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Abstract

Chronic stress induces pre-synaptic and post-synaptic modifications in the paraventricular nucleus 

of the hypothalamus (PVN) that are consistent with enhanced excitatory hypothalamo-pituitary-

adrenocortical (HPA) axis drive. The brain regions mediating these molecular modifications are 

not known. We hypothesized that chronic variable stress (CVS) tonically activates stress-

excitatory regions that interact with the PVN, culminating in stress facilitation. In order to identify 

chronically activated brain regions, ΔFosB, a documented marker of tonic neuronal activation, was 

assessed in known stress regulatory limbic and brainstem sites. Four experimental groups were 

included: CVS, repeated restraint (RR) (control for HPA habituation), animals weight-matched 

(WM) to CVS animals (control for changes in circulating metabolic factors due to reduced weight 

gain), and non-handled controls. CVS, but not RR or WM, induced adrenal hypertrophy, 

indicating that sustained HPA axis drive only occurred in the CVS group. CVS (but not RR or 

WM) selectively increased the number of FosB/ΔFosB nuclei in the nucleus of the solitary tract, 

posterior hypothalamic nucleus, and both the infralimbic and prelimbic divisions of the medial 

prefrontal cortex, indicating an involvement of these regions in chronic drive of the HPA axis. 

Increases in FosB/ΔFosB-immunoreactive cells were observed following both RR and CVS in the 

other regions (e.g., the dorsomedial hypothalamus), suggesting activation by both habituating and 

non-habituating stress conditions. The data suggest that unpredictable stress uniquely activates 

interconnected cortical, hypothalamic, and brainstem nuclei, potentially revealing the existence of 

a recruited circuitry mediating chronic drive of brain stress effector systems.
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Introduction

Appropriate stress regulation is essential for the maintenance of homeostasis, as both 

elevated and attenuated glucocorticoid levels are associated with physiological and 

behavioral dysfunction (de Kloet et al., 2008; de Quervain et al., 2009; Handwerger, 2009; 

Lupien et al., 2007). The ability to adapt to adverse circumstances is a dynamic process that 

can be perturbed by a number of physiological and behavioral states, including chronic 

periods of stress. Chronic stress exposure in rats causes exaggerated glucocorticoid 

responses to novel stress, development of anhedonia, reduced body weight, and adrenal 

hypertrophy, a constellation of physical and behavioral sequelae consistent with a 

“depressive-like” state (Akana et al., 1992; Herman et al., 1995; Papp et al., 1991). These 

physiological and behavioral effects are accompanied by the re-organization of neural 

structures, characterized by changes in synaptology (Carvalho-Netto et al., 2011), dendritic 

morphology (Cook and Wellman, 2004), and gene expression (Andrus et al., 2010), all 

likely mediated by chronically driven stress-sensitive circuits. However, the neural circuits 

that drive maladaptive responses to chronic stress are unknown.

Previous studies suggest that the paraventricular nucleus of the hypothalamus (PVN) is a site 

that is essential for the initiation of stress responses. Chronic stress induces changes in PVN 

peptide expression (Herman et al., 1995; Imaki et al., 1991; Kiss and Aguilera, 1993; 

Makino et al., 1995), neurotransmitter receptor expression (Cullinan and Wolfe, 2000; 

Ziegler et al., 2005), and neural excitability (Verkuyl et al., 2004), all of which are 

consistent with enhanced excitatory drive of PVN neurons. These findings suggest that PVN 

neurons are hyper-reactive and hyper-responsive to stimuli following repeated stimulation, 

contributing to the facilitatory effects of chronic stress on acute hormone release. In addition 

to these largely postsynaptic effects, chronic stress elevates the number of pre-synaptic 

excitatory neurotransmitter boutons (glutamate and norepinephrine) in apposition to the 

CRH cell bodies and dendrites (Flak et al., 2009), indicating that the excitatory PVN 

afferents are also enhanced following chronic stress.

The overall impact of stress on physiological and psychological processes is linked to 

chronicity, predictability, and severity. Numerous studies suggest that mild repeated stress 

regimens engender habituation, wherein physiological responses (e.g., HPA axis activation) 

wane over time (Bhatnagar et al., 2002; Girotti et al., 2006; Rabasa et al., 2011). Animals 

confronted with homotypic stress regimens, e.g., mild weight restriction, typically have less 

severe physiological and behavioral phenotypes (e.g., lack of adrenal hypertrophy/thymic 

atrophy) (Flak et al., 2011), consistent with adaptation. Given that stress pathologies are 

linked to failures in adaptation, we used an indirect marker of chronic neuronal activation, 

ΔFosB, to identify neurocircuits that are specifically recruited across the development of an 

unpredictable stress regimen that consistently generates physical and behavioral pathologies 

(chronic variable stress (CVS)) (Herman et al., 1995; Jankord et al., 2011; Ulrich-Lai et al., 

2006; Willner, 1997). FosB, a member of the fos-related antigen family of immediate early 

genes, shows peak induction 4–6 hours post-stimulus (Nestler et al., 2001). Following 

translation, FosB is cleaved and phosphorylated into the more stable ΔFosB (McClung et al., 

2004; Ulery et al., 2006), which accumulates in cells and has lasting effects on gene 

transcription (Nestler et al., 2001). We used FosB/ΔFosB immunohistochemistry to test the 
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hypothesis that chronic unpredictable stress regimen (CVS) selectively recruits circuitry 

involved in control of stress responses, including afferent inputs to the PVN.

Materials and Methods

Subjects

Male Sprague-Dawley rats from Harlan (Indianapolis, IN), weighing 250–275 g upon 

arrival, were individually housed in clear polycarbonate cages containing granulated 

corncob bedding, with food and water available ad libitum. The colony room was 

temperature- and humidity-controlled on a 12 h light cycle (lights on 6:00 AM; lights off 

6:00 PM). Rats were acclimated to the colony facility for one week prior to experimental 

manipulations. All experimental procedures were conducted in accordance 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. Prior to 

experimental manipulation, the animals were weighed and placed into groups such that there 

was no difference in starting body weight between groups (Chronic Variable Stress (CVS) 

(n=8), Repeated Restraint (RR) (n=8), Weight-Matched (WM) (n=9), and Control (n=8)). 

All rats were perfused at least 16 hours following the termination of the day 14 stressor, to 

negate the contribution of acute FosB induction and thereby allow assessment of central 

ΔFosB expression as a measure of chronic drive.

Weight Matching

Animals were fed a sufficient amount of chow to produce a similar reduction in weight gain 

as the chronically stressed animals. In order to provide a relatively low-stress means of food 

restriction, animals were fed 5 grams of chow in the morning at a random time between 7am 

and 11am and the rest between 5:30 and 6pm. Previous studies indicate that feeding the 

animals just before lights off does not shift their circadian rhythm (Flak et al., 2011). We 

added the morning feeding in order to limit the total amount of time without food (since rats 

typically eat small amounts during the light period of the circadian cycle). WM, RR, and 

CVS animals did not differ in body weight at any point in the experiment.

Chronic Stress Procedure

Subjects were randomly assigned to either CVS, repeated restraint, weight-matched, or 

control groups. The chronic stress protocol consisted of twice-daily (morning and afternoon) 

exposure to randomly assigned stressors for two weeks. Morning stressors were conducted 

between 8:00 am and 11:30 am and afternoon stressors were administered between 1:30 pm 

and 5:00 pm. Stressors consisted of rotation stress (1 h at 100 rpm on a platform orbital 

shaker); warm swim (20 min at 31°C); cold swim (10 min at 18°C), cold room stress (kept 

in 4°C for one hour); and hypoxia (8% O2 92% N2, 30 min). Repeatedly restrained animals 

were placed in a plexiglas restraint tube for one hour per day in the AM. The morning 

following the last afternoon stressor, rats received an overdose of sodium pentobarbital and 

were perfused with phosphate buffered saline, followed by 4% paraformaldehyde. Brains 

were post-fixed overnight in 4% paraformaldehyde and transferred to 30% sucrose (4°C).
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Immunohistochemistry

Sections were cut at 35 µm on a sliding microtome and sections stored in cryoprotectant (0.1 

M phosphate buffer, 30% sucrose, 1% polyvinylpyrrolidone, and 30% ethylene glycol) at 

−20°C until used for immunohistochemistry. Sections were transferred from cryoprotectant 

to 50 mM potassium phosphate buffered saline (KPBS, pH 7.2) and 0.9% sodium chloride) 

at room temperature (RT). Cryoprotectant was rinsed off (5 × 5 min) in KPBS, sections 

incubated in KPBS + 1.0% H2O2 for 10 minutes at room temperature (RT). Sections were 

then washed (5 × 5 min) in KPBS at RT and placed in blocking solution (50 mM KPBS, 

0.1% bovine serum albumin (BSA), and 0.2% Triton X-100) for 1 hour at RT. Sections were 

subsequently incubated overnight at 4°C in rabbit anti-FosB/ΔFosB primary (H75, Santa 

Cruz Biotechnologies; Santa Cruz, CA) diluted 1:300 in blocking solution. This antibody 

was raised against amino acids 75–100 of the human FosB and detects two bands, one at 35–

37 kDa (ΔFosB) and another at 45 kDa (FosB), on Western blot (Marttila et al., 2006). The 

following morning sections were rinsed in KPBS (5 × 5 min) and incubated in biotinylated 

anti-rabbit secondary antibody (Vector Laboratories, Inc., Burlingame, CA) (1:500 in KPBS 

+ 0.1% BSA) for 1 hour at RT. Sections were rinsed in KPBS (5 × 5 min) and then treated 

with avidin-biotin complex (ABC, Vector Laboratories, Inc., Burlingame, CA) (1:1000 in 

KPBS + 0.1% BSA) for 1 hour at RT. Following this incubation, sections were rinsed again 

in KPBS (5 × 5 min) and reacted with 0.02% diaminobenzamidine (Sigma Aldrich, St. 

Louis, MO) with 0.05% hydrogen peroxide. Sections were rinsed a final time in KPBS, 

mounted, rehydrated through graded ethanols and coverslipped in DPX (Sigma Aldrich, St. 

Louis, MO). Sections used for quantification of co-labeled for FosB/ΔFosB and dopamine-

beta-hydroxylase (DBH) were placed through a similar procedure on the first day of 

immunohistochemistry, but additionally incubated with mouse anti-DBH (Millipore; 

Temecula, California) (1:2500). Following overnight incubation with both primary 

antibodies, the sections were rinsed in KPBS (5 × 5min) and incubated in both Cy3 goat 

anti-rabbit (Jackson Immuno Research; West Grove, PA) and Alexa 488 donkey anti-mouse 

(Molecular Probes; Eugene, OR) for thirty minutes. Next, the sections were washed a final 

time in KPBS and coverslipped with Fluka mounting medium (Sigma Aldrich; St. Louis, 

MO). The slides were left to dry for a sufficient time before capturing images for 

quantification.

It is important to note that the FosB antibody used will recognize both cleaved (ΔFosB) and 

uncleaved forms (FosB). Uncleaved Fos B diminishes to baseline within 6 hours (Nestler et 

al., 2001), and thus only ΔFosB should be detectable at the time of kill (16h after the last 

stressor). Nonetheless, to be technically correct, we will refer to the immunohistochemical 

staining as FosB/ΔFosB.

Cell counts

The number of FosB/ΔFosB immunoreactive neurons within the brain regions was 

quantified with the Zeiss Axiovision 4.6 software. Image magnifications were chosen in 

order to assess the number of immunoreactive nuclei in one unilateral image from each 

section. If possible, four images per animal per region of interest (ROI) were collected. To 

quantify the number of immunoreactive nuclei, both a threshold gray level and minimum 

pixel size were determined for each objective using a subset of images for each region with 
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varying signal and background intensities. The program recorded the number of 

immunoreactive nuclei within a defined ROI. All cell counts were converted to the number 

of immunoreactive cells per unit area and analyzed. The regions were delineated using 

characteristics of each nucleus taken from the Paxinos and Watson atlas (Paxinos and 

Watson, 1997) and quantified at a similar distance from bregma within all experimental 

animals.

The number of co-labeled FosB/ΔFosB and DBH were counted manually. Images were 

collected on 2 right and 2 left NTS at approximately −14mm caudal to Bregma (Paxinos and 

Watson coordinates) (Paxinos and Watson, 1997). Immunoreactive nuclei were first selected 

in the Cy3 channel. Then, the Alexa channel was added to record the number of cells that 

also contain cytosolic DBH staining.

Statistics were analyzed using Sigma Stat (Systat Software, San Jose, California). Data are 

expressed as mean ± standard error. Outliers were determined if the value exceeded both 

1.96 times the standard deviation and 1.5 times the interquartile range (McClave, 1994). 

Outliers were tested for each data set prior to analysis. If data exceeded these limits, the 

individual piece of data was removed from the specific analysis. The data were analyzed by 

one-way ANOVA with a Fisher’s LSD post-hoc test using group (CVS, WM, RR, and 

control) as the between-subjects factor. If an ANOVA failed homogeneity of the variance, 

the data underwent log transformation prior to analysis.

Results

We used three groups to control for non-CVS-specific changes in FosB induction: non-

handled animals were used as a general unstressed control; the weight-matched group 

controlled for the passive effects of reducing weight gain to CVS levels; and the repeatedly 

restrained group controlled for neuronal FosB/ΔFosB induction under habituating 

conditions. At the end of the two week experiment, animals were all killed without acute 

disturbance, in order to minimize uncleaved FosB production. As previously reported 

(Herman et al., 1995), CVS caused adrenal hypertrophy {F(3,32)= 15.053, p<.001} and 

attenuated body weight gain {F(3,32)= 19.094, p<.001}. We used FosB/ΔFosB 

immunohistochemistry to identify regions containing immunoreactive nuclei. Surprisingly, a 

number of areas known to be sensitive to behavioral and metabolic disturbance exhibited 

little or no FosB/ΔFosB immunoreactivity, including the PVN, the ventromedial 

hypothalamic nucleus, the arcuate nucleus, and the central nucleus of the amygdala (Davis 

and Shi, 1999; Herman et al., 2008; Karnani and Burdakov, 2011; Lu et al., 2003). Of the 

sites that contained FosB/ΔFosB immunoreactivity, we selected regions that contain 

glutamate and/or norepinephrine neurons that project to the PVN for FosB/ΔFosB analysis, 

given known enhancement of excitatory drive to the PVN seen following CVS (Flak et al., 

2009; Miklos and Kovacs, 2012; Verkuyl et al., 2004). Figure 1 contains schematic 

representations of FosB/ΔFosB immunoreactive cell distributions within a number of key 

regions of control and stressed conditions. In addition, we also chose to analyze the 

amygdala, hippocampus, and medial prefrontal cortex (mPFC), as they contained robust 

FosB/ΔFosB immunoreactivity, exhibit neuroplastic responses to chronic stress, and are up-

stream regulators of HPA axis function (Ulrich-Lai and Herman, 2009). To control for 
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widespread effects of our stress paradigm, we analyzed FosB/ΔFosB immunoreactivity 

within the interstitial nucleus of the posterior limb of the anterior commissure (IPAC) and 

M1 of the motor cortex, regions that are not currently implicated in acute or chronic 

activation of neuronal stress responses. The groups did not differ in their FosB/ΔFosB 

expression (Figure 2) within these two sites, indicating that our reported changes are specific 

to stress-sensitive neurons and do not reflect global neural activation.

PVN-projecting regions

Our qualitative analyses located several sites that had variable levels of FosB/ΔFosB 

immunoreactivity across groups, the most notable being the nucleus of the solitary tract 

(NTS). FosB/ΔFosB in the NTS stood out, since staining was sparse in the brainstem. 

Quantitative analyses indicated that CVS increased FosB/ΔFosB within the NTS 

{F(3,30)=47.568, p<.001} (Figure 3A). This area is particularly interesting, as it includes 

A2/C2 catecholaminergic neurons that project into the PVN (Cunningham and Sawchenko, 

1988). Double-label analysis revealed increased co-localization of FosB/ΔFosB with the 

norepinephrine/epinephrine marker DBH in the NTS of CVS rats {F(3,31)=33.084, p<.001} 

(Figure 3B), indicating that unpredictable stress tonically activates noradrenergic NTS 

neurons. Importantly, no increases in NTS FosB/ΔFosB were observed in RR or WM 

groups. While A1/C1 neurons also project to the PVN (Cunningham and Sawchenko, 1988), 

FosB/ΔFosB was not observed in this area.

We also quantified FosB/ΔFosB in select regions known to include glutamate-expressing 

PVN-projecting neurons. CVS increased FosB/ΔFosB within the dorsomedial hypothalamic 

nucleus (DMH) {F(3,32)=27.534,p<.001} (Figure 4A) and posterior hypothalamic nucleus 

(PH) {F(3,23)=12.755,p<.001} (Figure 4B), indicating that chronic unpredictable stress 

activates these regions. The FosB/ΔFosB cells of each hypothalamic region tended to be in 

the rostral components of each and, in the case of the posterior hypothalamus, medial to the 

fornix. Notably, RR also increased DMH FosB/ΔFosB expression (Figure 4B), suggesting 

that this region is chronically activated during both unpredictable and predictable stress.

Upstream Limbic Structures

We also quantified FosB/ΔFosB in the amygdala, hippocampus and prefrontal cortex, 

upstream limbic structures critical for stress regulation. FosB/ΔFosB immunoreactivity was 

rather abundant in these structures compared to the hypothalamic and brainstem regions 

previously analyzed. Staining was particularly robust within the mPFC. Because side 

(Sullivan and Gratton, 1999) and subregion (Radley et al., 2006) effects are reported 

following lesions of the mPFC, we divided the region of interest into both left and right 

infralimbic and prelimbic mPFC to assess specific chronic stress-activated areas of the 

mPFC. CVS elevated the FosB/ΔFosB expression within the left infralimbic 

{F(3,31)=5.823, p=.03} (Figure 5A), left prelimbic {F(3,32)=7.119, p=.001} (Figure 5B), 

right infralimbic {F(3,32)=7.808, p<.001} (Figure 5C), and right prelimbic {F(3,31)=9.063, 

p<.001} (Figure 5D) cortices. In all cases, increased FosB/ΔFosB staining was only 

observed in the CVS group. We also analyzed FosB/ΔFosB within the basolateral amygdala 

(BLA), as this nucleus exhibited the most prominent staining in the amygdalar complex 

(FosB/ΔFosB immunoreactivity in the medial and central nuclei was minimal). BLA FosB/
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ΔFosB did not differ between treatment groups (Figure 6A). Hippocampal FosB/ΔFosB was 

restricted to the dentate gyrus. Our analyses found that CVS and RR both increased FosB/

ΔFosB in the dentate gyrus {F(3, 31)=4.806, p=.008} (Figure 6B), indicating that this region 

is responsive to unpredictable as well as predictable stress.

Discussion

The data from the current study suggests that unpredictable stress (i.e., CVS) chronically 

activates a number of known stress-regulatory regions, including areas that project directly 

into the PVN (i.e., PH) and upstream limbic structures (i.e., mPFC) that indirectly regulate 

HPA axis activity. These data support the existence of a ‘recruited chronic stress pathway’ 

that involves prefrontal cortex, posterior hypothalamus and NTS, putatively responsible for 

sustaining and amplifying stress responsivity during prolonged stimulation. Other regions, 

such as the DMH and DG, increase FosB/ΔFosB staining in response to both habituating and 

non-habituating stress regimens, suggesting that these regions are not required for chronic 

drive of the HPA axis by unpredictable stress.

Our analyses revealed several sites activated solely by a history of unpredictable stress and 

known to provide excitatory neurotransmitter input to the PVN. The NTS contained the 

most pronounced FosB/ΔFosB induction, including the A2/C2 catecholamine cell group. 

This finding is particularly important, as this cell group provides the majority of 

norepinephrine afferents to the medial parvocellular PVN (Cunningham and Sawchenko, 

1988). Previous evidence suggests that NE/E from medullary regions play an excitatory role 

in HPA axis drive, as lesions of ascending medullary PVN inputs attenuate CRH 

immunoreactivity and PVN cFos responses to stress (Li et al., 1996). Furthermore, CVS 

elevates the NTS TH mRNA and hnRNA (Zhang et al., 2010), suggesting that unpredictable 

stress exposure enhances the output of A2/C2. In addition, CVS increases the number of 

PVN DBH-positive boutons in apposition to CRH neurons (Flak et al., 2009), indicating that 

chronic stress exposure enhances the noradrenergic influence in the initiation of stress 

responses. Thus, this region appears to be critical for responding to chronic stress. As these 

neurons are tonically activated over time by chronic stress, the output from this region is 

continually enhanced, facilitating HPA axis activity and suggesting that these neuroplastic 

changes within the NTS A2 region may form a final common pathway for mediating chronic 

stress-related behavioral and physiological dysfunction. However, we should note that NTS 

neurons project to additional regions important in stress regulation including the rostral 

ventrolateral medulla, bed nucleus of the stria terminalis, and the amygdala (Ricardo and 

Koh, 1978), and thus may have indirect as well as or instead of direct effects on PVN 

activation.

Importantly, some of the FosB/ΔFosB immunoreactive nuclei within the NTS were not 

DBH-positive. It is likely that non-noradrenergic NTS FosB/ΔFosB neurons (e.g., those that 

express glucagon-like-peptide-1 (GLP-1) (Larsen et al., 1997)) may also play a role in stress 

regulation. For example, NTS GLP-1 can contribute to both psychogenic and systemic 

responses to stress (Kinzig et al., 2003), and GLP-1 neurons innervate numerous stress-

regulatory regions, notably including the PVN (Larsen et al., 1997; Llewellyn-Smith et al., 

2011; Tauchi et al., 2008). Furthermore, chronic stress reduces GLP-1-positive PVN fiber 
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density and NTS PPG mRNA (Zhang et al., 2010), suggestive of the role of these neurons in 

chronic stress regulation. It should be noted that GLP-1 and NE are not the sole transmitters 

expressed in NTS, as the region contains a host of neurotransmitters and peptides (Maley, 

1996), including GABA, glutamate, cholecystokinin, calcitonin gene-related peptide, 

galanin, neuropeptide Y, among others, that could also be modified by chronic stress 

exposure

In addition to the evidence that PVN NE release is driven by unpredictable but not 

predictable chronic stress exposure, our analyses found that CVS elevates PH FosB/ΔFosB 

immunoreactivity. Given evidence for a strong glutamatergic innervations of the PVN by the 

PH (Ulrich-Lai et al., 2011b), it is possible that unpredictable stress may also drive PVN 

glutamate release and contribute to enhanced density of glutamatergic appositions onto CRH 

neurons (Flak et al., 2009). In support of this hypothesis, excitation of the PH can initiate 

cardiovascular and behavioral stress responses (DiMicco et al., 1986; Shekhar and DiMicco, 

1987), and pharmacological blockade can attenuate stress-induced tachycardia (Lisa et al., 

1989), suggesting that the PH may also influence other types of stress responses. In addition 

to glutamatergic neurons, the PH expresses a host of transmitters, including orexin, that are 

implicated in vigilance and regulating wakefulness (Abrahamson and Moore, 2001). Given 

its selective recruitment during stress exposure, the PH has the potential to mediation of 

responses to prolonged stress.

We observed pronounced ΔFosB staining within the medial prefrontal cortex following 

CVS. Previous studies have indicated that the prelimbic mPFC inhibit HPA axis responses 

to stress, whereas the infralimbic mPFC elevates glucocorticoid release (Radley et al., 2006) 

and increases pressor responses following acute stress exposure (Resstel et al., 2006). Our 

results indicate that CVS activates the prelimbic and infralimbic mPFC to a similar degree, 

suggesting that the net impact of prefrontal activation may be translated downstream of the 

cortex. Prior studies indicate that the right mPFC plays a more prominent role than the left 

side in controlling responses to stress (Sullivan and Gratton, 1999), but we did not find a 

lateralized effect of CVS on mPFC ΔFosB activation. Overall, CVS clearly activates the 

mPFC and likely provides lasting changes to gene transcription to this region. In addition to 

its role in the tuning of the stress responses, the mPFC is critical to short term memory 

formation (Barsegyan et al., 2010; Floresco et al., 1997), reward processing (Capriles et al., 

2003), appraisal (Schmitz and Johnson, 2007), and cognitive control (Maier et al., 2006), all 

of which can be regulated by chronic stress. The accumulation of FosB/ΔFosB in prefrontal 

cortical regions may provide a means by which chronic stress promotes long-lasting 

behavioral as well as hormonal dysfunction.

Our repeated restraint data are consistent with prior work by Perrotti et al (Perrotti et al., 

2004), where chronic restraint produced marked FosB/ΔFosB activation in regions such as 

the prefrontal cortex, BLA, and dentate gyrus. Their work focused on the effects of chronic 

stress on reward circuits. Our study provides new evidence indicating that BLA and dentate 

gyrus induction are expressed at similar levels in RR and CVS groups, suggesting that these 

regions differentially respond to unpredictable stress exposure and are thus unlikely to be 

involved in stress sensitization (and perhaps pathology). Indeed, activation of these 

structures during RR may reflect involvement in stress adaptation. In the case of the BLA, 
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this possibility is supported by data indicating a role for the BLA in mediating stress-

buffering effects of reward on HPA axis (as well as cardiovascular and behavioral) stress 

responses (Ulrich-Lai et al., 2011a). In the PFC, the number of FosB/ΔFosB cells is 

significantly greater following CVS than RR, suggesting that these regions encode 

predictability (and/or intensity) of the stress regimen. Disproportionate induction by CVS 

may reflect recruitment of additional output neurons controlling activation of the same 

subcortical targets, or perhaps addition of neural populations with different subcortical 

structures. Given our data demonstrating recruitment of down-stream structures (e.g., PH, 

NTS), both of which are targeted by the mPFC (particularly the infralimbic cortex)(Hurley 

et al., 1991; Vertes, 2004), the latter is a likely possibility.

Both CVS and RR induced the expression of ΔFosB within the DMH. The DMH is 

primarily known to regulate the SNS, in that DMH inactivation attenuates (Stotz-Potter et 

al., 1996) and stimulation exacerbates cardiovascular responses to psychogenic (Bailey and 

Dimicco, 2001), but not systemic stress. This region a rich number of intermingled 

GABAergic and glutamatergic neurons which both project into the PVN and likely regulate 

responses to stress (Herman et al., 2003). While we do not observe differences in extent of 

ΔFosB induction in RR vs. CVS groups, it is possible that different DMH populations may 

be recruited under the two different conditions (e.g., CVS may preferentially activate DMH 

glutamatergic neurons, while RR may activate GABAergic neurons). Thus, the DMH may 

be a recruited component for both stress facilitation and stress habituation.

No changes in accumulation of FosB/ΔFosB were observed in any region in the WM group. 

These data indicate that the effect of CVS is not accounted for by changes in metabolic 

status induced by lowered body weight. Caloric restriction sensitizes reward circuits (Carr 

and Wolinsky, 1993; Carroll et al., 1979; Stamp et al., 2008) in order to re-establish 

previous energy storage levels, which are believed to be partially mediated by FosB/ΔFosB 

within the nucleus accumbens (Vialou et al., 2011a). Interestingly, RR, CVS, and WM 

animals all displayed slight, non-significant increases in FosB/ΔFosB within the BLA, 

another known brain region important for reward processing. Since chronic stress can 

produce anhedonia, the ΔFosB within reward regions induced by stress may dampen, while 

caloric restriction may sensitize reward activation.

Recent studies indicate that ΔFosB is required for generation of coping responses to social 

stress (Vialou et al., 2011b) and the reinforcing effects of sexual experience (Pitchers et al., 

2010). Thus, expression of ΔFosB is consistent with a functional role in circuits mediating 

stress and reward, particularly with regard to experience. In our studies, selective induction 

in PH and NTS circuits, as well as enhanced induction in IL and PL, suggests that FosB/

ΔFosB expression subserves biologically meaningful functions mediating sensitizing effects 

of chronic stress. However, the use of ΔFosB as a marker for tonic neuronal activation does 

potentially introduce false negatives, since the necessary mechanisms of FosB 

transformation into ΔFosB are, to this point, poorly understood. Therefore, it is possible that 

some nuclei contain neurons that are unable to convert FosB to ΔFosB. For example, the 

PVN is likely activated in response to each of the stressor of CVS, but this area does not 

exhibit significant ΔFosB staining, despite displaying numerous other markers of chronic 

activation (e.g., increased CRH and vasopressin gene transcription, cellular hypertrophy)
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(Flak et al., 2009). Studies have claimed that the induction of ΔFosB within the PVN 

following drug administration (Chocyk et al., 2006; Das et al., 2009; Nunez et al., 2010). 

However, the temporal aspects of these previous studies make it unclear whether it is FosB 

or ΔFosB is being detected. ‘Acute’ induction of FosB is extinguished by 12 hours, and thus 

our16 hour interval between the last stressor and study termination is sufficient to parse 

acute from chronic effects (Perrotti et al., 2004). Previously groups have reported Fos B/

ΔFosB staining as late as a week after stress cessation (Perrotti et al., 2004), so there is not a 

reason to believe that we are ‘missing’ induction at the 16 hour time point. However, our 

analyses may have missed some areas that are tonically activated by WM, RR, and/or CVS 

if they are unable to cleave and phosphorylate FosB (e.g., phosphorylation is required for 

generation of ΔFosB (Hiroi et al., 1999)). In addition, the terminal 21 amino acids of FosB, 

not present in ΔFosB, are shared by the other Fos-related antigens (McClung et al., 2004), 

suggesting that the cleavage of this segment of the FosB sequence is required for ΔFosB. 

Identification of enzymes for phosphorylation and cleavage are required to adequately 

address heterogeneity of neuronal subtypes in FosB processing. It is also possible that some 

neuronal subtypes simply do not engage fosB transcription in response to stress. 

Nonetheless, the lack of a significant FosB/ΔFosB response in known stress-activated 

regions, such as the PVN, suggests that negative findings using ΔFosB mapping need be 

interpreted with caution.

In conclusion, our analyses have located several brain regions specifically recruited by 

unpredictable stress, including the NTS, PH, and mPFC. Importantly, tract tracing studies 

indicate significant interconnectivity among these brain regions and the PVN (Figure 7). For 

example, the infralimbic mPFC has direct projections to the NTS (Vertes, 2004), which 

sends projections that terminate within the PH (Ciriello et al., 2003), DMH, (Ricardo and 

Koh, 1978) and the PVN (Cunningham and Sawchenko, 1988). Additionally, the PH 

(Ulrich-Lai et al., 2011b) projects into the PVN and NTS (Fontes et al., 2001). Finally, the 

prelimbic mPFC projects to the DMH and attenuates DMH cFos responses to acute stress 

(Radley et al., 2009), which provides an additional influence on PVN, PH, and NTS 

activation. Future tract tracing studies accompanied with chronic stress exposure are 

required to reveal the specific connections among these recruited regions, which may 

include some of the above proposed circuits and/or additional relays implicated in chronic 

stress-induced physiological and behavioral dysfunction. These future studies will determine 

whether these potentially recruited circuit(s) are critical for known consequences of chronic 

stress exposure (HPA axis facilitation and/or depression-like behavior and/or metabolic 

disruption and/or hypertension).
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Figure 1. 
Schematic Representation of FosB/ΔFosB immunoreactive neurons induced by chronic 

stress. Using modified images collected from Paxinos and Watson Atlas (Paxinos and 

Watson, 1997), these schematics illustrate the distribution and relative induction by CVS 

and RR within the medial prefrontal cotex (mPFC), dorsomedial hypothalamic nucleus 

(DMH), posterior hypothalamus (PH), and caudal nucleus of the solitary tract (NTS). Each 

dot represents one cell per unit area and corresponds to a similar density relative to the other 

regions despite the varying areas presented in the schematic images. Thus, the dots appear 
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smaller in the mPFC because the displayed area is much larger than the hypothalamic 

regions.
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Figure 2. 
Control Regions. To control for the possibility that the chronic stress regimens globally 

activate neural structures, we quantified FosB/ΔFosB within the interstitial nucleus of the 

posterior limb of the anterior commissure (IPAC) (Control n=8, WM n=9, RR n=7, and 

CVS n=7) and motor cortex (Control n=8, WM n=9, RR n=7, and CVS n=7). The groups 

did not differ in the number of FosB/ΔFosB immunoreactive nuclei within these two 

regions. Unit area for IPAC was in 10−3 m2 and 10−1 m2 for motor cortex.
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Figure 3. 
Nucleus of the Solitary Tract. The A2 region of the nucleus of the solitary tract (NTS) 

supplies the majority of the medial parvocellular PVN with norepinephrine. Thus, we 

examined FosB/ΔFosB within the NTS (Control n=7, WM n=9, RR n=8, and CVS n=8). 

CVS increased the number of FosB/ΔFosB immunoreactive neurons within the NTS and 

especially within DBH-positive neurons (Control n=7, WM n=9, RR n=8, and CVS n=8). 

Since WM and RR animals did not alter FosB/ΔFosB, the data suggests that unpredictable 

stress recruits the NTS. * denotes group significantly different from all groups. Unit area 

was in 10−1 m2.
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Figure 4. 
Hypothalamic Nuclei. Since the dorsomedial (DMH) and posterior hypothalamic (PH) 

nuclei are two regions that supply the PVN with significant amounts of glutamate, we 

analyzed FosB/ΔFosB within these regions. CVS increased the number of FosB/ΔFosB 

immunoreactive neurons within the DMH (Control n=8, WM n=9, RR n=8, and CVS n=8) 

and PH (Control n=4, WM n=7, RR n=6, and CVS n=7), suggesting that unpredictable 

recruits the DMH and PH. * denotes group significantly different from all groups.# denotes 

group significantly different from control group. Unit area for DMH and PH were 10−1 m2.
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Figure 5. 
Medial Prefrontal Cortex. Because side and subregion of the mPFC have both been shown to 

differentially regulate responses to stress, we divided the mPFC into both left and right 

infralimbic and prelimbic mPFC to locate the specific chronic stress-activated areas of the 

mPFC. However, CVS elevated the FosB/ΔFosB expression within the right infralimbic 

(Control n=8, WM n=9, RR n=8, and CVS n=8), right prelimbic (Control n=7, WM n=9, RR 

n=8, and CVS n=8), left infralimbic (Control n=7, WM n=9, RR n=8, and CVS n=8), and 

left prelimbic (Control n=8, WM n=9, RR n=8, and CVS n=8), indicating that unpredictable 

stress recruits all subregions of the mPFC. * denotes group significantly different from all 

groups. Unit area for mPFC was in 10−3 m2.
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Figure 6. 
Upstream Limbic Structures. Since chronic stress exposure classically re-wires these stress 

regulatory regions, we analyzed FosB/ΔFosB within the Basolateral Amygdala (Control 

n=7, WM n=8, RR n=8, and CVS n=8) and Dentate Gyrus (Control n=8, WM n=9, RR n=8, 

and CVS n=7). Chronic stress did not alter the number of FosB/ΔFosB immunoreactive 

neurons within the Basolateral Amygdala. However, both RR and CVS increased the 

number of FosB/ΔFosB immunoreactive neurons in the dentate gyrus, suggesting that both 

unpredictable and predictable stress recruits the dentate gyrus.# denotes group significantly 
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different from control group. Unit area for basolateral amygdala and dentate gyrus was in 

10−3 m2.
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Figure 7. 
Potential Chronic stress recruited circuitry. Our data suggest the recruitment of a neural 

circuit underlying chronic drive of the HPA axis, but future studies will have to verify 

whether these recruited neurons are specifically connected. This circuit begins with the 

activation of the prefrontal cortex (PFC) projecting to the nucleus of the solitary tract (NTS), 

which drive neurons within the posterior hypothalamic nucleus (PH). The PH activates the 

PVN via direct glutamatergic projections to the paraventricular nucleus of the hypothalamus 

(PVN), known to be a player in endocrine, behavioral, and metabolic homeostasis. Via this 

pathway, chronic stress may produce endocrine, behavioral, and metabolic dysfunction.
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