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Objective: The behavioral and diagnostic heterogeneity within 
the opioid use disorder (OUD) diagnosis is not readily captured 
in current animal models, limiting the translational relevance of 
the mechanistic research that is conducted in experimental 
animals. The authors hypothesized that a nonlinear clustering 
of OUD-like behavioral traits would capture population het
erogeneity and yield subpopulations of OUD vulnerable rats 
with distinct behavioral and neurocircuit profiles.

Methods: Over 900 male and female heterogeneous stock 
rats, a line capturing genetic and behavioral heterogeneity 
present in humans, were assessed for several measures 
of heroin use and rewarded and non-rewarded seeking 
behaviors. A nonlinear stochastic block model clustering 
analysis was used to assign rats to OUD vulnerable, inter
mediate, and resilient clusters. Additional behavioral tests 
and circuit analyses using c-fos protein activation were 
conducted on the vulnerable and resilient subpopulations.

Results: OUD vulnerable rats exhibited greater heroin taking 
and seeking behaviors relative to those in the intermediate 

and resilient clusters. Akin to human OUD diagnosis, further 
vulnerable rat subclustering revealed subpopulations with 
different combinations of behavioral traits, including sex 
differences. Lastly, heroin cue–induced neuronal patterns 
of circuit activation differed between resilient and vul
nerable phenotypes. Behavioral sex differences were re
capitulated in patterns of circuitry activation, including 
preferential engagement of extended amygdala stress 
circuitry in males and cortico-striatal drug cue-seeking 
circuitry in females.

Conclusion: Using a nonlinear clustering approach in rats, 
the analysis captured behavioral diagnostic heterogeneity 
reflective of human OUD diagnosis. OUD vulnerability and 
resiliency were associated with distinct neuronal activa
tion patterns, posing this approach as a translational tool 
in assessing neurobiological mechanisms underpinning 
OUD. 
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Opioid use disorder (OUD) inflicts worldwide social and 
personal harm, with over 16 million individuals affected (1) 
and approximately 1 million a year seeking treatment (2). 
Greater understanding of the neurobiological mechanisms 
underlying OUD is necessary to advance treatment options. 
A consequential impediment to attaining this goal is the be
havioral heterogeneity inherent in a diagnosis of OUD based 
on DSM-5 criteria. Different behavioral traits, or diagnostic 
criteria, interact and combine in divergent ways to form an 
OUD diagnosis, resulting in individuals having the same di
agnosis with distinct symptom profiles. Animal models nec
essary for mechanistic neurobiological experimentation fail to 

recapitulate the multidimensional diagnosis of OUD and 
largely fail to capitalize the preclinical biological discoveries 
into useful treatments. We hypothesized that a nonlinear 
clustering protocol applied to multiple behaviors commonly 
used in mechanistic animal studies of substance use disorder 
(SUD) would better recapitulate the multidimensional diag
nosis of SUD and behavioral diversity conferring vulnerability. 
We further hypothesized that this approach would yield 
heroin-conditioned cue circuit activation differences between 
OUD vulnerable and resilient subpopulations.

Typically, preclinical studies use individual behavioral 
traits or summated linear relationships between a few traits 
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to predict and explore underpinning neurobiological causes 
of SUD (3, 4). These models either do not capture a multi- 
symptomatic diagnosis, or when doing so rely on linear in
teractions that do not capture the complex multidimensional 
interactions between symptoms that create subpopulations 
of SUDs patients. Here we describe a rat model and analysis 
workflow that clusters behaviors using nonlinear modeling 
(5) on data from over 900 male and female outbred het
erogeneous stock rats, a line that emulates the complex 
within-species genetic and behavioral heterogeneity found 
in outbred mammalian populations, including humans (6). 
Rats were clustered as OUD vulnerable, resilient, or inter
mediate. We further assessed variability within the OUD 
vulnerable subpopulation and identified distinct subclusters 
that, akin to human OUD, varied in combinations of traits 
conferring vulnerability. Also, by correlating Fos protein 
synthesis (an indicator of neuronal activity) stimulated by 
heroin-conditioned cues across different brain nuclei, we 
identified distinct patterns of connectivity between vul
nerable and resilient rats.

METHODS

The Medical University of South Carolina Institutional 
Animal Care and Use Committee and the Italian Ministry 
of Health approved all experimental procedures. All pro
cedures complied with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals and the 
guidelines of the Association for Assessment and Accredi
tation of Laboratory Animal Care and the European Com
munity Council Directive for Care and Use of Laboratory 
Animals.

Subjects
Heterogeneous stock rats (NMcwiWFsm:HS) were bred and 
shipped from Wake Forest University to either Medical 
University of South Carolina (MUSC; Charleston) or the 
University of Camerino (UCAM; Camerino, Italy). Litters 
were equally represented at both sites in an effort to create 
genetically comparable testing cohorts. Final analyses 
comprised 917 rats (male: N=465; MUSC, N=271; UCAM, 
N=194; female: N=452; MUSC, N=258; UCAM, N=194). 
Yoked saline control rats underwent testing procedures 
identical to those for their counterparts.

Drugs
Heroin hydrochloride, supplied by the National Institute on 
Drug Abuse, was dissolved in 0.9% sterile saline.

Behavioral Testing
The behavioral testing procedure is illustrated in Figure 1A. 
Rats underwent long-access heroin self-administration to 
quantify consumption and escalation of use. Extinction 
assessed perseverance of seeking in the absence of reward. 
Estimates of clinical laboratory-induced craving included 
both heroin-prime and cued reinstatement. Motivation for 

reward was assessed using a progressive ratio test. Additional 
behavioral traits associated with SUD were also examined 
before and after the heroin self-administration protocol, 
including the elevated plus maze and open field test to assess 
stress- and anxiety-like behaviors, and analgesic threshold 
was evaluated using the tail-flick test. The tail-flick test 
consisted of two phases: baseline (1 mg/kg saline injection, 
s.c.) and test (0.75 mg/kg heroin, or saline given to control 
rats). Additionally, a forced swim test was administered at 
Wake Forest University prior to shipment to assess stress- 
coping strategy.

Heroin Self-Administration and Extinction and 
Reinstatement Procedures
Rats were outfitted with an indwelling jugular catheter prior 
to training. During self-administration, presses on the active 
lever resulted in an infusion of heroin (20 μg/kg, 100-μL 
infusion over 3 seconds) and presentation of a tone and light 
cue (Figure 1B). Saline-control animals received a noncon
tingent infusion of saline (100 μL) every 20 minutes, ac
companied by a tone and light cue presentation. There were 
four 12-hour sessions per week, for a total of 12 training 
sessions. A progressive ratio test occurred on day 36 
(Figure 1A), and then self-administration was reestablished. 
A 6-hour extinction-prime session occurred (Figure 1B), and 
rats received a heroin priming injection (0.25 mg/kg, s.c.; 
saline to control rats) after 4 hours of extinction. Daily ex
tinction training sessions then commenced prior to a test for 
cue-induced reinstatement (Figure 1B). Estrous cycle phase 
was identified in a subset of MUSC rats (N=36) following the 
tests for heroin-prime and cued reinstatement.

Additional Behavioral Testing
Punished heroin-taking behavior. We hypothesized that 
vulnerable rats would continue seeking heroin more than the 
resilient rats in the presence of an adverse stimulus. Three weeks 
after all testing, a subset of MUSC rats (males, N=15; females, 
N=14) reestablished heroin self-administration training for 
3 days prior to a test session under self-administration 
conditions where there was a 50% chance of foot shock 
delivery (0.40 mA, 0.5 seconds) with each infusion earned.

Ultrasonic vocalizations. We examined the possibility that 
different withdrawal-induced affective states were associ
ated with vulnerable and resilient rats. Four hours prior to 
extinction on day 41 (Figure 1A), a subset of MUSC rats 
(males, N=22; females, N=21; saline, N=8) were assessed 
for acute heroin withdrawal-induced ultrasonic vocaliza
tions, a preclinical test for assessing affective state (7, 8).

Fos protein quantification. A subset of MUSC vulnerable and 
resilient rats (females, N=13; males, N=18; saline, N=11) 
underwent nine additional extinction training sessions and a 
second cued reinstatement test ;3 weeks after testing was 
completed. Fos protein expression in regions of interest were 
manually quantified.
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FIGURE 1. Experimental timeline and animal OUD phenotype behavioral dataa
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a As illustrated in the timeline in panel A, rats underwent behavioral testing prior to jugular catheterization surgery (OFT=open field test; EPM=elevated- 
plus maze; TF=tail flick test; FS=forced swim test), and again at the end of heroin experience (excluding the forced swim test). Heroin self- 
administration then commenced and continued for 3 weeks (12 hours per session, 4 days a week), followed by a progressive ratio test and 3 additional 
days of self-administration training. A within-session extinction-prime reinstatement test then occurred, followed by extinction training and a test for 
cued reinstatement. Panel B illustrates the behavioral paradigm and testing chamber configuration (images created with BioRender). Active lever 
presses during self-administration training resulted in presentation of a tone and light cue for 5 seconds and a heroin infusion. Active lever presses had 
no consequence during the within-session extinction-prime test or during extinction training. During cued reinstatement, active lever presses resulted 
in tone and light cue presentation, but no heroin infusion. Panel C is a uniform manifold approximation and projection (UMAP) representation of male 
rats separated into distinct OUD vulnerability clusters using stochastic block model network-based clustering analysis (vulnerable, N=182; inter
mediate, N=168; resilient, N=115). The graph in panel D shows the median value for heroin taking, extinction, and seeking behavioral measures in male 
rats. Panel E is a UMAP representation of the distinct cluster formation of OUD vulnerability in female rats following stochastic-block model network- 
based clustering analysis (vulnerable, N=204; intermediate, N=132; resilient, N=116). The graph in panel F shows the median value for heroin taking, 
extinction, and seeking behaviors between clusters in female rats. Panel G shows the mean and standard deviation for behavior during the rein
statement tests in female rats. Rats (vulnerable, N=31; resilient, N=27) in the estrus phase of the estrous cycle exhibited potentiated responding during 
the cued reinstatement test relative to non-estrus-phase rats (t=2.72, df=28, p=0.01). Estrous phase cycle did not affect behavior in vulnerable rats 
during heroin-primed reinstatement (t=0.08, df=29, p=0.94) or in resilient rats (heroin-primed reinstatement: t=1.88, df=25, p=0.07; cued re
instatement: t=0.57, df=25, p=0.57).

*p<0.05.
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Statistical Analysis
To capture behaviors across OUD phases (heroin use, ex
tinction, and seeking), seven behaviors were selected for 
analyses as the dependent variables. Heroin use behaviors 
included escalation of intake (μg/kg) (average consumption 
on days 1–3 subtracted from days 10–12) and total con
sumption across the first 12 training sessions; extinction 
behaviors included active lever presses made during the first 
2 hours of the extinction-prime test (extinction burst) and 
during the last day of extinction training (extinction day 6); 
and seeking measures included break point (maximum ac
tive lever presses expended to receive an infusion) from the 
progressive ratio test, active lever presses during heroin- 
prime reinstatement, and cued reinstatement.

Normality was evaluated using a Kolmogorov-Smirnov 
test. Raw data were assessed for group differences using a 
two-way analysis of variance (ANOVA) with sex and site as 
the independent variables and a Bonferroni post hoc test, 
with several differences found (see Table S1 in the online 
supplement). Accordingly, data were z-score transformed 
within site and assessed for sex (independent variable) 
differences using the Mann-Whitney test (see Figure S1 in 
the online supplement). Sex differences were present for 
every behavior, and data were standardized within sex and 
site prior to being recombined for clustering analyses. Sexes 
were then analyzed as independent groups for all subsequent 
analyses.

We previously described a nonlinear network-based 
clustering analysis (9) and provided the R package “mlsbm” 
(5). A rat-rat similarity network was constructed from the 
standardized data to assess behavioral similarities between 
rats, and then a Bayesian stochastic block model was applied 
to define clusters within the data set. Cluster number was set 
to 3 (vulnerable, intermediate, resilient) in order to identify 
subpopulations of rats potentially most susceptible and least 
susceptible to developing OUD and in alignment with a 
previous study where cluster number was determined 
according to Bayesian information criterion (see Figure S2 in 
the online supplement) (9). Behavioral differences between 
clusters (independent variable) were analyzed using either 
an ANOVA and Bonferroni post hoc test or a Kruskal-Wallis 
test and Dunn’s post hoc test.

Repeated-measures ANOVAs (with cluster and session as 
independent variables) and Bonferroni post hoc test were 
used to assess behavior during heroin reacquisition. Un
paired Student’s t or Mann-Whitney tests were used for 
punishment test, ultrasonic vocalizations, and Fos protein 
analyses (with cluster as independent variable for all) and 
estrous cycle phase (with phase as independent variable). 
To account for experimental training conditions shared 
across all animals that could affect Fos protein expression 
(exploratory behavior, testing context, etc.), Fos was stan
dardized to saline control rats prior to analyses. The 
Spearman correlation coefficient was used for behavioral 
correlations with a Bonferroni test to correct for multiple 
comparisons and Fos protein correlations, which employed a 

false discovery rate of q=0.01 to correct for multiple com
parisons. Differences in group composition were evaluated 
with a chi-square test. Subclustering analyses were per
formed using an agglomerative hierarchical clustering 
strategy. The Euclidian distance between subjects with a 
threshold of 0.7*max(linkage) was used to create subclus
ters, and a minimum of 15 rats per subcluster was necessary 
to be included in analyses. Multiple comparisons across 
different analyses were not corrected for. Unless stated 
otherwise, analyses were performed using GraphPad Prism, 
version 9.5.1, with a p threshold of 0.05 for statistical 
significance.

RESULTS

Raw Data
Substantial site and sex differences existed in the raw data for 
the OUD-like traits and the behaviors quantified prior to 
and following heroin experience (see Table S1 and Figures 
S3–S7 in the online supplement). Female rats exhibited an 
overall more OUD vulnerable phenotype than male rats (see 
Figure S5 in the online supplement) (10). Despite stan
dardization of experimental procedures across sites, MUSC 
rats showed augmented levels of heroin-related behaviors 
compared to UCAM rats (see Figure S5 in the online sup
plement). The source of these site differences presumably 
results from variables we did not control, such as shipping 
and aspects of animal housing protocols and handling (see 
the Supplemental Methods section of the online supplement 
for a detailed description). Because these uncontrolled en
vironmental factors were not quantified and the study was 
designed to examine environmental factors that were ex
perimenter controlled and more related to opioid use and 
relapse, we z-scored the data within site and sex for further 
analysis (see Figures S8 and S9 in the online supplement). 
However, in future studies it would be of interest to deter
mine which environmental differences between sites may 
have contributed to behavioral differences. After stan
dardization, linear regression revealed ubiquitous co
variance across variables for both sites, necessitating an 
alternative analysis strategy to better define OUD vul
nerability (see Figure S10 in the online supplement).

OUD-Like Trait Clustering Analysis
Stochastic block model clustering was used to model the 
multidimensional nature of the diagnostic criteria for OUD. 
Three statistically distinct clusters (see Figure S2 in the 
online supplement) were established as vulnerable, resil
ient, and intermediate (Figure 1C,E) and were distributed 
equivalently between the sexes (see Figure S11 in the online 
supplement). The median value of behavioral traits was 
higher in the vulnerable compared to resilient rats in both 
sexes, although the distribution of individuals showed 
substantial overlap between the clusters (Figure 1D,F; see 
also Figures S8 and S9 in the online supplement). Vulnerable, 
but not resilient, rats in estrus showed potentiated cue 

Am J Psychiatry 182:2, February 2025 201

KUHN ET AL. 

https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://psychiatryonline.org/servlet/linkout?type=rightslink&url=startPage%3D198%26pageCount%3D11%26copyright%3D%26author%3DBrittany%2BN.%2BKuhn%252C%2BNazzareno%2BCannella%252C%2BAyteria%2BD.%2BCrow%252C%2Bet%2Bal%26orderBeanReset%3Dtrue%26imprint%3DAmerican%2BPsychiatric%2BPublishing%26volumeNum%3D182%26issueNum%3D2%26contentID%3D10.1176%252Fappi.ajp.20230623%26title%3DDistinct%2BBehavioral%2BProfiles%2Band%2BNeuronal%2BCorrelates%2Bof%2BHeroin%2BVulnerability%2BVersus%2BResiliency%2Bin%2Ba%2BMulti-Symptomatic%2BModel%2Bof%2BHeroin%2BUse%2BDisorder%2Bin%2BRats%26numPages%3D11%26pa%3D%26issn%3D0002-953X%26publisherName%3Dnone%26publication%3Dajp%26rpt%3Dn%26endPage%3D208%26publicationDate%3D02%252F01%252F2025


reactivity compared to non-estrus-phase rats. Estrous phase 
had no effect on behavior during heroin-primed reinstate
ment (Figure 1G).

Non-OUD Traits
Stress-coping strategy or anxiety-like behavior in basal 
conditions were not associated with OUD vulnerability in 
either sex, as measured by the forced swim test and elevated 
plus maze (see Figures S12, S13C,F, and S14C,F in the online 
supplement). Novelty-induced locomotion was augmented 
in male but not female vulnerable compared to resilient rats 
(see Figure S13A,B in the online supplement), consistent 
with our previous finding (10) that exploratory behavior 
can predict OUD vulnerability in male but not female rats 
(r2=0.18, p<0.001, and r2=0.09, p=0.08, respectively; 
see Figure S14A,B in the online supplement). Analgesic 

threshold was not associated with OUD vulnerability in 
either sex (see Figures S15 and S16 in the online supplement). 
However, after heroin use, female vulnerable rats had a lower 
analgesic threshold compared to resilient rats (see Figure 
S16E in the online supplement), implying heroin-induced 
alterations in pain processing.

Additional Trait Testing After Completing the Heroin 
Self-Administration Protocol
Punishment training. After ;3 weeks of forced abstinence, 
vulnerable and resilient rats readily reacquired heroin self- 
administration, although vulnerable animals to a greater 
extent (Figure 2A,D; see also Figure S17A,C in the online 
supplement). Furthermore, both female subpopulations 
exhibited potentiated heroin taking on the first day of reac
quisition relative to the last day of heroin self-administration 

FIGURE 2. Post hoc behavioral testinga
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a Panel A shows the mean number of infusions earned the last day of heroin self-administration training (LgA12=long access day 12, or training day 35) and 
heroin reacquisition in a subset of male rats (N=8 per cluster) (in all panels, error bars indicate standard deviation). Vulnerable male rats maintained higher 
levels of heroin taking during reacquisition (cluster-by-session interaction: F=5.29, df=3, 42, p=0.004; all post hoc tests, p<0.01). There was a 50% chance 
of foot shock delivery with each heroin infusion earned during the punishment task; as shown in panel B, vulnerable male rats endured more shocks while 
maintaining heroin-taking behavior compared to resilient rats (inset, Mann-Whitney U=0, p=0.0002), with differences centralized to the first hour of 
testing (cluster-by-hour interaction: F=7.29, df=11, 154, p<0.001; significant post hoc test, p=0.02). Panel C shows the mean number of acute 
withdrawal-induced ultrasonic distress vocalization calls. The number of calls was higher in vulnerable male rats compared to resilient male rats (22 kHz: 
Mann-Whitney U=14.5, p=0.02), with no difference in appetitive state calls (50 kHz: t=0.92, df=17, p=0.37) (vulnerable, N=8; resilient, N=10). Panel D 
shows the mean number of infusions earned the last day of heroin self-administration training (LgA12) and heroin reacquisition in a subset of female rats 
(vulnerable, N=9; resilient, N=7). A main effect of cluster, but not cluster-by-session interaction, was present, indicating that vulnerable female rats in 
general maintained higher levels of heroin taking during reacquisition (cluster: F=36.02, df=1, 14, p<0.0001; cluster-by-session interaction: F=1.43, df=3, 
42, p=0.25) and, as shown in panel E, endured more shock-heroin pairing across the test session relative to resilient rats (inset, Mann-Whitney U=11, 
p=0.03). However, phenotypes differed in cumulative shocks endured only across the test session, not across the independent hours of testing (cluster- 
by-hour interaction: F=1.56, df=11, 154, p=0.12). As shown in Panel F, the mean number of acute withdrawal-induced ultrasonic vocalization calls did not 
differ significantly between female phenotypes (22 kHz: t=0.17, df=16, p=0.87; 50 kHz: Mann-Whitney U=30, p=0.48) (vulnerable, N=11; resilient, N=7).

*p<0.05.
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training, indicative of a deprivation effect described for al
cohol (11) but not previously shown for opioids (Figure 2D). 
During the punished heroin-taking test, vulnerable male rats 
endured ;3 times the number of infusion-shock pairings, 
and females ;2 times, before attenuating heroin-taking 
behavior to levels of resilient rats (Figure 2B,E; see also 
Figure S17B,D in the online supplement).

Ultrasonic vocalizations. The effect of acute heroin with
drawal on emotional state was quantified using ultrasonic 
vocalizations (8). Ultrasonic vocalizations indicative of a 
positive affective state (50 kHz) did not differ between 
clusters in male or female rats (Figure 2C,F). Male vulnerable 
rats showed potentiated ultrasonic vocalizations associated 
with a negative affective state (22 kHz) compared to resilient 
rats. Female clusters did not differ in negative affect.

Behavioral Phenotype Subclustering
Clusters were probed for the presence of subpopulations to 
assess behavioral heterogeneity conferring OUD vulnera
bility and resiliency. Distinct subclusters existed only in the 
vulnerable phenotype for both male (N=3 subclusters) and 
female (N=4 subclusters) rats (Figure 3A,B). For each sex, 
subclusters corresponded to augmented responding when 
behavior was 1) reinforced with heroin (break point, con
sumption, escalation, primed reinstatement); 2) not rein
forced by heroin (break point, extinction burst, extinction 
day 6, cued reinstatement); or 3) in both behavioral cate
gories (Figure 3C,D). Female rats in the nonreinforced 
subcluster exhibited further heterogeneity, with one group 
having potentiated responses during acute heroin with
drawal (break point, extinction burst) and the other after 
more protracted withdrawal (extinction day 6 and cued 
reinstatement) (Figure 3D). Overall, males were biased to
ward the heroin reinforced subcluster, and females toward 
the heroin nonreinforced subclusters (Figure 3E). These 
data emulate behavioral heterogeneity in OUD diagnosis and 
emphasize sex differences in vulnerability.

Cue-Induced Fos Protein Expression
While group differences were not present, cue-induced Fos 
protein expression relative to saline rats differed between 
vulnerable and resilient rats in the prelimbic (PrL) and 
infralimbic cortex and the anterior paraventricular nucleus 
of the thalamus (aPVT; see Figures S18–S20 in the online 
supplement). We were surprised to find differences in brain 
nuclei with opposite functions. Much of the animal and 
human literature shows activation of PrL and infralimbic 
cortex during cued seeking (12) and of the aPVT in sup
pressing seeking (13, 14). We further evaluated this apparent 
contradiction by examining correlated Fos protein between 
nuclei, which revealed both shared and distinct patterns 
between the vulnerable and resilient phenotypes (see Table 
S2 in the online supplement). We subdivided region-of- 
interest connectivity into subcircuits that in animal and 
human imaging studies (15–18) are generally associated with 

cue reactivity, stress, and behavioral inhibition (Figure 
4B–D,F–H). Commensurate with vulnerable rats reinstat
ing more than resilient rats (Mann-Whitney U=18.50, 
p<0.0001; vulnerable, mean=42.18, SD=25.96; resilient, 
mean=6.07, SD=12.23; see Figure S19M in the online sup
plement), vulnerable rats showed greater levels of correlated 
neuronal engagement (Figure 4A,E), most notably in regions 
of interest in the extended amygdala associated with stress 
responses (Figure 4C,G) (19). It was also notable that the 
ventral pallidum (VP), which contains subpopulations of 
neurons contributing to all three subcircuits, was highly 
interconnected within all subcircuits in vulnerable but not 
resilient rats. To gain insight into possible sex differences 
contributing to vulnerability, vulnerable males and females 
were assessed separately (see Table S3 in the online sup
plement). Strikingly, the sexes shared almost no common 
subcircuitry (Figure 5A,E). Female rats exhibited engage
ment of top-down processes, including the classic cue re
activity pathways (20), with correlated neuronal activation 
between the PrL, nucleus accumbens core (NAcc), and VP 
(Figure 5F). Males engaged subcortical cue reactivity re
gions, specifically the NAcc and VP (Figure 5B). Strikingly, 
only males showed engagement of the extended amygdala 
stress circuit (Figure 5C). Since the sexes exhibited equiv
alent cued reinstatement (t=0.27, df=15, p=0.79; male, 
mean=44.26, SD=17.59; female, mean=40.7, SD=31.40), 
these data suggest sexually dimorphic circuits contributing 
to cue reactivity.

DISCUSSION

OUD has increased in all demographic groups over the past 
two decades, regardless of age, sex, or socioeconomic status 
(21). To capture the diversity of OUD subpopulations and 
different combinations of DSM-5 diagnostic symptoms, 
we used genetically heterogeneous rats and a nonlinear 
network-based clustering of seven rat behavioral traits. 
Using this approach, we succeeded in separating vulnerable 
from resilient rats and further subclustering vulnerable into 
subpopulations of rats possessing different combinations of 
OUD-like behaviors. We validated this approach by showing 
distinct neurocircuit activation by heroin cues between 
vulnerable and resilient subpopulations. We propose that 
this statistical workflow and the behavioral findings are akin 
to the multidimensional diagnosis of OUD patients and are 
ideal for identifying subpopulation heterogeneity in brain 
mechanisms underpinning OUD vulnerability and resilience.

OUD Vulnerability Clustering
The nonlinear clustering approach identified a vulnerable 
subpopulation of rats exhibiting greater levels of heroin use, 
resistance to extinction, and seeking compared to rats in the 
intermediate and resilient clusters for both sexes. Akin to 
diagnostic criteria for OUD, behavioral heterogeneity was 
present in the traits that confer OUD-like vulnerability 
in both sexes, with distinct subpopulations exhibiting 
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FIGURE 3. Behavioral heterogeneity within OUD vulnerable clustersa
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a Hierarchical analysis showed that only the vulnerable group among male and female rats (panels A and B) was composed of distinct behavioral 
subclusters (males: vulnerable, N=182; intermediate, N=168; resilient, N=115; females: vulnerable, N=204; intermediate, N=132; resilient, N=116; 
clusters with fewer than 15 animals were excluded from further analysis). Spatial representation of vulnerable subcluster behavioral heterogeneity is 
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behavioral vulnerability in heroin-reinforced drug seeking, 
nonreinforced drug seeking, or a combination of both. Male 
vulnerable subclusters were biased toward heroin-reinforced 
seeking, and females toward heroin nonreinforced seeking. 
Female rats in the nonreinforced subpopulation were further 
subdivided into a subpopulation more motivated to respond 
during early (i.e., progressive ratio and extinction burst) 
versus late extinction conditions (i.e., extinction day 6), with 
the latter also exhibiting high cue reactivity during cued re
instatement, suggesting differential sensitivity to contextual 
and discrete drug-associated cues.

Other Measures Associated With Vulnerability
In addition to the seven traits used for stochastic block model 
clustering, hallmark features of OUD were identified in 

subsequent testing done in a portion of rats. Vulnerable rats 
reacquired heroin self-administration and required more 
infusion-shock pairings to attenuate heroin-taking behavior. 
Male vulnerable rats exhibited more distress than their 
resilient counterparts during acute heroin withdrawal, with 
no differences observed in females. However, male rats were 
more prone to emit stress-induced ultrasonic vocalizations 
(22), suggesting that alternative withdrawal assays may be 
more applicable for female rats. Circulating ovarian hor
mones affected behavioral heterogeneity in female rats. 
Behavioral responding is potentiated during the estrus phase 
of the cycle due to estradiol regulation of mesolimbic do
pamine (23), and vulnerable estrus-phase rats showed po
tentiated cued seeking relative to non-estrus-phase rats. 
No differences were observed during prime reinstatement, 

presented as spider plots, where the value at each node represents the average z score for the indicated behavior for each subcluster. As shown in panels 
C and D, both sexes contained subclusters comprising rats that showed augmented behavior when reinforced by heroin (purple), not reinforced by 
heroin (red/yellow), and by both circumstances (blue). As shown in panel E, the composition of the subclusters differed between the sexes, with 
vulnerable male rats biased toward heroin reinforced behaviors and female rats toward heroin nonreinforced behaviors (combined yellow and red 
subclusters in females: χ2=25.53, df=1, p<0.001); the numbers within the bars indicate the number of rats within each subcluster.
*p<0.05.

FIGURE 4. Correlated neuronal activation patterns between heroin cue–induced c-Fos protein regions of interest in OUD vulnerable and 
resilient ratsa
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a Light green line color illustrates connectivity shared between vulnerable and resilient phenotypes; orange and blue line colors indicate connectivity 
distinct for vulnerable and resilient clusters, respectively. As shown in panels A and E, rats in the vulnerable cluster exhibited more correlated neuronal 
activation compared to resilient rats. Connectivity was further broken down into three different functional circuitry categories: regions of interest 
(ROIs) associated with cue reactivity (panels B and F), extended amygdala stress response (panels C and G), and behavioral inhibition (panels D and H). 
Although both phenotypes engaged ROIs associated with cue reactivity, the vulnerable group recruited several ROIs that mediate stress response and 
behavioral inhibition. Data for each ROI were standardized to saline control rats, and correlations shown are p<0.05 with q=0.1 (vulnerable, N=17; 
resilient, N=14; saline, N=11). PrL=prelimbic cortex; IL=infralimbic cortex; NAcc=nucleus accumbens core; NAcs=nucleus accumbens shell; 
VP=ventral pallidum; LH=lateral hypothalamus; BNST=bed nucleus of the stria terminalis; CeA=central amygdala; BLA=basolateral amygdala; 
pPVT=posterior paraventricular nucleus of the thalamus; aPVT=anterior paraventricular nucleus of the thalamus; lHb=lateral habenula.
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suggesting estradiol involvement in modulating discrete 
environmental cues, but not heroin interoceptive cues.

Correlated Fos Activity Patterns in OUD Vulnerable 
Versus Resilient Rats
Little is known about the neurobiological mechanisms 
mediating SUD resilience. Decline in prefrontal cortex gray 
matter volume (24) and engagement of top-down cortical 
processes within the dorsal striatum (25) confer SUD re
siliency. Resilient OUD rats exhibit hypofunction of neuronal 
activation in the medial prefrontal cortex (see Figure S19 in 
the online supplement), suggesting that resiliency may be 
mediated by prefrontal cortex neuroplasticity. Resilient rats 
appear to be recruiting circuitry and regions engaged in 
negative affective states and avoidance, such as the PrL-BLA 
pathway that mediates anxiety-like behavior and fear 
memory acquisition (26) and the infralimbic cortex, a 
region contributing to suppressing drug seeking (27). This 
profile of correlated activation suggests that OUD resil
iency is in part governed by circuits that inhibit behavioral 
responding to cued seeking.

Commensurate with greater cue-induced heroin seeking, 
vulnerable rats engaged more complex circuitry, similar to 

what is observed in human imaging studies in OUD (16). Key 
features of connectivity distinctions between clusters in
clude a majority of connectivity in vulnerable rats centered 
on the aPVT, a region involved in mediating anxiety and 
stress response (28) and suppression of reward seeking (13); 
the VP, which exhibits cell-specific regulation over drug 
seeking and drug refraining (i.e., withholding of seeking) 
(29); and the central amygdala, part of the extended amyg
dala that mediates stress response and stress-induced re
instatement (30). In an effort to disentangle the differences 
in circuit activation, we isolated nuclei generally found to be 
activated in animal and human imaging studies during a cue 
reactivity test, stress responding with a focus on the ex
tended amygdala, and behavioral inhibition (16–19). Most 
striking was the involvement of the extended amygdala 
stress circuit in vulnerable but not resilient rats. Importantly, 
stress facilitates relapse in animal models and humans (31), 
which can account for the robust cued relapse in vulnerable 
but not resilient rats. Surprisingly, the vulnerable rats also 
showed greater overall connectivity in behavioral inhibi
tion circuitry, notably in the interconnectivity between the 
lateral habenula, PVT, and VP, all structures experimentally 
implicated in a cell-, region-, or circuit-specific manner to 

FIGURE 5. Sexually dimorphic correlated neuronal activation patterns between regions of interest in male and female OUD 
vulnerable ratsa
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a Panels A and E show correlated activity patterns for male and female vulnerable rats, respectively. Connectivity patterns were further broken down into 
functional circuit categories: regions of interest (ROIs) associated with cue reactivity (panels B and F), extended amygdala stress response (panels C 
and G), and behavioral inhibition (panels D and H). Male rats showed pronounced subcortical activity patterns, specifically engaging the extended 
amygdala stress circuitry. In contrast, female rats engaged top-down cortical processing, with minimal engagement of stress circuitry. Data for each 
ROI were standardized to saline control rats, and correlations shown are p<0.05 with q=0.1 (females, N=10; males, N=7; saline, N=11). PrL=prelimbic 
cortex; IL=infralimbic cortex; NAcc=nucleus accumbens core; NAcs=nucleus accumbens shell; VP=ventral pallidum; LH=lateral hypothalamus; 
BNST=bed nucleus of the stria terminalis; CeA=central amygdala; BLA=basolateral amygdala; pPVT=posterior paraventricular nucleus of the 
thalamus; aPVT=anterior paraventricular nucleus of the thalamus; lHb=lateral habenula.

206 Am J Psychiatry 182:2, February 2025

A MULTI-SYMPTOMATIC MODEL OF HEROIN USE DISORDER 

https://ajp.psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20230623/suppl_file/appi.ajp.20230623.ds001.pdf
https://psychiatryonline.org/servlet/linkout?type=rightslink&url=startPage%3D198%26pageCount%3D11%26copyright%3D%26author%3DBrittany%2BN.%2BKuhn%252C%2BNazzareno%2BCannella%252C%2BAyteria%2BD.%2BCrow%252C%2Bet%2Bal%26orderBeanReset%3Dtrue%26imprint%3DAmerican%2BPsychiatric%2BPublishing%26volumeNum%3D182%26issueNum%3D2%26contentID%3D10.1176%252Fappi.ajp.20230623%26title%3DDistinct%2BBehavioral%2BProfiles%2Band%2BNeuronal%2BCorrelates%2Bof%2BHeroin%2BVulnerability%2BVersus%2BResiliency%2Bin%2Ba%2BMulti-Symptomatic%2BModel%2Bof%2BHeroin%2BUse%2BDisorder%2Bin%2BRats%26numPages%3D11%26pa%3D%26issn%3D0002-953X%26publisherName%3Dnone%26publication%3Dajp%26rpt%3Dn%26endPage%3D208%26publicationDate%3D02%252F01%252F2025


promote or induce avoidance behaviors (14, 29, 32). It is 
possible that following chronic heroin self-administration in 
vulnerable rats, these brain nuclei have undergone adapta
tions rendering them less capable of inhibiting cued seeking 
(33), or that a shift in cell-specific opposing regulation of 
drug seeking versus avoidance occurred (34).

Sex Differences
In parallel with behavioral sex differences frequently ob
served in this study, we found minimal overlap in vulnera
bility circuitry in male or female rats. Approximately 40% of 
female rats were in the non–heroin reinforced subcluster, 
and females heavily engaged the PrL→NAcc→VP series 
circuit that mediates cue reactivity in animals and humans 
(20). In contrast, male rats predominantly engaged extended 
amygdala circuitry involved in stress responding (30). Vul
nerable males also exhibited withdrawal-induced distress, 
posing the possibility that male rats were experiencing more 
distress following prolonged heroin abstinence, resulting in 
stress circuitry contributing to cued reinstatement. Females, 
however, showed lower levels of distress across training. 
Together, these data suggest sexual dimorphism in neu
roadaptations governing vulnerability in rats, with male 
vulnerability driven more by stress circuitry and female 
vulnerability by cue responsivity. Importantly, the literature 
supports nuanced sex differences translating preclinical to 
human OUD studies (23), although a more focused approach 
is necessary in preclinical and clinical research to sufficiently 
disentangle SUD sex differences (35).

CONCLUSIONS

Medication-assisted treatment is the current standard of 
OUD treatment (36). However, diagnostic heterogeneity is 
an important consideration for treatment, as individual 
symptom clusters are likely driven by distinct neurobio
logical mechanisms and genetics. By using a nonlinear 
clustering model that allowed us to capture aspects of 
the behavioral heterogeneity and diagnostic diversity in 
human OUD, we identified distinct behavioral profiles and 
sexually dimorphic neurobiological circuitry associated 
with OUD resiliency versus vulnerability in rats. Further 
subclustering revealed variability in traits conferring vul
nerability, with notable differences in subcluster compo
sition between the sexes. This study constitutes a first step 
in applying nonlinear clustering of SUD vulnerability traits 
and provides a preclinical database for continued studies of 
the neurobiological mechanisms and genetic vulnerabil
ities contributing to OUD phenotypes. Additionally, the 
neurobiological underpinnings of sex differences in human 
SUDs are not well characterized, and despite rates of OUD 
steadily increasing among females (37), females remain 
underrepresented in clinical OUD research (<15% of 
participants) (16). The marked behavioral and circuit sex 
differences we found highlight the use of nonlinear clus
tering in animal models to discern mechanisms of sex 

differences in behavioral phenotypes contributing to 
human OUD.

AUTHOR AND ARTICLE INFORMATION

Department of Neuroscience, Medical University of South Carolina, 
Charleston (Kuhn, Crow, Walterhouse, Chalhoub, Dereschewitz, Roberts, 
Kalivas); School of Pharmacy, Center for Neuroscience, Pharmacology Unit, 
University of Camerino, Camerino, Italy (Cannella, Lunerti, Ciccocioppo); 
Interdisciplinary Ph.D. Program in Biostatistics (Gupta) and Department of 
Biomedical Informatics (Gupta, Allen, Chung), and Pelotonia Institute for 
Immuno-Oncology, James Comprehensive Cancer Center, Ohio State 
University, Columbus (Gupta, Allen, Chung); Department of Internal Med
icine, Wake Forest University, Winston-Salem, NC (Cockerham, Beeson, 
Solberg Woods); Department of Psychology, Jacksonville State University, 
Jacksonville, AL (Nall); Institute for Genomic Medicine, University of Cal
ifornia San Diego, La Jolla (Palmer); School of Biological Sciences, Queen’s 
University Belfast, Belfast, Northern Ireland (Hardiman).

Send correspondence to Dr. Kuhn (kuhnb@musc.edu).

Funding for this work was provided by NIDA grants U01DA45300 (to Dr. 
Kalivas), T32DA007288 (to Dr. Kuhn), and K99DA057390 (to Dr. Kuhn).

The authors thank Dr. Carmela Reichel for providing the equipment 
necessary to perform the punished heroin taking test, and the Depart
ment of Neuroscience Behavioral Core at Medical University of South 
Carolina for the equipment needed to record ultrasonic vocalizations.

Dr. Hardiman is a founder of Altomics Datamation Ltd. and a member of its 
scientific advisory board. The other authors report no financial rela
tionships with commercial interests.

Received August 10, 2023; revisions received December 15, 2023, March 
6, and April 14, 2024; accepted April 30, 2024; published online January 
15, 2025.

REFERENCES
1. Chang HY, Kharrazi H, Bodycombe D, et al: Healthcare costs and 

utilization associated with high-risk prescription opioid use: 
a retrospective cohort study. BMC Med 2018; 16:69

2. National Survey of Substance Abuse Treatment Services 
(N-SSATS): 2020. Substance Abuse and Mental Health Services 
Administration. 2021. https://www.samhsa.gov/data/sites/ 
default/files/reports/rpt35313/2020_NSSATS_FINAL.pdf 

3. Kuhn BN, Kalivas PW, Bobadilla AC: Understanding addiction 
using animal models. Front Behav Neurosci 2019; 13:262

4. Spanagel R: Animal models of addiction. Dialogues Clin Neurosci 
2017; 19:247–258

5. Allen C, Chung D: mlsbm: Efficient Estimation of Bayesian SBMs & 
MLSBMs. R Package Version 0.99.2 Ed2021. https://cran.r-project. 
org/web/packages/mlsbm/index.html 

6. STAR Consortium; Saar K, Beck A, et al: SNP and haplotype 
mapping for genetic analysis in the rat. Nat Genet 2008; 40:560–566

7. Covington HE III, Miczek KA: Vocalizations during withdrawal 
from opiates and cocaine: possible expressions of affective distress. 
Eur J Pharmacol 2003; 467:1–13

8. Barker DJ, Simmons SJ, West MO: Ultrasonic vocalizations as a 
measure of affect in preclinical models of drug abuse: a review of 
current findings. Curr Neuropharmacol 2015; 13:193–210

9. Allen C, Kuhn BN, Cannella N, et al: Network-based discovery of 
opioid use vulnerability in rats using the Bayesian stochastic block 
model. Front Psychiatry 2021; 12:745468

10. Kuhn BN, Cannella N, Crow AD, et al: Novelty-induced locomotor 
behavior predicts heroin addiction vulnerability in male, but not 
female, rats. Psychopharmacology (Berl) 2022; 239:3605–3620

11. Vengeliene V, Bilbao A, Spanagel R: The alcohol deprivation effect 
model for studying relapse behavior: a comparison between rats and 
mice. Alcohol 2014; 48:313–320

12. Hearing M: Prefrontal-accumbens opioid plasticity: implications 
for relapse and dependence. Pharmacol Res 2019; 139:158–165

Am J Psychiatry 182:2, February 2025 207

KUHN ET AL. 

mailto:kuhnb@musc.edu
https://www.samhsa.gov/data/sites/default/files/reports/rpt35313/2020_NSSATS_FINAL.pdf
https://www.samhsa.gov/data/sites/default/files/reports/rpt35313/2020_NSSATS_FINAL.pdf
https://cran.r-project.org/web/packages/mlsbm/index.html
https://cran.r-project.org/web/packages/mlsbm/index.html
https://psychiatryonline.org/servlet/linkout?type=rightslink&url=startPage%3D198%26pageCount%3D11%26copyright%3D%26author%3DBrittany%2BN.%2BKuhn%252C%2BNazzareno%2BCannella%252C%2BAyteria%2BD.%2BCrow%252C%2Bet%2Bal%26orderBeanReset%3Dtrue%26imprint%3DAmerican%2BPsychiatric%2BPublishing%26volumeNum%3D182%26issueNum%3D2%26contentID%3D10.1176%252Fappi.ajp.20230623%26title%3DDistinct%2BBehavioral%2BProfiles%2Band%2BNeuronal%2BCorrelates%2Bof%2BHeroin%2BVulnerability%2BVersus%2BResiliency%2Bin%2Ba%2BMulti-Symptomatic%2BModel%2Bof%2BHeroin%2BUse%2BDisorder%2Bin%2BRats%26numPages%3D11%26pa%3D%26issn%3D0002-953X%26publisherName%3Dnone%26publication%3Dajp%26rpt%3Dn%26endPage%3D208%26publicationDate%3D02%252F01%252F2025


13. Engelke DS, Zhang XO, O’Malley JJ, et al: A hypothalamic- 
thalamostriatal circuit that controls approach-avoidance conflict 
in rats. Nat Commun 2021; 12:2517

14. McGinty JF, Otis JM: Heterogeneity in the paraventricular thala
mus: the traffic light of motivated behaviors. Front Behav Neurosci 
2020; 14:590528

15. Shin LM, Liberzon I: The neurocircuitry of fear, stress, and anxiety 
disorders. Neuropsychopharmacology 2010; 35:169–191

16. Moningka H, Lichenstein S, Worhunsky PD, et al: Can neuro
imaging help combat the opioid epidemic? A systematic review of 
clinical and pharmacological challenge fMRI studies with recom
mendations for future research. Neuropsychopharmacology 2019; 
44:259–273

17. Ray S, Haney M, Hanson C, et al: Modeling causal relationship between 
brain regions within the drug-cue processing network in chronic co
caine smokers. Neuropsychopharmacology 2015; 40:2960–2968

18. Reiner DJ, Fredriksson I, Lofaro OM, et al: Relapse to opioid 
seeking in rat models: behavior, pharmacology and circuits. Neuro
psychopharmacology 2019; 44:465–477

19. Koob GF, Volkow ND: Neurobiology of addiction: a neurocircuitry 
analysis. Lancet Psychiatry 2016; 3:760–773

20. Kalivas PW, Volkow ND: The neural basis of addiction: a pathology 
of motivation and choice. Am J Psychiatry 2005; 162:1403–1413

21. Jones CM, Logan J, Gladden RM, et al: Vital signs: demographic 
and substance use trends among heroin users—United States, 
2002–2013. MMWR Morb Mortal Wkly Rep 2015; 64:719–725

22. Laine MA, Mitchell JR, Rhyner J, et al: Sounding the alarm: sex 
differences in rat ultrasonic vocalizations during Pavlovian fear 
conditioning and extinction. eNeuro 2022; 9:ENEURO.0382-22.2022

23. Becker JB, Chartoff E: Sex differences in neural mechanisms me
diating reward and addiction. Neuropsychopharmacology 2019; 44: 
166–183

24. Ersche KD, Williams GB, Robbins TW, et al: Meta-analysis of 
structural brain abnormalities associated with stimulant drug de
pendence and neuroimaging of addiction vulnerability and resil
ience. Curr Opin Neurobiol 2013; 23:615–624

25. Ersche KD, Meng C, Ziauddeen H, et al: Brain networks underlying 
vulnerability and resilience to drug addiction. Proc Natl Acad Sci 
U S A 2020; 117:15253–15261

26. Grossman YS, Fillinger C, Manganaro A, et al: Structure and 
function differences in the prelimbic cortex to basolateral amygdala 
circuit mediate trait vulnerability in a novel model of acute social 
defeat stress in male mice. Neuropsychopharmacology 2022; 47: 
788–799

27. Peters J, LaLumiere RT, Kalivas PW: Infralimbic prefrontal cortex 
is responsible for inhibiting cocaine seeking in extinguished rats. 
J Neurosci 2008; 28:6046–6053

28. Kirouac GJ: The paraventricular nucleus of the thalamus as an 
integrating and relay node in the brain anxiety network. Front 
Behav Neurosci 2021; 15:627633

29. Kupchik YM, Prasad AA: Ventral pallidum cellular and pathway 
specificity in drug seeking. Neurosci Biobehav Rev 2021; 131: 
373–386

30. Nall RW, Heinsbroek JA, Nentwig TB, et al: Circuit selectivity in 
drug versus natural reward seeking behaviors. J Neurochem 2021; 
157:1450–1472

31. Mantsch JR, Baker DA, Funk D, et al: Stress-induced reinstatement 
of drug seeking: 20 years of progress. Neuropsychopharmacology 
2016; 41:335–356

32. Velasquez KM, Molfese DL, Salas R: The role of the habenula in 
drug addiction. Front Hum Neurosci 2014; 8:174

33. Paniccia JE, Vollmer KM, Green LM, et al: Restoration of a 
paraventricular thalamo-accumbal behavioral suppression cir
cuit prevents reinstatement of heroin seeking. Neuron 2024; 112: 
772–785.e9

34. Heinsbroek JA, Bobadilla AC, Dereschewitz E, et al: Opposing 
regulation of cocaine seeking by glutamate and GABA neurons in the 
ventral pallidum. Cell Rep 2020; 30:2018–2027.e3

35. Nicolas C, Zlebnik NE, Farokhnia M, et al: Sex differences in opioid 
and psychostimulant craving and relapse: a critical review. Phar
macol Rev 2022; 74:119–140

36. Meyer B, Utter GL, Hillman C, et al: A personalized, interactive, 
cognitive behavioral therapy-based digital therapeutic (MODIA) 
for adjunctive treatment of opioid use disorder: development study. 
JMIR Ment Health 2021; 8:e31173

37. Marsh JC, Park K, Lin YA, et al: Gender differences in trends for 
heroin use and nonmedical prescription opioid use, 2007–2014. 
J Subst Abuse Treat 2018; 87:79–85

208 Am J Psychiatry 182:2, February 2025

A MULTI-SYMPTOMATIC MODEL OF HEROIN USE DISORDER 

https://psychiatryonline.org/servlet/linkout?type=rightslink&url=startPage%3D198%26pageCount%3D11%26copyright%3D%26author%3DBrittany%2BN.%2BKuhn%252C%2BNazzareno%2BCannella%252C%2BAyteria%2BD.%2BCrow%252C%2Bet%2Bal%26orderBeanReset%3Dtrue%26imprint%3DAmerican%2BPsychiatric%2BPublishing%26volumeNum%3D182%26issueNum%3D2%26contentID%3D10.1176%252Fappi.ajp.20230623%26title%3DDistinct%2BBehavioral%2BProfiles%2Band%2BNeuronal%2BCorrelates%2Bof%2BHeroin%2BVulnerability%2BVersus%2BResiliency%2Bin%2Ba%2BMulti-Symptomatic%2BModel%2Bof%2BHeroin%2BUse%2BDisorder%2Bin%2BRats%26numPages%3D11%26pa%3D%26issn%3D0002-953X%26publisherName%3Dnone%26publication%3Dajp%26rpt%3Dn%26endPage%3D208%26publicationDate%3D02%252F01%252F2025

