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Abstract

Rationale and Objectives:
Polysubstance use involving psychostimulants and opioids is increasingly prevalent and associated with
elevated overdose risk, relapse vulnerability, and poor treatment outcomes. However, the
neurobehavioral consequences of opioid-stimulant use remain poorly understood. We evaluated whether
repeated methamphetamine-fentanyl polysubstance treatment disrupts social preference during
withdrawal, whether psilocybin treatment restores sociability, and whether these manipulations alter
corticolimbic expression of stress- and opioid-related genes.

Methods
Male and female rats received injections of methamphetamine and fentanyl or saline and were assessed
for social preference at baseline and following 10 days of withdrawal. On withdrawal day 10, rats
received psilocybin or saline and were reassessed for sociability 24 h later. CRHR1 and OPRM1
expression in the medial prefrontal cortex (mPFC) and nucleus accumbens (NAc) were quantified by RT-
qPCR.

Results
Withdrawal from 14-days of polysubstance treatment reduced social preference, replicating prior
findings of withdrawal-associated social dysfunction. Psilocybin pretreatment did not restore social
preference at the time point examined. In the mPFC, psilocybin bidirectionally altered CRHR1 expression
depending on drug history, decreasing expression in saline-treated controls, while increasing expression
following polysubstance treatment. In the NAc, polysubstance administration reduced CRHR1
expression. OPRM1 expression showed sex-dependent regulation with a marked reduction in the NAc of
females following polysubstance treatment and evidence of sex-dependent effects in the mPFC.

Conclusions
Methamphetamine-fentanyl treatment produces persistent social deficits during withdrawal and region-
and sex-dependent corticolimbic transcriptional adaptations in vivo. Although psilocybin did not restore
sociability, it produced drug history-dependent regulation of cortical CRHR1.

Introduction
Polysubstance use involving psychostimulants and opioids has become a defining feature of the current
overdose crisis, with methamphetamine and fentanyl co-use associated with elevated morbidity and
mortality, relapse vulnerability, and limited treatment efficacy1–4. While substantial work has
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characterized the reinforcing properties of individual drugs, far less is known about the neurobehavioral
consequences of opioid-stimulant polysubstance use.

Beyond drug intake itself, substance use disorders are accompanied by profound disruptions in
socioaffective functioning5–10. Social withdrawal and reduced social motivation are increasingly
recognized as clinically relevant factors in on-going substance use, contributing to negative emotional
states and relapse risk11,12. Preclinical models of social functioning provide an opportunity to quantify
these impairments using translational measures of sociability and social preference. In recent work, we
demonstrated that repeated administration of methamphetamine and fentanyl induces a robust deficit in
social interaction, an effect not observed following administration of either drug alone13. The present
study replicates this polysubstance withdrawal-associated social deficit in an independent cohort,
strengthening the behavioral phenotype and supporting its utility as a translational endpoint for
polysubstance-induced dysfunction. Notably, these results suggest that opioid-stimulant exposure is
detrimental to social functioning in rodent models of addiction, consistent with the heightened
psychiatric burden observed in individuals who co-use stimulants and opioids.

Classic serotonergic psychedelics have re-emerged as promising candidates for the treatment of
substance use disorders, with accumulating evidence that serotonin (5-HT) 2A receptor (5-HT2AR)

agonists can reduce drug-seeking and modulate affective and motivational processes11,14–17. In
preclinical studies, psychedelic compounds have been shown to attenuate withdrawal-related behavioral
disturbances18,19. Consistent with this, we found that administering the psychedelic (-)-2,5-dimethoxy-4-
iodoamphetamine (DOI) shortly before testing reversed opioid-stimulant-induced reductions in
sociability13. However, while DOI has been widely characterized in preclinical studies20, formal studies of
DOI in clinical populations have not been conducted. Whether these effects generalize to psilocybin, a
psychedelic with distinct pharmacological properties and growing clinical relevance is unknown.

Psilocybin can engage neuroplasticity-related mechanisms within cortical circuits, including the medial
prefrontal cortex (mPFC), over extended post-administration intervals21–23. These sustained adaptations
may be particularly relevant for withdrawal-associated negative affect and socioaffective dysfunction as
chronic drug exposure is known to remodel stress- and reward-related signaling across corticolimbic
circuitry24–29. In particular, the mPFC and the nucleus accumbens (NAc) form a central circuit regulating

social motivation, affective state, and relapse vulnerability30–35. Prefrontal cortex projections to the NAc
contribute to the integration of emotional and motivational information, and dysregulation within this
pathway has been implicated in both addiction-related behavioral responses and social
dysfunction30,35,36.

The NAc is a key node for reward processing, encoding the reinforcing value for both drug-related and
social stimuli37,38. Social interaction itself is a potent natural reward, and accumbal signaling is critical

for mediating social approach behavior and social motivation32,39. Conversely, chronic drug exposure
and abstinence can shift reward circuitry toward negative reinforcement states, in which stress and
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dysphoria become dominant drivers of behavior35. Thus, transcriptional adaptations within the mPFC-
NAc circuit may represent an important mechanistic link between polysubstance withdrawal and
persistent social deficits.

Stress neuropeptide systems within this circuit are strongly engaged during drug withdrawal40.
Corticotropin-releasing hormone signaling through the corticotropin-releasing hormone receptor 1
(CRHR1) plays a central role in coordinating behavioral and endocrine responses to stress and has been
implicated in withdrawal-associated negative affect, anxiety-like behaviors and relapse-related drug
seeking41–45. Thus, CRHR1 signaling within corticolimbic circuitry may therefore contribute not only to
heightened stress responsivity during withdrawal, but also to disruptions in social motivation.

In parallel, µ-opioid receptor (OPRM1/MOR) signaling is critically involved in reward regulation and social
function39,46. Endogenous opioid systems contribute to the hedonic and motivational components of
social interaction, and MOR activation within mesocorticolimbic regions is thought to facilitate social
reward and affective behaviors39,47. Given the established interactions between opioid and dopaminergic

pathways48, polysubstance exposure may produce unique adaptations in MOR-related transcription that
alter social reinforcement processes during abstinence.

Although serotonergic psychedelics are increasingly recognized for their ability to modulate affective
and motivational circuitry49, the extent to which psilocybin alters CRH- and opioid-related transcriptional
pathways following opioid-stimulant polysubstance use is not yet understood. Characterizing CRHR1 and
OPRM1 gene regulation within the mPFC and NAc may therefore provide insight into the molecular
substrates underlying persistent social dysfunction during drug withdrawal and the circuit-level
mechanisms through which psychedelics could exert their therapeutic effects.

We investigated whether psilocybin pretreatment administered 24 hours prior to behavioral assessment
alters withdrawal-associated social deficits following repeated methamphetamine-fentanyl treatment in
male and female rats. Using a longitudinal social preference design, sociability was assessed at baseline
and again following withdrawal. In addition, we quantified CRHR1 and OPRM1 mRNA expression in the
mPFC and NAc to identify stress- and opioid-related transcriptional adaptations associated with
polysubstance drug withdrawal and psychedelic treatment. We hypothesized that psilocybin
pretreatment would reverse withdrawal-induced reductions in sociability and that polysubstance and
psilocybin treatment would modulate stress- and reward-related molecular signatures within
corticolimbic circuitry.

Materials and Methods
Animals. Male Sprague–Dawley rats (n = 20; Inotiv Inc., Livermore, CA, USA) weighing 225–250 g upon
arrival and female Sprague-Dawley rats (n = 20; Inotiv Inc., Livermore, CA, USA) weighing 180–200 g
upon arrival were allowed to acclimate for seven days in a colony room with controlled temperature and
humidity on a 12-h light/dark cycle (lights on 0600–1800 h). Rats were pair-housed according to sex and
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weighed and handled daily for at least five minutes by experimenters throughout the study. Food
(LabDiet, Irradiated PicoLab) and water were available ad libitum throughout all phases of the studies
except during behavior sessions. Behavioral experiments took place during the light phase of the
light/dark cycle and all experiments were carried out in accordance with the National Research Council
Guide for the Care and Use of Laboratory Animals and with approval from the University of Washington
Institutional Animal Care and Use Committee. The overall experimental design is illustrated in Fig. 1.

Drugs. Fentanyl HCl (National Institute on Drug Abuse, Bethesda, MD) administered subcutaneously (sc),
rac-Methamphetamine HCl (National Institute on Drug Abuse, Bethesda, MD) administered
intraperitoneally (ip), and psilocybin (National Institute on Drug Abuse, Bethesda, MD) administered sc
were all dissolved in 0.9% NaCl and administered at a volume of 1 ml/kg.

Two-Chamber Side-Bias Pretest and Counterbalancing. Following acclimation to the colony, subject
rats were transferred to the experimental room and allowed to acclimate to room conditions for 15 min
prior to manipulation. To account for innate side preferences, each subject rat underwent a 20-min
pretest in the empty apparatus, during which it was allowed to freely explore both compartments. Time
spent in each compartment was quantified to determine baseline side preference. Animals were then
counterbalanced such that assignment of the social stimulus rat versus the empty compartment was
balanced across subjects and did not systematically align with baseline side bias.

Baseline Sociability Evaluation (Two-Chamber Social Preference Task). Rats were assessed for social
preference using a two-chamber social interaction task. All behavioral tests were conducted in the same
order across animals to minimize variability across testing sessions. The apparatus consisted of a
plexiglass rectangular box divided into two equal compartments with free access between
compartments (36 cm × 36 cm × 29 cm). Subject and stimulus rats were transferred to the experimental
room and allowed to acclimate to room conditions for 15 min prior to experimentation. Prior to testing,
subject rats were allowed to freely explore the apparatus for 5 min (habituation period). This free
exploration period was repeated prior to all subsequent social interaction tests. During the sociability
test, a strain-, age-, and sex-matched novel stimulus rat was placed under a rectangular perforated
plastic crate (24.4 cm × 16.5 cm × 9.7 cm) in one compartment, while the opposite compartment
remained empty. At the start of the trial, the subject rat was placed in the apparatus with free access to
both compartments for 10 min. Social preference was quantified as the time spent in the compartment
containing the social stimulus (TS) relative to time spent in the empty compartment (TE). A social
preference index was calculated as:

Between subjects, stimulus location (left vs right compartment) was counterbalanced based on the
pretest to control for innate side preference.

Social Index =
TS − TE

TS + TE
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Tracking Using DeepLabCut. The location of subject rats within the social interaction apparatus was
automatically tracked using the ‘single animal’ class in DeepLabCut (DLC) software (v2.3.10)50. A total of
193 training frames were automatically extracted using the k-means algorithm. A training dataset was
generated by manually labeling four body points (nose, left ear, right ear, tail base) using DLC’s napari
plug-in (v0.4.18). The resulting tracking data (CSV format), representing body-part coordinates across
the session, were exported for downstream behavioral quantification.

Region of Interest Evaluation Using SimBA. Time spent in each compartment was quantified using the
Simple Behavioral Analysis (SimBA) toolkit (v2.8)51. Experimental videos and corresponding DLC
tracking outputs were imported into a SimBA project and analyzed using the ROI interface. ROIs were
defined for each video to correspond to the social stimulus compartment and the empty compartment.
ROI outputs were used to quantify time spent in each compartment, which served as the primary
measure of sociability and was used to calculate the social preference index.

Administration of Chronic Drug Treatment. Rats received 14 daily treatments of either saline + saline or
methamphetamine + fentanyl with one injection in the morning (AM, 10:00–11:00 h) and one in the
afternoon (PM, 14:00–15:00 h). Injections were spaced 4 hours apart so that testing for both drugs
occurred during the same phase of the light/dark cycle. Methamphetamine (1 mg/kg, ip) was
administered in the morning, and fentanyl (20 ug/kg, sc) was administered in the afternoon. The control
group received two injections of saline (1 mL/kg, ip), one in the morning and one in the afternoon. This
dose regimen was chosen based on our previous findings demonstrating a distinct polysubstance-
associated social deficit in male and female Sprague Dawley rats that was not present in single-
substance treated rats13.

Assessment of social interaction following drug withdrawal. Following completion of the drug treatment
regimen, all subjects were returned to their home cages for 10 days of withdrawal. On withdrawal day 10,
rats received an injection of either saline (1 mL/kg) or psilocybin (5 mg/kg) and were returned to their
home cages. Twenty-four hours later, all subjects were reassessed for sociability using the two-chamber
protocol described above. This dose of psilocybin was utilized as it has been shown to induce
neuroplasticity within the corticolimbic system and we chose a 24-hour time point due to the growing
abundance of evidence displaying behavioral adaptations 24-hours following treatment with a
neuroplastic dose of psilocybin21–23.

Tissue Collection. Thirty minutes following completion of the sociability assessment, rats were briefly
anesthetized via CO₂ inhalation and decapitated. Brains were rapidly extracted and placed on ice. Tissue
dissection was performed using a coronal rodent brain matrix, and 2-mm sections were obtained. The
medial prefrontal cortex (mPFC) and nucleus accumbens (NAc) were microdissected over ice, flash
frozen on powdered dry ice, and stored at − 80°C until RNA isolation.

Tissue Homogenization and RNA Extraction. Brain regions were homogenized in TRIzol reagent (Cat No:
15-596-026), and RNA was extracted according to the manufacturer’s instructions. RNA concentration,
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A260/A280, and A260/A230 ratios were determined by Nanodrop 1000 spectrophotometer (Thermo
Fisher Scientific, Delaware, USA).

Complementary DNA Synthesis. Before complementary DNA (cDNA) synthesis, the RNA concentrations
of all samples were adjusted to 200 ng/𝜇L for both PFC and NAc. RNA was reversed transcribed using
the Invitrogen SuperScript III First-Strand System (Cat No: 18-080-051) following the manufacturer’s
instructions. The cDNA samples were stored at -20°C until real-time quantitative polymerase chain
reaction (qRT-PCR) analysis.

Real-time qPCR. qRT-PCR was conducted using TaqMan™ Fast Advanced Master Mix (Applied
Biosystems; Cat No: 4444557) and commercially available probes for Cyclophilin A (PPIA; Cat ID:
Rn00690933_m1), OPRM1 (Cat ID: Rn01430371_m1), and CRHR1 (Cat ID: Rn00578611_m1). Reactions
(20 µL) were run at 50°C for 2 min, 95°C for 20 s, followed by 40 cycles of 95°C for 1 s and 60°C for 20 s
using the QuantStudio 3 system. Threshold cycle (Ct) values were automatically determined using the
QuantStudio analysis software with default threshold settings.

RNA Quantification and Relative Expression Analysis. Target gene expression was normalized to the
housekeeping gene peptidylprolyl isomerase A (PPIA) using the comparative ΔΔCt method. All samples
were run in triplicate with the average Ct utilized for further analysis. For each sample, ΔCt values were
calculated as:  Relative expression was then
quantified using the ΔΔCt method. To account for potential baseline sex differences in gene expression,
ΔΔCt values were calculated relative to the mean ΔCt of sex-matched saline control animals (rats
receiving both chronic saline treatment and saline pretreatment):

Fold-change values were calculated
as: Fold-change values were subsequently log2-transformed for

statistical analysis. Log2 fold-change values were used for all downstream statistical analyses.

Statistical Analysis of Social Index. Social interaction behavior was quantified using a social index
measured at two timepoints within the same animals: baseline (T1), prior to any treatment, and post-
withdrawal (T2), following 14 days of saline (SAL) or fentanyl + methamphetamine (POLY)
administration, 10 days of withdrawal, and saline or psilocybin administered 24 h prior to T2 testing.

Data were analyzed using a linear mixed-effects model with Time (T1 vs T2) as a within-subject factor
and Chronic Treatment, Pretreatment, and Sex as between-subject factors. Subject was included as a
random intercept. The full model included all interaction terms:

Planned contrasts were performed on model-based change scores (Δ = T2 − T1). Multiple comparisons
were corrected using the Holm–Šídák procedure. Analyses were conducted in Python using the
statsmodels package. Model parameters were estimated via maximum likelihood with statistical
significance defined as α = 0.05.

ΔCT = CT (gene of interest) − CT (PPIA)

ΔΔCT = ΔCT (Sample) − ΔCT (Control Average.

Fold Change = 2−Δ Δ CT

Social Index ∼ Time × Chronic Treatment × Pretreatment × Sex
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Statistical Analysis of Gene Targets. For OPRM1 and CRHR1, relative expression was quantified using
the comparative ΔΔCt method after normalization to the housekeeping gene PPIA. To minimize the
influence of baseline sex differences in expression, ΔΔCt values for each subject were calculated
relative to the mean ΔCt of the sex-matched saline control group (i.e., rats receiving both chronic saline
treatment and saline pretreatment within the same sex). Fold-change values were then log2 transformed
for statistical analysis.

Log2 fold-change values were analyzed using a three-way Gaussian generalized linear model with Sex
(male vs female), Chronic Treatment (saline vs polysubstance), and Pretreatment (saline vs psilocybin)
as between-subject factors:

Type III sums of squares were used to evaluate main effects and interaction terms. Statistical
significance was defined as α = 0.05. When significant interaction effects were detected, follow-up
analyses were performed using planned simple-effects comparisons based on estimated marginal
means from the fitted model. Multiple comparisons were corrected using the Holm–Šídák procedure. All
analyses were conducted in Python using the statsmodels package.

Results
Sociability following polysubstance exposure. Social interaction was quantified using a social
preference index measured at baseline (T1), prior to drug treatment, and again following withdrawal (T2),
assessed on withdrawal day 11, 24 h after saline or psilocybin pretreatment. Social index data were
analyzed using a linear mixed-effects model with Time (T1 vs T2) as a within-subject factor and Chronic
Treatment (saline vs POLY), Pretreatment (saline vs psilocybin), and Sex (male vs female) as between-
subject factors, with Subject included as a random intercept.

Across all groups, social index significantly declined from baseline to the post-withdrawal assessment
(Time effect: β = −0.433, z = − 5.81, p < 0.0001, Fig. 2). While there were no significant main effects of
Chronic Treatment, Pretreatment, or Sex on overall social index levels (all p > 0.12, Fig. 2), a significant
Time × Chronic Treatment interaction was observed (β = 0.306, z = 2.90, p = 0.004, Fig. 2), indicating that
the magnitude of behavioral change across time differed between the saline and POLY groups. In
contrast, psilocybin pretreatment did not significantly influence social index trajectories (Time ×
Pretreatment: p = 0.94, Fig. 2), and no higher-order interactions involving Pretreatment or Sex reached
significance (all p > 0.66, Fig. 2).

Planned comparisons of model-based change scores (Δ = T2 − T1) demonstrated that repeated POLY
treatment produced a robust reduction in sociability relative to saline controls (Δ difference = − 0.304,
Holm–Šídák adjusted p < 0.0001, Fig. 2). However, psilocybin pretreatment did not significantly alter
social index change scores within POLY animals (adjusted p = 0.99, Fig. 2) or saline-treated controls
(adjusted p = 0.99, Fig. 2). Together, these findings indicate that repeated administration of

Gene Expression (fold change) ∼ Sex × Chronic Treatment × Pretreatment
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methamphetamine + fentanyl induces persistent social deficits during withdrawal, and that acute
psilocybin pretreatment does not restore sociability at the assessed 24-hour timepoint.

Gene Expression Analysis of OPRM1 Alterations in the Medial Prefrontal Cortex and Nucleus
Accumbens

Medial Prefrontal Cortex. OPRM1 mRNA expression in the medial prefrontal cortex (mPFC) was
analyzed using a three-way Gaussian generalized linear model with Chronic Treatment (saline vs
polysubstance), Pretreatment (saline vs psilocybin), and Sex (male vs female) as between-subject
factors. No significant main effects of pretreatment (F1,32 = 0.63, p = 0.43, Fig. 3A) or chronic treatment
(F1,32 = 2.41, p = 0.13, Fig. 3A) were detected. In contrast, a significant main effect of sex was observed
(F1,32 = 12.07, p = 0.0015, Fig. 3A–B), indicating that OPRM1 expression differed between males and

females across experimental conditions.

No significant Pretreatment × Sex interaction was detected (F1,32 = 0.003, p = 0.95, Fig. 3A), and the
Pretreatment × Chronic Treatment interaction was also not significant (F1,32 = 2.47, p = 0.13, Fig. 3A). A
trend-level Sex × Chronic Treatment interaction was observed (F1,32 = 3.56, p = 0.068, Fig. 3A–B),
suggesting that the transcriptional effects of polysubstance exposure may differ between males and
females. The three-way interaction between Pretreatment, Sex, and Chronic Treatment was not
significant (F1,32 = 2.34, p = 0.14, Fig. 3A).

Planned simple-effects comparisons collapsed across pretreatment revealed a trend toward reduced
OPRM1 expression in polysubstance-treated males relative to saline-treated controls (Holm–Šídák
adjusted p = 0.061, Fig. 3B), whereas no treatment effect was detected in females (Holm–Šídák adjusted
p = 0.81). Consistent with this pattern, females given methamphetamine + fentanyl exhibited significantly
higher OPRM1 expression than males within the same treatment condition (Holm–Šídák adjusted p = 
0.0025, Fig. 3B). Together, these findings suggest a potential sex-dependent regulation of prefrontal µ-
opioid receptor transcription following chronic methamphetamine–fentanyl exposure.

For visualization purposes, panel B displays data collapsed across pretreatment to illustrate the sex-
dependent pattern of OPRM1 expression.

Nucleus Accumbens. OPRM1 mRNA expression in the nucleus accumbens (NAc) was analyzed using a
three-way Gaussian generalized linear model with Sex, Chronic Treatment, and Pretreatment as between-
subject factors. A significant main effect of chronic treatment was detected (F1,32 = 24.73, p = 2.1 ×

10⁻⁵), indicating that polysubstance exposure altered OPRM1 transcription in the NAc relative to saline-
treated controls. In addition, a significant main effect of sex was observed (F1,32 = 5.08, p = 0.031,
Fig. 3C–D), suggesting sex-dependent differences in µ-opioid receptor expression.

Importantly, a robust Sex × Chronic Treatment interaction was detected (F1,32 = 16.65, p = 0.00028),
indicating that the transcriptional effects of polysubstance administration differed between males and
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females (Fig. 3C–D). Planned simple-effects comparisons collapsed across pretreatment revealed that
polysubstance exposure produced a pronounced reduction in OPRM1 expression in females relative to
saline-treated controls (Holm–Šídák adjusted p < 0.001), whereas no significant treatment effect was
detected in males. Consistent with this pattern, females given methamphetamine + fentanyl exhibited
significantly lower OPRM1 expression than males within the same treatment condition (Holm–Šídák
adjusted p < 0.001).

A significant Pretreatment × Chronic Treatment interaction was also detected (F1,32 = 8.80, p = 0.0057,
Fig. 3C), suggesting that the transcriptional effects of psilocybin pretreatment varied as a function of
prior drug history. However, follow-up simple-effects comparisons did not remain significant following
correction for multiple comparisons, indicating that these effects were modest. The three-way
interaction between Sex, Pretreatment, and Chronic Treatment was not significant (F1,32 = 1.97, p = 0.17,
Fig. 3C).

For visualization purposes, panel D displays data collapsed across pretreatment to illustrate the
significant Sex × Chronic Treatment interaction observed in the statistical model.

Gene Expression Analysis of CRHR1 Alterations in the Medial Prefrontal Cortex and Nucleus
Accumbens

Medial Prefrontal Cortex. CRHR1 mRNA expression in the medial prefrontal cortex (mPFC) was analyzed
using a three-way Gaussian generalized linear model with Chronic Treatment (saline vs polysubstance),
Pretreatment (saline vs psilocybin), and Sex (male vs female) as between-subject factors. No significant
main effect of pretreatment was detected (F1,32 = 0.41, p = 0.53, Fig. 4A). A trend-level effect of sex was

observed (F1,32 = 3.42, p = 0.074, Fig. 4A), suggesting potential differences in CRHR1 expression between
males and females. In contrast, a significant main effect of chronic treatment was detected (F1,32 = 9.43,
p = 0.0043, Fig. 4A), indicating that methamphetamine + fentanyl treatment altered CRHR1 transcription
in the prefrontal cortex relative to saline-treated controls.

No significant Pretreatment × Sex interaction was detected (F1,32 = 0.15, p = 0.70, Fig. 4A), and the Sex ×
Chronic Treatment interaction was not significant (F1,32 = 1.31, p = 0.26, Fig. 4A). However, a robust
Pretreatment × Chronic Treatment interaction was observed (F1,32 = 21.27, p = 6.1 × 10⁻⁵, Fig. 4A–B),

indicating that the transcriptional effects of psilocybin pretreatment depended strongly on prior
polysubstance history. The three-way interaction between Pretreatment, Sex, and Chronic Treatment was
not significant (F1,32 = 1.18, p = 0.28, Fig. 4A), suggesting that this drug-history–dependent effect was
not further moderated by sex.

Follow-up simple-effects comparisons collapsed across sex revealed significant but opposing effects of
psilocybin depending on chronic drug history. In saline-treated control animals, psilocybin significantly
reduced CRHR1 expression relative to saline (Holm–Šídák adjusted p = 0.0016, Fig. 4B). In contrast, in
polysubstance-treated animals, psilocybin significantly increased CRHR1 expression compared with
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saline (Holm–Šídák adjusted p = 0.0084, Fig. 4B). These results indicate a bidirectional and drug-
history–dependent modulation of cortical CRH signaling by psilocybin.

For visualization purposes, panel B displays data collapsed across sex to illustrate the significant
Pretreatment × Chronic Treatment interaction detected in the statistical model.

Nucleus Accumbens. CRHR1 mRNA expression in the nucleus accumbens (NAc) was analyzed using the
same three-way Gaussian generalized linear model with Chronic Treatment (saline vs polysubstance),
Pretreatment (saline vs psilocybin), and Sex (male vs female) as between-subject factors. A significant
main effect of chronic treatment was observed (F1,32 = 40.79, p = 3.56 × 10⁻⁷, Fig. 4C–D), indicating that
chronic methamphetamine +fentanyl administration significantly reduced CRHR1 expression in the NAc
relative to saline-treated controls. A modest main effect of pretreatment was also detected (F1,32 = 4.50,
p = 0.042, Fig. 4C), indicating that psilocybin pretreatment was associated with a small overall change in
CRHR1 expression across animals.

No significant main effect of sex was observed (F1,32 = 1.89, p = 0.18, Fig. 4C). Additionally, no significant

Pretreatment × Chronic Treatment interaction (F1,32 = 0.24, p = 0.63, Fig. 4C), Sex × Chronic Treatment
interaction (F1,32 = 0.90, p = 0.35, Fig. 4C), or Pretreatment × Sex interaction (F1,32 = 0.23, p = 0.64,
Fig. 4C) was detected. A trend-level three-way interaction between Pretreatment, Sex, and Chronic
Treatment was observed (F1,32 = 3.43, p = 0.073, Fig. 4C), though this effect did not reach statistical
significance.

Planned simple-effects comparisons collapsed across pretreatment revealed that polysubstance
administration significantly reduced CRHR1 expression relative to saline-treated controls in both males
(Holm–Šídák adjusted p = 0.0016, Fig. 4D) and females (Holm–Šídák adjusted p = 4.6 × 10⁻⁵, Fig. 4D). No
significant sex differences were observed within either chronic treatment condition. Together, these
findings indicate that chronic methamphetamine + fentanyl administration robustly suppresses CRHR1
expression in the nucleus accumbens independent of sex, while psilocybin pretreatment produced only
modest overall effects in this region.

For visualization purposes, panel D displays data collapsed across sex and pretreatment to illustrate the
main effect of chronic treatment.

Discussion
Polysubstance use involving opioids and psychostimulants has become increasingly common and is
associated with elevated overdose risk, relapse vulnerability, and reduced treatment efficacy. Despite this
growing clinical concern, the neurobehavioral consequences of opioid–stimulant exposure remain poorly
understood, particularly with respect to socioaffective dysfunction during withdrawal. In the present
study, repeated methamphetamine + fentanyl administration produced a robust reduction in social
preference during withdrawal, replicating our previous findings in an independent cohort. Although
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psilocybin pretreatment administered 24 hours prior to testing did not restore social motivation, it
produced drug history-dependent regulation of CRHR1 expression within the medial prefrontal cortex. In
parallel, withdrawal from repeated methamphetamine + fentanyl administration induced pronounced
transcriptional adaptations within corticolimbic reward circuitry, including reduced CRHR1 expression in
the NAc and sex-dependent regulation of OPRM1 expression across cortical and accumbal regions.
Together, these findings suggest that opioid–stimulant use produces coordinated alterations in stress
and reward signaling pathways that may contribute to withdrawal-associated social dysfunction.

Repeated methamphetamine + fentanyl polysubstance
administration produces persistent social deficits during withdrawal
In this study, we found that withdrawal from repeated methamphetamine + fentanyl treatment induced a
significant decline in social preference. Importantly, this behavioral phenotype replicates our previous
observations in an independent cohort, strengthening the reproducibility of polysubstance-induced
social deficits and supporting social withdrawal as a translationally relevant endpoint in polysubstance
models13. Social interaction is a critical component of motivational regulation and is increasingly
recognized as a protective factor against relapse52,53. Conversely, withdrawal-associated reductions in
social motivation may contribute to negative affective states and heightened vulnerability to drug-
seeking. The emergence of persistent social deficits following combined methamphetamine + fentanyl
treatment further suggests that polysubstance use may engage neuroadaptations distinct from those
produced by either drug alone.

Psilocybin did not reverse polysubstance-induced sociability deficits
at the assessed timepoint
Despite our previous finding that the 5-HT2AR agonist DOI reverses polysubstance withdrawal-induced

social deficits13, psilocybin treatment did not rescue polysubstance-induced social deficits nor did it alter
social preference in saline-treated controls. However, DOI was administered shortly before social testing
and can exert immediate behavioral modulation through rapid serotonergic engagement of cortical
circuitry20,54. In contrast, psilocybin was given 24-hours prior to testing, at a timepoint that engages
sustained neuroplasticity-related mechanisms within cortical circuits21–23. Thus, future studies will be
necessary to determine whether active serotonergic stimulation during sociability is necessary to restore
social deficits or whether behavioral recovery by psilocybin may require different post-treatment
intervals, repeated dosing paradigms, or additional environmental and experimental factors that interact
with psychedelic-induced plasticity.

Cortical CRHR1 regulation reflects drug-history-dependent effects of psilocybin

At the molecular level, our findings reveal that psilocybin produced a drug history-dependent regulation
of CHRH1 expression in the medial prefrontal cortex. Specifically, psilocybin decreased CRHR1
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expression in saline-treated control animals but increased CRHR1 expression following polysubstance
treatment. This bidirectional transcriptional response suggests that prior drug history fundamentally
alters how cortical stress-signaling pathways respond to psychedelic treatment.

CRH signaling through CRHR1 is a central component of the brain’s stress-response system and is
strongly implicated in the negative emotional states that emerge during drug withdrawal55. Increased
CRH signaling within corticolimbic circuits has been associated with anxiety-like behavior, dysphoria, and
relapse vulnerability across multiple substance use models40,41. Within the prefrontal cortex, CRHR1
signaling contributes to the regulation of attentive processing, stress reactivity, and top-down control
over motivational circuitry56,57. Consequently, alterations in cortical CRHR1 expression during withdrawal
may influence the integration of stress-related signals that shape the behavioral responses to drug
abstinence.

The opposing direction of psilocybin’s transcriptional effects across drug history may reflect state-
dependent plasticity within prefrontal cortical networks. Chronic drug exposure is known to remodel
transcriptional processes and synaptic architecture within the mPFC, producing lasting alterations in
excitatory signaling and stress responsivity58. Under these conditions, psychedelic-induced plasticity
mechanisms may engage adaptive pathways differently than in drug-naive circuits. Thus, psilocybin may
not uniformly suppress stress signaling but rather recalibrate stress-related transcriptional systems
depending on the underlying neurobiological state. Future studies examining cell-type specific
expression patterns and downstream CRH signaling pathways will be necessary to determine how these
transcriptional changes translate into functional circuit adaptations.

Polysubstance exposure suppresses CRHR1 expression within the NAc

In contrast to the drug history-dependent effects observed in the mPFC, CRHR1 expression within the
nucleus accumbens was primarily influenced by drug treatment history. Across sexes and pretreatment
conditions, polysubstance administration produced a robust reduction in CRHR1 expression relative to
saline controls. These findings suggest that opioid-stimulant use induces transcriptional adaptations
within accumbal stress signaling pathways during withdrawal.

The NAc plays a central role in reward valuation and motivational drive, integrating dopaminergic input
from the ventral tegmental area with glutamatergic projections from cortical and limbic structures.
Emerging evidence indicates that CRHR1 within the NAc contributes to stress-related modulation of
reward processing and drug-seeking behavior59–61. Downregulation within the NAc following repeated
polysubstance treatment may therefore reflect adaptive responses within reward circuitry as animals
transition from drug reinforcement to withdrawal-associated motivational states.

Notably, these reductions in accumbal CRHR1 occurred independently of psilocybin pretreatment,
suggesting that psilocybin’s effects may be more prominent within cortical regulatory circuits than within
subcortical reward structures. This dissociation further supports the idea that psychedelic compounds
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preferentially engage plasticity-related mechanisms within higher-order cortical networks that exert top-
down modulation over motivational systems.

Sex-dependent regulation of µ-opioid receptor expression following
polysubstance exposure
In contrast to CRHR1, transcriptional regulation of OPRM1 displayed prominent sex-dependent effects
across corticolimbic regions. Within the prefrontal cortex, OPRM1 expression exhibited a significant
main effect of sex and a trend-level Sex x Chronic Treatment interaction. Planned comparisons
suggested that polysubstance administration preferentially reduces OPRM1 expression in males,
although this effect did not remain statistically significant after correction for multiple comparisons.
Nevertheless, this pattern raises the possibility that cortical µ-opioid signaling may be differentially
sensitive to chronic drug exposure in males and females, a hypothesis that warrants further investigation
in larger cohorts.

Within the nucleus accumbens, a clear sex-dependent effect emerged. Polysubstance administration
produced a pronounced reduction in OPRM1 expression in females, whereas males exhibited relatively
stable expression levels. Moreover, females given repeated methamphetamine + fentanyl displayed
significantly lower accumbal OPRM1 expression compared with males within the same treatment
condition.

The µ-opioid receptor plays a fundamental role in mediating reward valuation, social bonding, and
affective regulation39,46. Endogenous opioid signaling within the mesocorticolimbic system contributes
to the reinforcing properties of both natural rewards and psychoactive drugs, while also modulating
social behavior46,47. Reduced OPRM1 expression within the NAc may therefore reflect diminished opioid-
mediated reward signaling during withdrawal which could contribute to the emergence of negative
motivational states.

The pronounced reduction in accumbal OPRM1 expression observed in females following polysubstance
administration suggests that opioid-stimulant combinations can engage sex-specific adaptations within
reward circuitry. Sex differences in opioid signaling and dopamine-opioid interactions have been
documented across multiple addiction models, and hormonal modulation of opioid receptor expression
may further contribute to these divergent responses62–66. Thus, the present findings highlight the
importance of considering sex as a biological variable when evaluating molecular adaptations to
polysubstance exposure.

In addition to these sex-dependent effects, the omnibus model also detected a modest Pretreatment ×
Chronic Treatment interaction for accumbal OPRM1 expression, suggesting that the transcriptional
impact of psilocybin varies depending on drug history. However, follow-up simple-effects comparisons
did not remain statistically significant after correction for multiple testing, indicating that these effects
should be interpreted cautiously. Together with the modest main effect of psilocybin pretreatment
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observed for CRHR1 expression in the NAc, these findings suggest that psilocybin exerts subtle
modulatory influences on accumbal stress- and opioid-related signaling pathways. Nevertheless, these
effects were relatively small compared to the robust treatment- and sex-dependent adaptations
observed within this region.

Integrating stress and reward signaling in polysubstance
withdrawal
Taken together, the present findings suggest that withdrawal from methamphetamine + fentanyl use
produces coordinated transcriptional adaptations across corticolimbic circuits that regulate stress and
reward processing. Reductions in accumbal CRHR1 expression and sex-dependent changes in OPRM1
expression may reflect alterations in motivational circuitry that contribute to withdrawal-associated
social dysfunction. At the same time, psilocybin’s bidirectional regulation of CRHR1 within the mPFC
indicates that psychedelic compounds can engage stress-related transcriptional systems in a drug-
history dependent manner.

Although psilocybin did not rescue behavioral social deficits under the present experimental conditions,
the observed molecular changes suggest that psychedelic-induced plasticity can still influence circuit-
level processes relevant to addiction. These findings underscore the complexity of psychedelic
modulation of corticolimbic signaling and highlight the importance of considering drug history, timing of
administration, and sex-specific neurobiological factors when evaluating potential therapeutic
mechanisms.

Several limitations should be considered when interpreting the present findings. First, gene expression
was measured at a single post-withdrawal time point, which limits the ability to determine the temporal
dynamics of both withdrawal- and psilocybin-related transcriptional changes. In addition, because tissue
was collected only after the withdrawal period, the observed molecular adaptations cannot be
definitively attributed to withdrawal per se and may instead reflect persistent consequences of
polysubstance treatment, withdrawal-related processes, or an interaction between the two. Future
studies incorporating tissue collection both immediately following polysubstance treatment and at
multiple withdrawal time points will be important for disentangling the direct effects of repeated
methamphetamine-fentanyl administration from neuroadaptations that emerge specifically during
withdrawal. Second, the present analysis focused on bulk tissue expression within the mPFC and NAc,
and future studies incorporating cell-type specific approaches may help clarify the circuit-level
mechanisms underlying these effects. Additionally, behavioral assessments were conducted at a single
withdrawal time point following psilocybin administration. Given emerging evidence that psychedelic-
induced plasticity evolves over time, future work examining extended post-treatment intervals may reveal
behavioral and neurobiological effects not captured in the present study.

Conclusion
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In summary, repeated methamphetamine-fentanyl administration produces robust social deficits during
withdrawal and induces transcriptional adaptations within stress- and reward-related signaling pathways
across corticolimbic circuits. Psilocybin pretreatment did not restore social motivation at the time point
examined but produced drug-history–dependent regulation of cortical CRHR1 expression. In parallel,
withdrawal from repeated polysubstance administration induced region- and sex-specific alterations in
µ-opioid receptor expression within reward circuitry. Together, these findings, which are summarized in
Table 1, highlight complex interactions between stress signaling, opioid receptor regulation, and
psychedelic-induced plasticity in the context of polysubstance withdrawal and provide new insights into
the molecular substrates underlying socioaffective dysfunction in addiction.
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Table 1
Summary of region-specific transcriptional adaptations following polysubstance and psilocybin

pretreatment. Key statistical findings for OPRM1 and CRHR1 expression in the medial prefrontal cortex
(mPFC) and nucleus accumbens (NAc), highlighting sex-dependent opioid receptor regulation and drug-

history–dependent modulation of cortical CRHR1 signaling
Brain
Region

Gene Key Statistical Effect Interpretation

mPFC OPRM1 Main Effect of Sex Sex differences in cortical OPRM1 transcription
with possible sex-dependent drug regulation

NAc OPRM1 Sex x Chronic Treatment
Interaction

Females show strong reductions in OPRM1
expression following polysubstance exposure

mPFC CRHR1 Pretreatment x Chronic
Treatment Interaction

Psilocybin bidirectionally regulates CRHR1
expression depending on prior polysubstance
exposure

NAc CRHR1 Main Effect of Chronic
Treatment

Polysubstance exposure suppresses CRHR1
expression

Figures

Figure 1
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Experimental design to evaluate psilocybin effects on polysubstance withdrawal–induced social
deficits and associated gene expression changes. Stage 1:Male and female rats received treatment for
14 days with either saline (SAL; 1 mL/kg) or methamphetamine (METH; 1 mg/kg) plus fentanyl (FEN; 20
μg/kg). Following 10 days of withdrawal, animals were administered psilocybin (5 mg/kg) or SAL (1
mL/kg) 24 hours prior to behavioral testing. Sociability was assessed using a two-chamber social
interaction test, and changes in social interaction were quantified relative to baseline. Stage 2: Thirty
minutes following behavioral testing, brains were collected for molecular analysis. The nucleus
accumbens (NAc) and medial prefrontal cortex (mPFC) were dissected, homogenized, and processed
for RNA extraction. cDNA was synthesized and gene expression was quantified using quantitative real-
time PCR (qRT-PCR).

Figure 2

Polysubstance administration induces persistent social deficits during withdrawal that were not
prevented by psilocybin pretreatment. Rats underwent baseline (BL) social testing prior to 14 days of
saline (SAL) or methamphetamine + fentanyl (POLY) treatment, followed by 10 days of withdrawal (WD).
Psilocybin (PSI; 5 mg/kg) or SAL (1 mL/kg) was administered 24 hours prior to the second social test.
Social index (mean ± SEM) was reduced in the POLY groups after withdrawal relative to baseline (*p <
0.05). Psilocybin pretreatment did not restore social interaction in the POLY group. Individual data points
represent males (circles) and females (squares). n=5 per sex/group.

Page 22/25



Figure 3

OPRM1 (μ-opioid receptor) mRNA expression in corticolimbic regions following polysubstance and
psilocybin treatment. (A) OPRM1 expression in the mPFC displayed for all experimental groups (Sex ×
Chronic Treatment × Pretreatment). (B) mPFC OPRM1 expression collapsed across pretreatment to
show the significant sex-dependent effects of repeated polysubstance administration. (C) OPRM1
expression in the NAc displayed for all experimental groups. (D) NAc OPRM1 expression collapsed
across pretreatment to show the significant Sex × Chronic Treatment interaction, revealing a pronounced
reduction in OPRM1 expression in females following polysubstance treatment relative to males. Points
represent individual animals and bars represent mean ± SEM. Gene expression values represent log₂ fold
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change relative to saline-treated controls within each sex. Statistical analyses were performed using a
three-way Gaussian generalized linear model (Sex × Chronic Treatment × Pretreatment) with Type III
sums of squares and Holm–Šídák correction for planned comparisons. Collapsed panels are presented
for visualization of statistically significant effects identified in the full factorial model. *p < 0.05, n=5 per
sex/group.

Figure 4
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CRHR1 mRNA expression in corticolimbic regions following polysubstance and psilocybin treatment.
(A) CRHR1 expression in the mPFC displayed for all experimental groups (Sex × Chronic Treatment ×
Pretreatment). (B) mPFC CRHR1 expression collapsed across sex to show the significant Pretreatment ×
Chronic Treatment interaction. Psilocybin pretreatment produced bidirectional regulation of
CRHR1expression depending on drug history, decreasing CRHR1 expression in saline-treated controls
while increasing CRHR1 expression following polysubstance administration. (C) CRHR1 expression in the
NAc displayed for all experimental groups. (D) NAc CRHR1 expression collapsed across sex and
pretreatment to show the significant main effect of chronic treatment, demonstrating reduced CRHR1
expression following polysubstance treatment. Bars represent mean ± SEM. Gene expression values
represent log₂ fold change relative to saline-treated controls within each sex. Statistical analyses were
performed using a three-way Gaussian generalized linear model (Sex × Chronic Treatment ×
Pretreatment) with Type III sums of squares and Holm–Šídák correction for planned comparisons.
Collapsed panels are presented for visualization of statistically significant effects identified in the full
factorial model. *p < 0.05, n=5 per sex/group.
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