS exposure resulted in altered levels of HMGB1 protein levels in nuclear 

fractions of hippocampus, an effect that also persisted for up to 5 weeks in post stress 

animals. These findings are consistent with the possibility that CUS exposure causes 

translocation and release of HMGB1 into the extracellular space where it activates DAMP-

PRR signaling. It is important to note that stress-induced alterations in DAMP signaling may 

differ from model to model. In our stress study, we observed significant up regulation of 

HMGB1 in hippocampal microglia after 4 weeks of CUS exposure (Fig 2D). In contrast, 

Weber et al report robust HMGB1 up-regulation after an acute inescapable foot-shock stress 

session (23). These findings indicate that severe or chronic stress exposure can induce robust 

HMGB1 signaling in hippocampal microglia.

Previous studies report that stress-induced priming was unmasked by administration of 

exogenous ligands such as E.Coli or LPS, which exert inflammatory actions via binding to 

TLR4 (23, 68, 69, 71–74). In contrast, here we use short-term US (7 d), a sterile 

inflammatory stimulus that is more clinically relevant as precipitation of depression or 

relapse are often associated with short-term and/or traumatic stress (3). The results 

demonstrate that CUS/post stress animals exposed to 7 d US displayed anhedonic behavior 

in the sucrose preference test, while naïve animals exposed to short-term US had no change 

in anhedonic behavior. Coinciding with increased vulnerability to depressive behavior in 

CUS/post stress animals, we also found that 7 d US exposure robustly increased the number 

of RAGE expressing microglia. The rapid induction of surface RAGE by 7 d US could result 

from the persistent elevation of RAGE mRNA expression. RAGE up-regulation and 

signaling has been implicated in the development and progression of several inflammatory 
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and neurodegenerative diseases (75–85), many of which show high levels of comorbidity 

with depression. However, this is the first report of long-term, persistent elevated 

hippocampal RAGE expression in the brain following chronic psychological stress exposure.

The role of RAGE in the behavioral response to CUS was also examined, and the results 

provide preliminary evidence that RAGE KO mice have a blunted response to stress-induced 

deficits in sucrose consumption and cognitive testing, supporting the hypothesis that RAGE 

signaling plays a critical role in the development of depressive-like behaviors. However, it is 

important to note that these are constitutive mutant mice and that RAGE deletion would 

occur in peripheral immune cells as well as microglia. Our future studies of microglial 

specific deletion of RAGE will address this question. The results also demonstrate that 

administration of dsHMGB1 into the CNS rapidly decreased sucrose consumption. These 

findings are consistent with a previous report of intracerebroventricular dsHMGB1 infusion 

(16), and demonstrate that sub-chronic increases in HMGB1-PRR signalingis sufficient to 

cause depressive-like behavior. Together, the results support the hypothesis that chronic 

stress leads to persistent enhancement of HMGB1-RAGE expression and signaling that 

causes a long-lasting increase in vulnerability to stress-induced reinstatement of depressive-

like behaviors (Fig 7).

In conclusion, the results demonstrate an important role of HMGB1-RAGE signaling in 

prolonged microglial activation following chronic stress, and stress-induced recurrence of 

depressive-like behaviors. Further understanding of the microglial molecular signaling 

events involved in the persistently high levels of HMGB1-RAGE mRNA expression, such as 

epigenetic alterations of the transcriptional promoter elements, will be necessary to fully 

understand the molecular mechanisms underlying inflammation mediated onset and 

recurrence of depressive-like behaviors. These studies could also lead to identification of 

novel HMGB1-RAGE related drug targets and development of new antidepressant 

medications that could potentially reduce or block vulnerability due to prior stress exposure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CUS alters microglial morphology in dorsal hippocampus of rats.
(A) CUS paradigm. (B) Immunohistochemical detection of microglia marker IBA1 within 

the CA3 pyramidal cell layer, followed by 3D reconstruction and Sholl analysis in Control 

and CUS rats. Average (C) soma size (t(466)=9.90, p<0.0001), (D) branch number 

(t(97)=2.18, p=0.0314), (E) total branch volume (t(97)=9.49, p<0.0001) and (G) total branch 

length (t(97)=10.89, p<0.0001). Sholl analysis for (F) branch length and (H) branch volume 

in control and CUS animals as a function of distance from soma. The results are expressed 

as the mean ± SEM., N=4 animals per group, > 60 cells per group. *p<0.05 and ***p<0.001. 

Student t-test performed for average soma size, branch number and total branch length and 

volume. Student t-test performed for each distal point of Sholl analysis and significance was 

determined based on adjusted p values.
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Figure 2. CUS increases the expression and causes long lasting up-regulation of RAGE in 
hippocampal microglia.
(A) Experimental paradigm of unpredictable stress (7 or 28 days) exposure and post stress 

period in rats. Enriched microglia were prepared from hippocampus, mRNA was extracted 

and levels of each target were determined by PCR analysis. (B) RAGE (Stress Day 28 

t(8)=2.639, p=0.0297; Post stress Day 28 t(9)=3.416, p=0.0076; Post stress Day 42 

t(8)=4.078, p=0.0046), (C) TLR4 (Stress Day 28 t(10)=0.6207, p=0.5486; Post Stress Day 28 

t(8)=0.6281, p=0.5474), and (D) HMGB1 (Stress Day 28 t(8)=2.452, p=0.0397; Post Stress 

Day 28 t(9)=3.855, p=0.0038; Post stress Day 42 t(7)=6.102, p=0.0004) mRNA expression 

during stress and post stress. All genes were normalized to housekeeping gene HMBS. (E) 
Experimental paradigm for flow cytometry analysis. (F-G) RAGE (t(9)=5.505, p=0.0004) 

and (H-I) TLR4 (t(9)=0.5066, p=0.628) surface expression was quantified by flow cytometry 

on enriched hippocampal microglia samples collected 4hrs following the last stressor on day 

28. Flow cytometry diagrams for (G) RAGE and (I) TLR4. Results are represented as the 

percentage of RAGE+/CD11b+ or TLR4+/CD11b+ cells out of the total number of cells. 

The results are expressed as the mean ± SEM., N=4–8 per group. *P<0.05, **P<0.01 and 

***P<0.001. Student t-test performed at each time point for mRNA analysis. Student t-test 

performed for flow cytometry.
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Figure 3. CUS exposure leads to long lasting vulnerability to anhedonia and cognitive deficits in 
rats.
(A) Paradigm for CUS plus post stress re-exposure to unpredictable stress. (B) Rats were 

tested for sucrose preference 4 h following CUS (t(22)=2.08, p=0.0494), or (C) following 4 

weeks post stress with or without re-exposure to unpredictable stressors for 7 days (group 

effect F(3,21)=7.441; p=0.0014). Preference for novel object exploration was tested 1h or 24h 

after familiar object exposure. Rats were tested for novel object recognition (NOR) (D) 4 hrs 

(NOR (1h) t(12)=1.551, p=0.1520; NOR (24h) t(22)=1.523, p=0.1419)) or (E) 28 days (NOR 

(1h) t(12)=2.304, p=0.0399; NOR (24h) t(24)=2.334, p=0.0283) following exposure to the last 

CUS stressor. The results are expressed as the mean ± SEM. N=10–16 animals per group. 

*P<0.05. Student t-test was performed for sucrose preference in CUS animals. Two-way 

ANOVA was performed for post stress sucrose preference test followed by Bonferroni post 

hoc test. Student t-test performed at each time point for novel object recognition test.

Franklin et al. Page 18

Biol Psychiatry. Author manuscript; available in PMC 2019 February 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. CUS induces long lasting morphological effects on hippocampal microglia in rats.
(A) Paradigm for CUS plus post stress re-exposure to unpredictable stress. (B) 
Immunohistochemical detection of microglia within the CA3 pyramidal cell layer for the 

microglial marker IBA1, followed by 3D reconstruction in age-matched controls and 

following US, Post stress and Post stress + US. (C) Average soma size (interaction of stress 

and prior exposure, F(3,916)=16.06; p<0.0001) and (D) branch number (no effect, 

F(3,199)=0.0.04141; p<0.8390). (E) Sholl analysis was performed on 3D reconstructed 

microglia within the CA3 pyramidal cell layer following short term US exposure in naïve 

and post stress animals. Branch length following (F) 3D analysis (main effect of stress 

(F(3,199)=4.254; p=0.0404) and prior stress exposure (F(3,199)=9.146; p=0.0028), no 

interaction) and (G) Sholl analysis (interaction of distance and stress, F(36,2574)=2.943; 

p<0.0001). Branch volume following (H) 3D analysis (interaction of stress and prior 

exposure, F(3,199)=12.63; p=0.0005) and (I) Sholl analysis (F(36,2574)=2.597; p<0.0001). The 

results are expressed as the mean ± SEM., N=4 animals per group, > 60 cells per group. # 

P≤0.1 US compared to controls. ^P<0.05 Post stress animals compared to controls. τ P<0.05 

Post stress + US compared to Post Stress. & P<0.05 Post stress + US compared to Post 

Stress. Two-way ANOVA was performed followed by Bonferroni post hoc test for average 
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soma size, branch number and total branch length and volume. Two-way ANOVA was 

performed followed by Bonferroni post hoc test for each distal point of Sholl analysis.
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Figure 5. Previous CUS exposure increases vulnerability to short-term US-induced up-regulation 
RAGE and TLR4 in stress recovery rats.
(A) Paradigm for CUS plus post stress re-exposure to unpredictable stress. (B-E) RAGE and 

TLR4 were quantified by flow cytometry of enriched hippocampal microglia samples 

collected 4 h following the last US stressor. Flow cytometry diagrams for (C) RAGE (main 

effect of US, F(1,33)=14.17; p=0.0007; strong trend towards interaction of stress and prior 

exposure, F(1,33)=3.649; p=0.0648) or (E) TLR4 ((main effect of prior exposure, 

F(1,35)=6.764; p=0.0135; strong trend for interaction of US and prior exposure, F(1,35)=3.48; 

p=0.0705). Results are represented as the percentage of TLR4+/CD11b+ or RAGE+/CD11b

+ cells out of the total number of cells. The results are expressed as the mean ± SEM. N=8–

14 per group. Statistics were calculated by two-way ANOVA followed by Bonferroni post 

hoc test.
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Figure 6. RAGE deletion attenuates CUS induced behavioral deficits in mice.
(A) Experimental paradigm. Wild type (WT) and RAGE deletion mutant mice were tested 

for (B) sucrose consumption (main effect of stress F(1,33)=11.39, p=0.0019; no interaction of 

stress and genotype) and (C) water consumption (no effect F(1,33)=0.0806, p=0.7783 ). Mice 

were tested for (D) novel object recognition 24h after familiar object exposure (interaction 

of stress and genotype F(1,15)=4.853, p=0.0437). (E) Total cage locomotor activity within a 

20 min period (no effect F(1,30)=0.1782, p=0.6759). The results are expressed as the mean ± 

SEM. N=6–10 animals per group. (F) Experimental paradigm for disulfide HMGB1 

(dsHMGB1) infusion in naïve C57BL6 mice. (G) Mice were tested for sucrose preference 4 

hrs post dsHMGB1 ICV infusion (t(24)=4.399, p=0.0002). The results are expressed as the 

mean ± SEM. N=12–14 animals per group. *p<0.05 and ***p<0.001. Two-way ANOVA 

was performed followed by Bonferroni post hoc test for behavioral analysis in RAGE KO 

mice. Student t-test was performed for sucrose preference test following dsHMGB1 

infusion.
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Figure 7. Schematic of stress-induced inflammasome priming.
Exposure to stress activates DAMP-PRR (e.g., HMGB1-RAGE) and downstream NFκΒ 
signaling to increase transcription of the proinflammatory cytokine IL1β, as well as further 

increase the expression of HMGB1. Microglial response to stress also requires activation of 

P2X7 receptors, for example via release of ATP, and activation of the NLRP3 inflammasome 

complex, which then stimulates the processing of pro-caspase 1 to caspase 1, which in turn 

cleaves pro-IL1β to IL1β for release. Exposure to CUS results in long-lasting, persistent 

elevation of HMGB1 and RAGE mRNA expression, and increases sensitivity to subsequent 

short-term stress exposure, which increases surface/extracellular levels of microglial RAGE. 

Elevated HMGB1-RAGE underlies increased vulnerability to depressive behaviors such as 

anhedonia that is blocked in RAGE deletion mutant mice.
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