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Abstract

Background: There is high comorbidity of post-traumatic stress disorder (PTSD) and alcohol 

use disorder (AUD) with few effective treatment options. Animal models of PTSD have shown 

increases in alcohol drinking but effects of stress history on subsequent vulnerability to alcohol 

relapse have not been examined. Here we present a mouse model of PTSD involving chronic 

multimodal stress exposure that results in long-lasting sensitization to stress-induced alcohol 

relapse, and this sensitized stress response is blocked by oxytocin (OT) administration.

Methods: Male and female mice trained to self-administer alcohol were exposed to predator odor 

(TMT) + yohimbine over five consecutive days or left undisturbed. After re-establishing stable 

alcohol responding/intake, mice were tested under extinction conditions and then all mice were 

exposed to TMT or context cues previously associated with TMT prior to a reinstatement test 

session. Separate studies examined messenger RNA expression of Oxt and Oxtr in hypothalamus 

following chronic stress exposure. A final study examined the effects of systemic administration 

of OT on stress-induced alcohol relapse in mice with and without a history of chronic stress 

experience.

Results: Chronic stress exposure produced long-lasting sensitization to subsequent stress-

induced alcohol relapse that also generalized to stress-related context cues, transcriptional changes 

in hypothalamic OT system, and OT injected prior to the reinstatement test session completely 

blocked the sensitized stress-induced alcohol relapse effect.
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Conclusions: Collectively, these results provide support for the therapeutic potential of OT, 

along with highlighting the value of utilizing this model in evaluating other pharmacological 

interventions for treatment of PTSD-AUD comorbidity.
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INTRODUCTION

A substantial number of individuals suffer with co-occurring stress-related disorders, such 

as post-traumatic stress disorder (PTSD) and alcohol use disorder (AUD) (1–5). While the 

prevalence of PTSD and AUD comorbidity is relatively high in the general population, it is 

especially high in some at-risk groups (military personnel and Veterans) (6–8). Further, co-

occurrence of PTSD and AUD is associated with more severe clinical symptoms compared 

to either disorder alone (9–11). Despite the high prevalence and significant health care 

burden, there are few treatments that effectively address this clinical problem of PTSD-AUD 

comorbidity (4,12). Use of animal models is critical for advancing our understanding of 

underlying mechanisms and providing platforms for evaluating potential new and novel 

treatment interventions.

Several animal models with varying degrees of face, construct, and predictive validity have 

been developed to examine the development of PTSD and evaluate possible targets for 

pharmacological interventions (1,13–17). Many of these models involving various stress 

exposure paradigms have proven to capture key features of PTSD and several studies 

have demonstrated increased alcohol self-administration following stress exposure (18–25). 

However, rarely have these models been employed to examine how such stress (‘traumatic’) 

experience may influence subsequent stress-related alcohol relapse.

Stress is known to play an important role in triggering alcohol relapse as well as serving 

as a significant factor in contributing to heavy drinking. There is significant overlap 

in neurobiological mechanisms and brain circuits underlying stress and alcohol effects 

(15,26,27), and several stress-related neuropeptide systems have been implicated as potential 

targets for treating PTSD-AUD comorbidity (28–31). Among these, the neurohormone 

oxytocin (OT) has emerged as a promising treatment. OT is predominantly synthesized in 

the paraventricular and supraoptic nuclei of the hypothalamus and released by the posterior 

pituitary into general circulation. Hypothalamic OT neurons also project to numerous 

cortical, limbic, and basal ganglia structures where it mediates an array of behavioral 

effects via interaction with G(q)-coupled OT receptors (32–34). For example, OT is released 

in response to different stress stimuli, and it can ameliorate symptoms of stress-related 

disorders such as depression and anxiety (35–37). Preclinical and clinical studies have 

shown OT to have promise in treating PTSD symptoms (38–45).

OT also has been implicated in alcohol and substance use disorders (46–50). For example, 

clinical studies have indicated that intranasal OT treatment reduces alcohol withdrawal 

symptoms (51), craving (52), and brain activation to alcohol-related cues (53,54), although 
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there are some negative reports (55,56). Evidence from preclinical studies has demonstrated 

that activation of endogenous hypothalamic OT release or administration of exogenous 

OT reduces alcohol consumption in several rodent models (57–65). Thus, given the stress-

buffering effects of OT and its ability to reduce alcohol drinking, it seems reasonable to 

suspect that OT may be especially effective in a PTSD model that is linked to alcohol 

relapse.

Here we describe a novel mouse model that captures many of the key features of PTSD 

and its impact on alcohol relapse susceptibility. Additionally, we demonstrate the chronic 

mulitmodal stress model produces long-lasting transcriptional changes in the oxytocin 

system and that systemic administration of OT blocks sensitized stress-induced alcohol 

relapse-like behavior in mice with a history of chronic stress experience. Collectively, these 

results provide additional support for the therapeutic potential of OT, along with highlighting 

the value of utilizing this model in evaluating other pharmacological interventions for 

treatment of PTSD-AUD comorbidity.

MATERIALS and METHODS

Subjects

Adult male and female C57BL/6J mice purchased from Jackson Laboratories (Bar Harbor, 

ME) were individually housed with free access to food and water throughout all phases of 

the experiments. Mice were housed in a temperature and humidity-controlled animal facility 

under a reversed 12-hr light/dark cycle (lights on 1800 hr). All procedures were approved by 

the MUSC Institutional Animal Care and Use Committee and followed the NIH Guide for 

the Care and Use of Laboratory Animals.

General Study Procedures

To examine the effects of chronic stress exposure on later stress-induced alcohol relapse-like 

behavior, male and female mice were first trained to self-administer alcohol using standard 

operant conditioning procedures (details below). Once stable alcohol responding/intake was 

established, half the mice were exposed to a compound (predator odor + yohimbine) stressor 

for 5 consecutive days (see below) while the remaining mice served as no-stress controls. 

After re-establishing stable alcohol responding/intake, mice were tested under extinction 

conditions for 14 days and then all mice were exposed to the predator odor alone for 

reinstatement testing. In separate studies, mice were used to examine the stress response 

(plasma corticosterone levels) and behavioral reactivity (defecation) following the chronic 

stress procedure.

After establishing a sensitized stress-induced alcohol relapse-like response in mice with a 

history of chronic stress exposure, follow-up studies were conducted to test the durability 

and generalizability of this effect. A separate cohort of mice was treated as above, 

except that following the reinstatement test (~30 days post-stress exposure), mice resumed 

alcohol self-administration and after a second extinction test period they received a second 

reinstatement test session (~60 days post-stress exposure). To test the generalizability of 

this effect, separate groups of male and female mice were similarly trained except the 
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multimodal stress exposure was presented in a unique context (mouse cage with stripped 

walls and wire floor). No-stress mice were left undisturbed. After re-establishing stable 

baseline alcohol responding/intake and then extinction testing, all mice were exposed to the 

unique context prior to reinstatement testing.

To determine whether the chronic stress exposure alters oxytocin expression in the 

hypothalamus (mainly paraventricular nucleus), male and female mice were sacrificed 

48-hr or 60-days following the 5-day stress exposure regimen and oxytocin (Oxt) and 

oxytocin receptor (Oxtr) mRNA levels were measured by quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) assays (see below). In a final study, the effects of 

systemic administration of OT on the sensitized stress-induced alcohol relapse-like response 

was determined. Separate groups of mice received intraperitoneal (ip.) injection of OT 

(1 mg/kg) or vehicle (saline) 15-min prior to the 15-min predator odor exposure during 

reinstatement testing.

Alcohol Self-Administration, Extinction, and Reinstatement Testing Procedures

Mice were trained to orally self-administer alcohol (12% v/v) under a fixed ratio-4 schedule 

during 20-min daily sessions using procedures previously published (58) and detailed in 

Supplemental Materials. Operant conditioning sessions were suspended during chronic 

(5-day) stress exposure and resumed the following week. During extinction testing, lever 

responding did not result in delivery of alcohol reinforcement or presentation of cues 

previously associated with alcohol delivery. Reinstatement testing following predator odor 

exposure was conducted under extinction conditions.

Chronic Stress Exposure

Mice received yohimbine (2 mg/kg) 15-min prior to exposure to the predator odor TMT 

(2,5-dihydro-2,4,5-trimethylthiazoline; BioSRq, LLC) (0.03 ml; 1% v/v) for 15-min/day 

over 5 consecutive days. CTL mice received saline injections and then placed in control 

chambers. For reinstatement testing, all mice were exposed to TMT exposure alone (15-min) 

just prior to the session. See Supplemental Materials for details.

Plasma Corticosterone and Hypothalamic Oxt and Oxtr mRNA Measurements

Blood samples collected following chronic stress exposure were used for plasma 

corticosterone measurement by ELISA (see Supplemental Materials for details). Collection 

of hypothalamic samples, RNA extraction, and TaqMan qRT-PCR assays were performed 

as previously described (66,67). Details of qRT-PCR primers and assay parameters are 

provided in Supplemental Materials.

Statistical Analyses

Active lever responses during baseline alcohol self-administration, extinction testing, and 

reinstatement testing were analyzed by ANOVA using Statistica V13 (TIBCO Software, 

Inc.), with Group (Stress vs. CTL) and Sex as main factors, and Test (Extinction vs. 

Reinstatement) as a repeated measure. Plasma corticosterone levels were analyzed by 

ANOVA, with History (alcohol-naïve vs. alcohol self-administration), Group (Stress vs. 

CTL) and Sex as between-subject factors and Day (Day-1, Day-5) as a repeated measure. 
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In separate cohorts of alcohol-naïve mice, Plasma corticosterone levels, defecations, and 

Oxt/Oxtr mRNA expression were analyzed with Group and Sex as main factors. Post-hoc 

comparisons were performed when appropriate (Newman-Keuls) and significance level for 

all analyses was set at p< 0.05.

RESULTS

A History of Chronic Stress Exposure Sensitizes Later Stress-Induced Alcohol Relapse-
Like Behavior in Mice

Male (N= 10–11/group) and female (N= 12/group) mice were first trained to self-administer 

alcohol and then after extinction responding stabilized, stress (TMT)-induced alcohol 

relapse-like behavior was evaluated in mice with or without a history of chronic stress 

exposure (Figure 1A). Baseline responding both prior to and following chronic predator 

odor exposure did not differ between groups (Stress vs. CTL) or sex (Group × Sex × Time 

interaction: [F(1,41)= 2.06, p= 0.159]) (Figures 1B and 1C and Figures S1A and S1B). 

Despite similar responding on the active lever during the final post-Stress/CTL baseline 

session for males and females, alcohol intake (g/kg) [F(1,32)= 9.31, p= 0.005] and blood 

alcohol concentrations (BAC) determined immediately following the session [F(1,32)= 5.17, 

p= 0.030] were significantly higher in females compared to males (Figure S2A and S2B) 

and, overall, there was a strong correlation between amount consumed and resultant BAC 

[R2= 0.62; [F(1,32)= 51.98, p< 0.001] (Figure S2C).

Following extinction testing, predator odor exposure significantly increased alcohol-seeking 

behavior (active lever responding). This was supported by a main effect of Test [F(1,41)= 

78.33, p< 0.001]. Additionally, this effect was significantly greater in male (Figure 1B 

and C) and female (Figure 1D and E) mice that had prior chronic stress exposure (Group 

× Test interaction: [F(1,41)= 14.12, p= 0.001]). The magnitude of this enhanced stress-

induced reinstatement effect did not differ between males and females (Group × Sex × Test 

interaction: [F(1,41)< 1.0]). These data indicate that a history of robust stress experience 

sensitizes both male and female mice to later stress-induced relapse-like behavior.

Separate studies were conducted to validate that our chronic stress exposure paradigm 

was indeed stressful. Blood samples were collected for plasma corticosterone analysis in 

male and female mice with or without a history of alcohol self-administration (N= 10–13/

group/sex) immediately following the first and fifth stress exposure of the 5-day procedure. 

Stress significantly elevated plasma corticosterone levels in all groups of mice compared to 

no-stress controls (Group: [F(1,78)= 187.96, p< 0.001]) and this effect did not habituate over 

the 5-day stress experience. Overall, naïve mice evidenced higher corticosterone levels than 

those with a history of alcohol self-administration (History: [F(1,78)= 30.43, p< 0.001]), 

an effect possibly due to differences in handling. Also, corticosterone levels were higher in 

females compared to males after stress exposure (Group × History × Sex; [F1,78)= 6.83, p< 

0.01]) (Table 1). Separate groups of alcohol-naïve mice sacrificed either 48-hr or 30-days 

after chronic stress treatment showed elevated plasma corticosterone levels 48-hr after the 

last stress exposure (Group: [F(1,28)= 29.76, p< 0.0001]) but not at 30-days following the 

chronic stress regimen (Group: [F(1,28)= 1.20, p= 0.282]) (Table S1).
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Another study examined behavioral (emotional) reactivity during each of the five daily 

consecutive multimodal stress exposure sessions, as measured by defecation. In males (N= 

12/group) and females (N= 8–12/group) stress exposure produced overall higher rates of 

defecation relative to no-stress controls [F(1,40)= 16.38, p< 0.001]. While the rate of 

defecation remained elevated across all test days in stress-exposed mice, there was a 

significant reduction in this stress response over test days in CTL mice (Group × Day 

interaction: [F(4,160)= 12.76, p< 0.001]) (Figure 2). This pattern of result was similar 

for males and females (Group × Day × Sex interaction: [F4,160)< 1.0]). In as much as 

this measure reflects increased emotionality/anxiety (68,69), these data suggest sustained 

reactivity to the chronic stress procedure over the five days of exposure whereas CTL mice 

habituated to the novel exposure chamber.

Durability of Sensitized Stress-Induced Alcohol-Seeking Behavior in Mice with a History of 
Chronic Stress Experience

A separate group of male mice (N= 5/group) was similarly treated and evaluated for stress-

induced reinstatement of alcohol-seeking behavior, except testing was conducted at ~30 days 

and then again at ~60 days following chronic stress (or CTL) exposure (Figure 3A). Baseline 

responding was similar for the two groups before and after chronic stress (or CTL) exposure 

as well as following the first reinstatement test session. Replicating our earlier finding, 

stress (TMT) exposure significantly increased active lever responding (alcohol-seeking) over 

extinction responding (Test: [F(1,8)= 46.97, p< 0.001]) and this effect was significantly 

greater in mice with a history of prior chronic stress exposure (Group × Test interaction: 

[F(1,8)= 7.57, p= 0.025]) (Figure 3B). All mice then resumed alcohol self-administration 

and, after establishing a stable new baseline and a second period of extinction testing, stress 

(TMT)-induced reinstatement responding was evaluated again. This second reinstatement 

test session occurred about 60 days following the chronic stress regimen. Acute TMT 

exposure increased active lever responding above extinction response levels (Test: [F(1,8)= 

53.58, p= 0.001]) and this effect was again significantly greater in mice with a prior history 

of chronic stress exposure (Group × Test interaction: [F(1,8)= 9.07, p=0.036]) (Figure 3B 

and 3C). Thus, in this model chronic multimodal stress exposure enhances the ability of 

subsequent stress to trigger alcohol relapse-like behavior, and this sensitization is evident for 

at least 60 days following the chronic stress experience.

Generalizability of Sensitized Stress-Induced Alcohol-Seeking Behavior in Mice with a 
History of Chronic Stress Experience

To test the generalizability of this sensitized stress-induced alcohol relapse effect, another 

cohort of male (N= 14–15/group) and female (N= 12–14/group) mice were tested following 

exposure to environmental cues associated with prior chronic stress (yohimbine+TMT) 

exposure (Figure 4A). No-stress (CTL) mice were exposed to the unique environmental 

cues for the first-time during reinstatement testing. Baseline responding before and after 

chronic Stress/CTL exposure was similar for the groups and both sexes (Group × Sex × Test: 

[F(1,51)< 1.0], although the significant Group × Test interaction [F(1,51)= 5.58, p= 0.022] 

indicated an overall lower response rate following the chronic stress treatment (Figures 4B, 

4C and Figures S3A, S3B). After extinction responding stabilized, 15-min exposure to the 

unique context environment increased alcohol-seeking behavior in all mice (Test: [F(1,51)= 
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68.49, p< 0.0001]). However, this effect was significantly greater in male (Figures 4B, 4D) 

and female (Figures 4C, 4E) mice previously exposed to the multimodal stress experience 

in that environment compared to the no-stress controls (Group × Test: [F(1,51)= 12.04, 

p< 0.001]). That is, while increased responding in the CTL group was likely due to the 

novelty of the environmental cues, exposure to these context cues previously associated with 

chronic stress exposure resulted in a more robust (sensitized) stress-induced relapse-like 

response in the Stress group. This effect was similar for males and females as Sex did not 

significantly interact with either Group or Test variables. These results indicate that exposure 

to environmental cues previously associated with a chronic stress regimen is sufficient to 

produce a sensitized stress-induced alcohol relapse-like response.

Effect of Chronic Stress Exposure on Hypothalamic Oxt and Oxtr mRNA Expression.

In alcohol-naïve male and female mice (N= 4–10/group/sex), chronic (5-Day) stress 

exposure significantly reduced Oxt mRNA expression in the hypothalamus 48-hr after 

the last exposure compared to no-stress controls (Group: [F(1,18)= 8.97, p< 0.01]), and 

this effect persisted for at least 60 days (Group: [F(1,25)= 8.73,p< 0.01]) (Figure 5A and 

5B). The effect was similar in males and females. In contrast, at 48-hr following stress 

treatment, Oxtr mRNA levels in the hypothalamus were significantly elevated relative to 

controls in males but reduced in females (Figure 5C; Table S2). This was supported by a 

Group × Sex interaction [F(1,20)= 15.06, p< 0.001], although post-hoc analysis indicated 

that the reduction in females was not significant. At 60-days post-stress exposure, Oxtr 
mRNA levels were significantly elevated in both males and females (Group: [F(1,25)= 

4.69, p< 0.05]). Thus, the chronic multimodal stress procedure in this model produced 

long-lasting alterations in transcriptional activity of the oxytocin peptide and its receptor in 

the hypothalamus.

Effect of Oxytocin Treatment on Sensitized Stress-Induced Alcohol-Seeking Behavior in 
Mice with a History of Chronic Stress Experience

Acute exposure to TMT increased alcohol-seeking in male (N= 12/group) and female (N= 

7–12/group) mice, and this effect was significantly enhanced in mice with prior chronic 

stress experience. This effect in vehicle-treated mice replicates our earlier findings while 

systemic administration of OT (1 mg/kg) prior to stress exposure completely blocked this 

TMT-induced alcohol relapse-like response (Figure 6 and Figures S4A and S4B). This was 

supported by significant main effects of Group (Stress vs. CTL) [F(1,80)= 6.92, p< 0.01], 

Drug (VEH vs. OT) [F(1,80)= 44.11, p< 0.0001], and Test (Extinction vs. Reinstatement) 

[F(1,80)= 30.30, p< 0.0001], and the Group × Drug × Test interaction [F(1,80)= 5.90, p< 

0.02]. Post-hoc comparisons for vehicle-treated mice indicated that active lever responding 

was significantly greater during reinstatement testing compared to extinction responding, 

and this effect was significantly greater in male (Figures 6B and D) and female (Figures 6C 

and E) mice with a history of chronic stress exposure (ps< 0.05). Treatment with OT prior 

to reinstatement testing completely blocked stress (TMT)-induced relapse-like responding 

in both CTL mice and the Stress group (ps< 0.001). ANOVA did not reveal a significant 

effect of Sex [F(1,80)= 0.73, p> 0.39), and Sex did not interact with any of the other factors. 

Separate analyses of males and females yielded similar results.
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DISCUSSION

Despite the high prevalence and exacerbated problems associated with PTSD and AUD 

comorbidity, few studies have examined how traumatic stress experience can increase 

susceptibility to alcohol relapse. The present studies describe a mouse model in which 

chronic multimodal stress experience enhances the ability of stress to subsequently trigger 

alcohol relapse-like behavior. This effect was shown to persist for at least 60 days after 

the chronic stress experience and exposure to only context cues previously associated with 

the chronic stress experience was sufficient to provoke a sensitized alcohol relapse-like 

response. As such, this model captures many of the cardinal features of PTSD and links 

the stress experience with enhanced susceptibility to subsequent stress-provoked alcohol-

seeking behavior. Chronic stress exposure also produced long-lasting changes in mRNA 

levels of oxytocin and its receptor in the hypothalamus. Finally, we demonstrate that 

systemic administration of OT completely blocked sensitized stress-induced alcohol relapse 

behavior in mice with a history of chronic stress experience.

Several animal models of PTSD involving exposure to predator odor, including bobcat 

urine (18,70), soiled cat litter (71), rat bedding (72), and the fox feces extract TMT 

(20,21) have demonstrated increased alcohol consumption following the stress experience. 

TMT is known to produce a potent fear/stress response in rodents (73), increasing plasma 

corticosterone levels in mice (74) and rats (21,75) that is sustained after repeated exposures 

(20). Here we show that repeated exposure to multimodal stress experience involving 

combined yohimbine and TMT treatment produced sustained elevated plasma corticosterone 

levels in mice that persisted for at least 48 hours after the last exposure, and increased 

defecation that was evident during each of the 5-day exposure sessions. Further, this 

chronic stress treatment resulted in sensitization to TMT-induced increased alcohol-seeking 

behavior that was evident at least 60 days later. Predator odor exposure has been shown 

to increase cue- and stress-induced reinstatement of methamphetamine (76) and cocaine 

(77) responding. To our knowledge, this is the first evidence demonstrating a PTSD model 

enhances susceptibility to stress-induced alcohol relapse-like behavior long after the initial 

stress (‘trauma’) experience.

Context cues associated with predator odor exposure elicit stress-related behavioral 

responses, and these measures of stress reactivity have been shown to influence subsequent 

alcohol drinking in rats (18,21,25,70,78). Here we show that exposure to contextual cues 

previously associated with TMT significantly increased reinstatement of alcohol-seeking 

responding. Of note, exposure to the stress-related context cues triggered alcohol relapse-

like behavior weeks after mice were exposed to TMT in those chambers. These results 

provide greater face validity for this PTSD model in demonstrating a generalized fear/stress 

response to environmental cues previously associated with the stressful event, as indicated 

by the ability of such stress-related cues to enhance alcohol relapse-like behavior.

Oxytocin generally has stress-buffering effects, reducing both physiological and behavioral 

responses to stress (37). OT is released following stress and signaling at OT receptors in 

forebrain structures has been shown to modulate stress responses (39,41,42,79–81). Here 

we show that chronic stress exposure produced a long-lasting reduction in Oxt mRNA 
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that was accompanied by an increase in Oxtr mRNA in the hypothalamus. This aligns 

with reduced hypothalamic Oxt mRNA expression reported in male rats following chronic 

alcohol treatment (54). Stress and alcohol experience have been shown to alter OT and 

OT receptor transcriptional activity in other brain regions (54,82). It will be interesting to 

determine in future work whether such changes in projection areas such as the amygdala 

are revealed in this model, especially since this is a brain site sensitive to neuropeptide 

modulation of stress-alcohol interactions (83,84). It is also unknown whether a history of 

alcohol self-administration influences the long-lasting effects of chronic stress on Oxt and 

Oxtr mRNA expression in brain.

Systemic administration of OT completely blocked the ability of TMT exposure to trigger 

alcohol relapse-like behavior. This replicates our earlier findings (58) and extends them 

to mice demonstrating sensitized stress-induced alcohol-seeking behavior. It is tempting to 

speculate that OT treatment prior to reinstatement testing mitigates long-term changes in 

OT activity produced by chronic stress exposure, but this will need to be more directly 

examined. Also, it will be interesting to determine if OT treatment given more proximal to 

the chronic stress experience prevents subsequent sensitization to stress in provoking alcohol 

relapse. While only a single OT dose was evaluated in the present study, we previously 

showed systemic OT administration to reduce TMT-induced alcohol-seeking behavior in a 

dose-related manner (58). It is unclear whether higher OT doses may be required to attenuate 

sensitized stress-induced alcohol relapse resulting from prior chronic stress experience. 

Nevertheless, these results suggest OT may have therapeutic potential under conditions in 

which stress triggers alcohol relapse.

Our model of chronic multimodal stress exposure produced similar sensitization to later 

stress-induced alcohol relapse-like behavior in both males and females. Likewise, at 60 

days post-stress exposure, reduced Oxt mRNA and elevated Oxtr mRNA expression in 

the hypothalamus was similar in male and female mice. This was somewhat surprising 

since there is evidence that stress can alter OT expression and activity in a sexually 

dimorphic manner (85,86). Further, in contrast to an earlier report in male subjects (54), 

chronic alcohol exposure was not shown to alter Oxt mRNA expression in female rat 

and post-mortem human brain (87). OT expression and signaling in the brain have been 

shown to be modulated by gonadal hormones (88,89), and future work will be needed to 

explore potential sex-related differences in the stress-buffering effects of OT, including those 

relevant to stress-alcohol interactions.

In summary, PTSD and AUD are chronic debilitating disorders, and there is a high 

prevalence of co-occurrence for these disorders. Unfortunately, few treatments are effective 

in addressing this significant problem of comorbidity. Further, although stress is known 

to be a major factor in triggering alcohol relapse, models of PTSD have rarely examined 

the impact of such stress experiences on later stress-induced alcohol relapse. Here we 

present a mouse model of PTSD involving chronic multimodal stress experience linked 

with a well-established model of stress-induced alcohol relapse. Chronic stress exposure 

sensitized mice to later stress-induced alcohol relapse-like behavior and this effect was 

evident at least 60 days after the chronic stress experience. Also, the ability of contextual 

cues previously associated with the chronic stress exposure to trigger relapse was enhanced 
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long after the chronic stress experience. Thus, this model demonstrates that chronic stress 

experience increases later vulnerability to alcohol relapse and, in particular, the ability of 

stress to provoke relapse. Further, chronic stress exposure produced long-lasting alterations 

in transcriptional activity of OT and OT receptors in the hypothalamus, and systemic 

administration of OT completely blocked the sensitized stress effect in this model. Together, 

these data provide support for the potential therapeutic effects of oxytocin in treating stress-

related alcohol drinking associated with PTSD-AUD comorbidity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Sensitized Stress-Induced Alcohol Relapse-Like Behavior in Mice with a History of 
Chronic Stress Exposure.
(A) Experimental procedures and timeline for alcohol self-administration, chronic stress 

exposure, extinction testing, and reinstatement testing phases of the study. Lever responses 

for (B, C) males and (D, E) females during each phase of the study for mice in the 

chronic stress group or no-stress control (CTL) condition. Red arrow denotes 5-day stress 

exposure period. Values are mean ± s.e.m. active lever responses during baseline alcohol 

self-administration (last 5 days prior to chronic stress exposure and last 5-days prior to 
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extinction testing), the last 5 days of extinction responding, and responses during the 

reinstatement test. Acute predator odor (TMT) exposure significantly increased alcohol-

seeking behavior in CTL male and female mice above their level of responding during 

extinction, and this effect was significantly greater in mice with a history of chronic stress 

exposure. *** significantly differs from respective extinction responding (ps< 0.001); ## 

significantly differs from TMT-induced reinstatement responding in CTL group (p< 0.01).
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Figure 2: Sustained Stress/Emotional Reactivity During Repeated Stress Exposure Sessions.
Mean ± s.e.m. defecation droppings for (A) male and (B) female mice during each of 

five daily consecutive stress exposure sessions. Stress-exposed mice received yohimbine (2 

mg/kg) 15-min being placed in a chamber for 15-min exposure to TMT. CTL mice were 

injected with saline and then placed in a control chamber.. *** significantly differs from 

control group (main effect of TMT exposure; ps< 0.001); ^ significantly differs from control 

group at each respective exposure session (ps< 0.01).
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Figure 3: Long-Lasting Sensitization of Stress-Induced Alcohol Relapse-Like Behavior in Mice 
with a History of Chronic Stress Exposure.
(A) Experimental procedures and timeline for alcohol self-administration, chronic stress 

exposure, extinction testing, and reinstatement testing phases of the study. (B) Mean 

± s.e.m. active lever responses during each phase of the study for male mice in the 

chronic stress group or no-stress control (CTL) condition. Red arrow denotes 5-day 

multimodal stress exposure period. During the first reinstatement test, acute TMT exposure 

significantly increased alcohol relapse-like responding in both CTL and Stress mice above 
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their respective levels of extinction responding, and this effect was significantly greater 

in mice with a history of chronic stress exposure. After re-establishing stable baseline 

alcohol self-administration followed by extinction responding, the same profile of results 

was observed during a second reinstatement test, which occurred about 60 days following 

chronic stress exposure. * significantly differs from CTL group extinction responding (ps< 

0.05); ***significantly differs from Stress group extinction responding (ps< 0.001); ## 

significantly differs from TMT-induced reinstatement responding in CTL group (ps< 0.01). 

(C) Lever responding for individual male mice in Stress and CTL groups during the final 

extinction session preceding stress (TMT)-induced reinstatement testing at ~30 days and ~60 

days following the 5-day chronic stress treatment.
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Figure 4: Exposure to Context Cues Previously Associated with Chronic Stress Enhances 
Alcohol Relapse-Like Behavior in Male and Female Mice.
(A) Experimental procedures and timeline for alcohol self-administration, chronic stress 

exposure, extinction testing, and reinstatement testing phases of the study. Note: during 

reinstatement testing mice were exposed to environmental (context) cues in the absence of 

TMT. Mean ± s.e.m. lever responses for (B) male and (C) female mice during each phase of 

the study for Stress and CTL groups. Red arrow denotes 5-day yohimbine+TMT exposure 

in unique environmental context. Male and female CTL mice exposed to the environmental 
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cues for the first time prior to the reinstatement test session showed significantly increased 

alcohol-seeking behavior while male and female mice exposed to the context cues 

previously associated with chronic stress exposure (Stress group) evidenced a significantly 

greater alcohol relapse-like response. ** significantly differs from CTL group extinction 

responding (ps< 0.01); *** significantly differs from Stress group extinction responding 

(ps< 0.001); ### significantly differs from stress-induced reinstatement responding in CTL 

group (ps< 0.001). Lever responding for individual (D) male and (E) female mice in 

Stress and CTL groups during the final extinction session preceding context cue-induced 

reinstatement testing.
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Figure 5: Chronic Stress Exposure Produces Long-Lasting Changes Hypothalamic Oxt and Oxtr 
mRNA Expression.
(A) Schematic representation of tissue punch used for determination of transcriptional 

changes in oxytocin and its receptor in the hypothalamus. Mice were sacrificed and brain 

tissue was collected at 48-hr or 60-days following chronic (5-day) stress exposure. (B) 
Oxt mRNA expression in the hypothalamus of alcohol-naïve male and female mice was 

significantly reduced 48-hr following the final stress exposure relative to no-stress controls, 

and this reduction persisted for at least 60-days following the chronic stress treatment. 
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** significantly differs from CTL group (ps< 0.01). (C) Oxtr mRNA expression in the 

hypothalamus was significantly elevated in male mice but reduced (trend) in females relative 

to the controls at 48-hr following the chronic stress procedure. ** significantly differs from 

respective CTL group (p< 0.01). Oxtr mRNA levels were significantly elevated in both 

male and female mice relative to CTL levels at 60-days post-stress treatment. * significantly 

differs from respective CTL group (ps< 0.05).
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Figure 6: Oxytocin Blocks Sensitized Stress-Induced Alcohol Relapse-Like Behavior in Mice 
with a History of Chronic Stress Exposure.
(A) Experimental procedures and timeline for alcohol self-administration, chronic stress 

exposure, extinction testing, and reinstatement testing phases of the study. Mean ± s.e.m. 

lever responses for (B) male and (C) female mice during each phase of the study for Stress 

and CTL groups treated with OT (1 mg/kg) or Vehicle prior to reinstatement testing. In 

Vehicle-treated CTL male and female mice, acute TMT exposure significantly increased 

alcohol-seeking behavior above their level of responding during extinction, and this effect 
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was significant greater in mice with a history of chronic stress exposure. ** significantly 

differs from extinction responding in CTL-Veh group (p< 0.01); *** significantly differs 

from extinction responding in Stress-Veh group (p< 0.001); ### significantly differs from 

TMT-induced reinstatement responding in CTL group (p< 0.001). OT blocked TMT-induced 

alcohol-seeking behavior in CTL and Stress male and female groups. ^^^ significantly 

differs from Vehicle-treated CTL and Stress groups (p< 0.001). Lever responding for 

individual (D) male and (E) female mice in Stress and CTL groups during the final 

extinction session prior to reinstatement testing when mice were pretreated with Vehicle 

or OT (1 mg/kg).
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Table 1:

Plasma Corticosterone Levels (ug/dL) Immediately Following the First and Fifth Day of Stress Exposure in 

Male and Female Mice With or Without a History of Alcohol Self-Administration.

Males Females

Day-1 Day-5 Day-1 Day-5

Naive CTL 21.74 ± 1.03 23.88 ± 1.91 27.51 ± 0.67 24.90 ± 1.37

Stress 30.28 ± 1.62* 34.27 ± 1.56* 35.50 ± 1.62* 36.21 ± 1.59*

Alcohol SA CTL 16.64 ± 1.05 16.34 ± 0.76 13.61 ± 1.42 21.56 ± 1.85

Stress 25.75 ± 1.41* 27.24 ± 1.68* 33.14 ± 1.42* 40.94 ± 1.41*

Values are mean ± s.e.m. (N= 10–13/group/sex).

*
differs from corresponding CTL value (p< 0.01).
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KEY RESOURCES TABLE

Resource Type Specific Reagent or 
Resource Source or Reference Identifiers Additional 

Information

Add additional rows as 
needed for each resource 

type

Include species and sex 
when applicable.

Include name 
of manufacturer, 

company, repository, 
individual, or research 
lab. Include PMID or 
DOI for references; 
use “this paper” if 

new.

Include catalog numbers, stock 
numbers, database IDs or accession 

numbers, and/or RRIDs. RRIDs 
are highly encouraged; search 

for RRIDs at https://scicrunch.org/
resources.

Include any 
additional 

information or 
notes if 

necessary.

Antibody N/A

Bacterial or Viral Strain N/A

Biological Sample Mouse brain This study

Cell Line N/A

Chemical Compound or 
Drug

2,3,5-Trimethyl-3-
thiazoline (TMT)

BioSRQ

Chemical Compound or 
Drug

yohombine Tocris Bioscience Catalog No. 1127

Chemical Compound or 
Drug

oxytocin Cell sciences Catalog No. CRO300A

Commercial Assay Or Kit corticosterone ELISA Arbor Assays Catalog No. K014-H5

Commercial Assay Or Kit RNA Extraction Kit Promega Catalog No. Z6212

Commercial Assay Or Kit QuantiTect Reverse 
Transcription Kit

Qiagen Catalog No. 205314

Deposited Data; Public 
Database

N/A

Genetic Reagent N/A

Organism/Strain Mouse, C57BL/6J, males 
and females

Jackson Laoratories RRID:IMSR_JAX:000664

Peptide, Recombinant 
Protein

N/A

Recombinant DNA N/A

Sequence-Based Reagent TaqMan qRT-PCR primer 
(Oxt)

ThermoFisher 
Scientific

Mm01329577_g1

Sequence-Based Reagent TaqMan qRT-PCR primer 
(Oxtr)

ThermoFisher 
Scientific

Mm07308231_u1

Sequence-Based Reagent TaqMan qRT-PCR primer 
(Ppia)

ThermoFisher 
Scientific

Mm02342430_gl

Software; Algorithm N/A

Transfected Construct N/A

Other

Biol Psychiatry. Author manuscript; available in PMC 2024 August 01.

https://scicrunch.org/resources
https://scicrunch.org/resources

	Abstract
	INTRODUCTION
	MATERIALS and METHODS
	Subjects
	General Study Procedures
	Alcohol Self-Administration, Extinction, and Reinstatement Testing Procedures
	Chronic Stress Exposure
	Plasma Corticosterone and Hypothalamic Oxt and Oxtr mRNA Measurements
	Statistical Analyses

	RESULTS
	A History of Chronic Stress Exposure Sensitizes Later Stress-Induced Alcohol Relapse-Like Behavior in Mice
	Durability of Sensitized Stress-Induced Alcohol-Seeking Behavior in Mice with a History of Chronic Stress Experience
	Generalizability of Sensitized Stress-Induced Alcohol-Seeking Behavior in Mice with a History of Chronic Stress Experience
	Effect of Chronic Stress Exposure on Hypothalamic Oxt and Oxtr mRNA Expression.
	Effect of Oxytocin Treatment on Sensitized Stress-Induced Alcohol-Seeking Behavior in Mice with a History of Chronic Stress Experience

	DISCUSSION
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Table 1:
	KEY RESOURCES TABLE

