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ABSTRACT

Opioid use disorder is heritable, yet its genetic etiology is largely unknown. C57BL/6J and C57BL/6NJ
mouse substrains exhibit phenotypic diversity in the context of limited genetic diversity which together can
facilitate genetic discovery. Here, we found C57BL/6NJ mice were less sensitive to oxycodone (OXY)-induced
locomotor activation versus C57BL/6J mice in a conditioned place preference paradigm. Narrow-sense
heritability was estimated at 0.22-0.31, implicating suitability for genetic analysis. Quantitative trait locus (QTL)
mapping in an F2 cross identified a chromosome 1 QTL explaining 7-12% of the variance in OXY locomotion
and anxiety-like withdrawal in the elevated plus maze. A second QTL for EPM withdrawal behavior on
chromosome 5 near Gabra2 (alpha-2 subunit of GABA-A receptor) explained 9% of the variance. To narrow
the chromosome 1 locus, we generated recombinant lines spanning 163-181 Mb, captured the QTL for OXY
locomotor traits and withdrawal, and fine-mapped a 2.45-Mb region (170.16-172.61 Mb). Transcriptome
analysis identified five, localized striatal cis-eQTL transcripts and two were confirmed at the protein level
(KCNJ9, ATP1A2). Kcnj9 codes for a potassium channel (GIRK3) that is a major effector of mu opioid receptor
signaling. Atpla2 codes for a subunit of a Na+/K+ ATPase enzyme that regulates neuronal excitability and
shows functional adaptations following chronic opioid administration. To summarize, we identified two
candidate genes underlying the physiological and behavioral properties of opioids, with direct preclinical
relevance to investigators employing these widely used substrains and clinical relevance to human genetic

studies of opioid use disorder.
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INTRODUCTION

The high prevalence of opioid use disorder (OUD) in the United States was fueled by overprescribing
and misuse of the highly addictive mu opioid receptor agonist oxycodone (OXY; active ingredient in
Oxycontin®) (Kibaly et al. 2021). The switch to an abuse-deterrent formulation led to a surge in illicit use of
heroin (Cicero & Ellis 2015) and now fentanyl (Perdue et al. 2024). Opioid-related deaths surpassed
100,000/year (U.S. CDC, 2023; https://www.cdc.gov/opioids/basics/epidemic.html). Twin studies estimate
heritability of OUD is ~50% (Ho et al. 2010; Ducci & Goldman 2012), however the genetic basis remains
largely unknown (Gelernter & Polimanti 2021; Deak et al. 2022; Gaddis et al. 2022). Both shared and distinct
genetic factors and biological mechanisms likely contribute to various neurobehavioral responses and
adaptations associated with opioid use disorder, including initial neurobehavioral and subjective sensitivity,
tolerance, withdrawal, and agonist-induced alleviation of withdrawal.

Genetic factors influencing drug behavioral sensitivity can predict additional model behaviors for OUD.
Sensitivity to locomotor stimulation induced by addictive drugs is a behavior mediated by shared neural
circuitry and neurochemistry with reward and reinforcement, namely mesostriatal dopamine release (Wise &
Bozarth 1987; Di Chiara & Imperato 1988; Adinoff 2004). In support of shared genetics between acute drug
sensitivity and other model traits for opioid use disorder, we mapped quantitative trait loci (QTLs) and
candidate genes underlying sensitivity to acute psychostimulant- and opioid-induced locomotor activation (e.g.,
Csnkle, Hnrnphl) and confirmed their involvement in drug reward (e.g., conditioned place preference; CPP)
and operant reinforcement (e.g., self-administration) (Bryant et al. 2012, 2021; Yazdani et al. 2015; Goldberg
et al. 2017; Ruan et al. 2020).

C57BL/6J(B6J) and C57BL/6NJ(B6NJ) are two common substrains in biomedical research and are
nearly genetically identical, yet exhibit differences in model traits for substance use disorders (Bryant et al.
2008), including ethanol consumption (Mulligan et al. 2008; Warden et al. 2020; Jimenez Chavez et al. 2021),
psychostimulant locomotion (Kumar et al. 2013; Goldberg et al. 2021a), nicotine-induced locomotor activity,
hypothermia, antinociception, and anxiety-like behavior (Akinola et al. 2019), naloxone-induced conditioned
place aversion (Kirkpatrick & Bryant 2015), and binge-like eating (Kirkpatrick et al. 2017; Babbs et al. 2020).
While phenotypic differences between B6 substrains can be quite large (Bryant et al. 2008; Matsuo et al. 2010;
Simon et al. 2013), genotypic diversity is extremely small (Keane et al. 2011; Yalcin et al. 2011; Simon et al.
2013; Mortazavi et al. 2022; Ferraj et al. 2023). Together, these characteristics are ideal for behavioral QTL
and expression QTL (eQTL) analysis in an F2 reduced complexity cross (RCC) and can facilitate gene/variant
identification (Bryant et al. 2018, 2020). For example, Kumar and colleagues mapped a QTL for cocaine
locomotor sensitization to a missense mutation in Cyfip2 (Kumar et al. 2013). We mapped this locus for
methamphetamine locomotion (Goldberg et al. 2021a) and binge-like eating of sweetened food (Kirkpatrick et
al. 2017). Mulligan and colleagues used the BXD recombinant inbred strains (a panel of genotyped inbred
strains derived from crosses between C57BL/6J and DBA/2J parental strains) combined with analysis of

C57BL/6 substrains to identify a functional intronic variant in Gabra2 (alpha-2 subunit of the GABA-A receptor)
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that reduced Gabra2 mRNA and GABRA2 protein expression (Mulligan et al. 2019). Genetic mapping by our
group followed by validation using genetically engineered lines identified the Gabra2 variant in male-driven
methamphetamine locomotion (Goldberg et al. 2021a). Phillips and colleagues used reduced genetic
complexity between DBA/2J substrains as a confirmation step to identify a functional missense mutation in
Taarl originally discovered in selected lines derived from C57BL/6J and DBA/2J alleles that influences
methamphetamine-induced hyporthermia, aversion, and toxicity (Harkness et al. 2015; Shi et al. 2016; Miner et
al. 2017; Reed et al. 2017; Phillips et al. 2021). We extended RCCs to BALB/c substrains and quickly identified
candidate genes for nociceptive sensitivity, brain weight, and brain OXY metabolite levels (Beierle et al. 2022a,
2022b).

Here, we mapped the genetic basis of OXY behavioral sensitivity and spontaneous withdrawal in a B6J
x B6NJ-F2 RCC. Upon identifying a major distal chromosome 1 QTL for oxycodone locomotion and
withdrawal, we implemented an efficient fine mapping strategy using recombinant lines within the QTL interval
(Bryant et al. 2018), and resolved a 2.45-Mb region. We then sourced a historical striatal expression QTL
dataset from the same genetic cross (Bryant et al. 2019; Goldberg et al. 2021a) to home in on functionally
plausible candidate genes. Finally, we conducted immunoblot analysis of eQTL genes within a recombinant
line capturing the behavioral QTL, providing further support for the candidacy of Atpla2 and Kcnj9. The results
provide multiple positional loci and highly plausible candidate genes underlying opioid behavioral sensitivity

and withdrawal.

MATERIALS AND METHODS

Drugs
Oxycodone hydrochloride (OXY,Sigma-Aldrich, St. Louis, MO, USA) was dissolved in sterilized
physiological saline (SAL;0.9%) prior to systemic injections (10 ml/kg, i.p.).

Parental C57BL/6 substrains and F2 mice
All experiments were conducted in strict accordance with National Institute of Health guidelines for the
Care and Use of Laboratory Animals and approved by the Boston University Institutional Animal Care and Use

Committee. Details on acquisition of substrains and breeding are provided in Supplementary Material.

Locomotor activity and OXY-CPP (Weeks 1 and 2)

Our nine-day OXY-CPP protocol is published (Kirkpatrick & Bryant 2015). Mice, including the parental
substrains, all of the F2 mice, and one cohort of N6-1 mice, were trained in a two-chamber unbiased CPP
protocol over nine days (D), with initial preference (D1, SAL i.p.), two alternating pairings of OXY (1.25 mg/kg,
i.p.) and SAL (i.p.), separated by 48 h (D2-D5), a consolidation period (D6-D7), a drug-free CPP test (D8), and
a state-dependent test for CPP (D9) following SAL (i.p.) or OXY (1.25 mg/kg, i.p.). The 1.25 mg/kg dose of
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OXY was chosen based on data in the Results section indicating substrain differences in OXY-induced

locomotor activation at this dose. See Supplementary Material for further details.

Baseline nociception, acute oxycodone-induced antinociception, and tolerance (Week 3) and elevated
plus maze behaviors during spontaneous withdrawal from oxycodone (Week 4)

For Weeks 3 and 4, starting on Monday, a subset of 236 F2 mice (118 SAL, 118 OXY) that went
through the OXY-CPP prototocol above were injected once daily with either SAL (i.p.) or OXY (20 mg/kg, i.p.)
on Monday through Thursday at 1600 h. Sixteen hours later on Friday, the majority of these 236 F2 mice (160
F2 mice total: 77F, 83M) were tested for baseline nociceptive sensitivity on the 52.5°C hot plate assay and
then assessed for OXY-induced antinociception (5 mg/kg, i.p.) at 30 min post-OXY (see Supplementary
Material). The remaining 76 F2 mice (37F, 39M) received the same OXY regimen during Week 3 but were not
exposed to hot plate testing. The 20 mg/kg dose of OXY was chosen for repeated dosing during Week 3 and
Week 4 based on prior pilot data indicating antinociceptive tolerance in parental substrains (Supplementary
Material) and and prior pilot data indicating an effect of OXY on EPM behaviors during withdrawal (data not
shown). We report the hot plate procedure above to fully document the history of the mice leading up to the
results for the elevated plus maze that are presented in this study (see below). A thermal nociception QTL for
hot plate latency (s) and its associated cis-eQTLs are published from these F2 mice (Bryant et al. 2019).

For Week 4, we continued injecting all 236 F2 mice (118 SAL, 118 OXY) once daily with SAL (i.p.) or
OXY (20 mg/kg, i.p.) for four days. On Day 5, 16 h post-injection, mice were tested for anxiety-like behavior in
the elevated plus maze (EPM) (Schulteis et al. 1998). Each mouse was transported in a clean cage from the
vivarium to a testing room with red-illuminating ceiling lights and placed into the center of the EPM (Stoelting
Instruments, Wheaton, IL USA) and was video recorded for 5 min. Video recordings were tracked using
AnyMaze. The 16 h time point for assessment of EPM behaviors was based on our previous studies with
morphine tolerance assessment which ranged from 16-24 h post-final injection, an interval during which we
observed baseline- as well as morphine-induced hyperalgesia (Eitan et al. 2003; Bryant et al. 2006a, 2006b).
At the time of designing this OXY study in 2014, there was a very limited number of studies addressing the
time course of OXY withdrawal in mice. However, a recent report examining the time course of onset of
spontaneous OXY withdrawal in mice identified a peak between 6 h and 24 h which in retrospect, supports our
choice of 16 h as a rational time point for assessment of EPM behaviors (Contreras et al. 2024). Our primary
measure of the emotional-affective component of opioid withdrawal was % Open Arm Time [(open time)/(open
time + closed time) *100)]. We also examined Open Arm Entries (#) and Open Arm Distance (m). Twenty-four
hours after EPM assessment (Saturday of Week 4), striatum punches (Yazdani et al. 2015; Kirkpatrick et al.
2017) were collected and processed for RNA-seq analysis (GSE 119719), including eQTL analysis (Bryant et
al. 2019; Goldberg et al. 2021a).
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Behavioral analysis in B6J and B6NJ substrains

Behaviors were analyzed in R (https://www.r-project.org/) or Graphpad Prism Inc. using two- or three-

way ANOVAs, with Substrain, Sex, and sometimes Treatment as factors. Furthermore, some analyses include
a repeated measure, namely Day or Time (5-min bin). Main effects and interactions (p<0.05) were pursued

with Bonferroni or Tukey’s post-hoc tests (as indicated) to determine their sources.

Genotyping and QTL analysis in B6J x B6NJ-F2 mice

The marker panel comprised 96 markers and is published (Kirkpatrick et al. 2017; Bryant et al. 2019;
Goldberg et al. 2021b) (see Supplementary Material for details). We first performed Ordered Quantile (ORQ)
normalization (Peterson & Cavanaugh 2019) and ran ANOVAs with Sex, Treatment, and Testing Location
(data were collected in two different buildings on Boston University Medical Campus). QTL analysis was
performed using R/qtl (Broman et al. 2003; Broman, & Sen 2009) as described (Kirkpatrick et al. 2017; Bryant
et al. 2019; Goldberg et al. 2021b) (Supplementary Material). QTL models were finalized based on main
effects and interactions. For OXY locomotion traits, Sex and Location were included as additive covariates,
and Tx as an interactive covariate. For EPM phenotypes, Location was included as an additive covariate, and
Tx was included as an interactive covariate. Additional analyses were performed as described below,
including, e.g., sex-specific analyses to assess whether QTLs were being driven by females or males and

analysis of SAL mice only to further assess the specificity of the QTLs for OXY treatment.

Interval-specific recombinant lines for fine mapping the distal chromosome 1 QTL for OXY locomotion
We exploited the near-isogenic F2 background and simple genetic architecture of complex traits in
RCCs (Kumar et al. 2013; Kirkpatrick et al. 2017; Bryant et al. 2019; Goldberg et al. 2021b; Beierle et al.
2022a, 2022b) to devise a rapid fine mapping approach. We first backcrossed an F2 mouse heterozygous
(J/N) across the distal chromosome 1 QTL interval to parental B6J mice and identified offspring with new
recombination events spanning the 163-181 Mb region. We propagated these lines by again backcrossing to
B6J and monitoring genotypes to ensure retention of heterozygosity within each sub-interval. New
recombination events were similarly propagated as new lines. Great care was taken to ensure lines were
maintained separately, even when they appeared to have the same break points. Individuals within and among
lines at each generation of backcrossing are equally unrelated outside of the recombinant interval and
continual backcrossing avoids population structure among families as the genetic background progresses
toward isogenic B6J. Details of recombinant lines (genotyping, lineage, analysis) are provided in

Supplementary Material.

Power analysis of required sample size for recombinant lines
To estimate sample size per genotype for recombinant lines to capture the QTL, we used means and

standard deviations of oxycodone-induced locomotor activity for J/J versus J/IN genotypes at the peak
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chromosome 1 QTL marker (181.32 Mb). Based on Cohen’s d= 0.79, a sample size of 27 homozygous J/J and
27 heterozygous J/N mice was required to achieve 80% power (2-tailed test, p < 0.05). Therefore, we aimed

for n=27 per genotype per recombinant line.

Behavioral phenotyping of recombinant lines

For N6-1, we generated two cohorts to replicate and fine-map the distal chromosome 1 QTL. For the
first cohort (n=26-27 J/J SAL, 30 J/N SAL, 34 J/J OXY, 43-44 JIN OXY), mice were run through the full nine-
day OXY-CPP protocol (Monday-Thursday: Weeks 1 and 2). A subset of the N6-1 mice (n=18 J/J SAL, 19-20
J/IN SAL), 14 J/J OXY, 23 J/N OXY) that were run through CPP were then run through two additional, four-day
weeks (Weeks 3 and 4: Monday-Thursday) of four daily OXY injections (4x 20 mg/kg, i.p.). For Week 3, 16 h
post-final OXY injection, mice were assessed baseline nociception and then subsequently for antinociceptive
tolerance on the 52.5degC hot plate at 10, 20, 30, and 40 min post-OXY (5 mg/kg, i.p. - see Supplementary
Material for methodological details). For Week 4, on Friday, 16 h following the final injection of the daily 4x 20
mg/kg OXY regimen (Monday-Thursday), mice were tested on the EPM during OXY withdrawal.

For the second cohort of the N6-1 line and for the seven additional recombinant lines, because robust
genetic results were observed on D2 following the first OXY injection, we used an abbreviated, two-day
protocol to facilitate fine mapping. Specifically, to precisely replicate the experimental conditions that led to the
identification of the distal chromosome 1 QTL, mice received SAL on D1 (i.p.; open access) and OXY on D2
(2.25 mg/kg, i.p.; OXY-paired side). Details of statistical analyses are provided in the Supplementary

Material.

Striatal tissue collection from F2 mice, RNA-seq and striatal eQTL mapping

Procedures for RNA extractions, RNA-seq, and eQTL analysis of F2 samples are published (Bryant et
al. 2019; Goldberg et al. 2021b) (see Supplementary Material for details). We also conducted Pearson’s
correlation between transcript levels (normalized read counts) and OXY behaviors and fit a linear model to
regress transcript levels onto behavior as described in Supplementary Material. Striatum punches were
harvested from 23 F2 mice (7F, 16M, 76-126 days old; all OXY-treated mice who went through the four-week
protocol) 24 h after assessment of EPM behaviors. Because we already had the genotypes and information
regarding the distal chromosome 1 QTL (including location and knowledge of dominant mode of inheritance),
we “cherry-picked” 11 samples that were homozygous J/J (4 females, 7 males) and 12 samples that were
heterozygous J/N (3 females, 9 males) throughout the 163-181 Mb region to ensure that we had a balanced

sample size of these two critical genotypes.

Protein analysis of positionally cloned candidate genes
For protein analysis of candidate genes/transcripts, we harvested striatal punches (2.5 mm diameter, 3

mm thick) from 24 experimentally naive N6-1 mice (all littermates), including 13 J/J (5 females, 8 males) and
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11 J/N (3 females, 8 males). Due to the limited sample sizes of the females, data were sex-collapsed for each
genotype. Genotypic differences were determined via Student’'s t-tests. Because each immunoblot was an
independent assessment of a different protein (unlike the recombinant lines assessed for behavior) and
because each protein was chosen based on eQTL results that already implemented a false-discovery rate to
correct for multiple comparisons, we report proteins as differentially expressed using both unadjusted p-values
as well as Bonferonni-adjusted p-values for the seven comparisons. Information on immunoblot procedures is

provided in Supplementary Material.

Identification of genetic variants between C57BL/6 substrains
Genomic variation (e.g., SNPs, indels, structural variants) among nine C57BL/6 and five C57BL/10
substrains has recently been documented (Mortazavi et al. 2022) and supplementary data tables for this

publication are available at Mendeley: (https://data.mendeley.com/datasets/k6tkmm6m5h/3). No homozygous

coding variants or structural variants that differentiate J and NJ were found within this region. Fifteen non-
coding homozygous SNPs or InDels were located within the distal Chrl interval (Supplementary Material).
There are many heterozygous variants that differentiate substrains in this region, possibly the result of
segmental duplication. However, validation and assessment of these variants has been difficult (Mortazavi et
al. 2022) and thus, heterozygous variants were not considered or reported in the analysis. Variant position was
converted from GRCm38 to GRCm39 using the Assembly Converter tool in Ensembl and the Variant Effect
Predictor tool (W et al. 2016) was used to assess variant effect. Repeating elements that overlapped with
variants were annotated using the RepeatMasker track available in the USCS Genome Browser (Nassar et al.
2023).

RESULTS

Reduced OXY locomotor sensitivity in B6NJ versus B6J substrains

The OXY-CPP protocol is illustrated in Fig.1A. We tested for Sex x Substrain interactions for each
phenotype. If no interaction, Sex was removed from the model. If there was a significant interaction, we
analyzed the sexes separately. In examining OXY locomotion on D2 and D4 alongside SAL counterparts (O
mg/kg), there was a dose-dependent increase in OXY-induced locomotor activity, that, when considering all
doses, did not interact with Substrain (Fig.1B,C). Nevertheless, we wanted to know if there was a particular
dose where the substrains differed on D2 and D4 that would be amenable to genetic analysis. We focused on
1.25 mg/kg OXY, given that it was an intermediate dose for which there was evidence for a substrain
difference. For both D2 and D4, two-way ANOVA with the inclusion of the SAL group (0 mg/kg) vs. 1.25 mg/kg
OXY in the model indicated a Genotype x Treatment interaction that was explained by decreased OXY-
induced locomotor activity in B6NJ versus B6J, with no difference between SAL groups (i.p., Fig.1D,E).

Importantly, we also examined Substrain and Dose effects on SAL training days for OXY-CPP (D3, D5) and
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found little evidence for substrain differences, although there was evidence for a conditioned locomotor effect
at the two highest prior OXY doses (Fig.S1). These results support decreased OXY locomotion in B6NJ versus
B6J mice, providing the impetus for forward genetic analysis. Accordingly, narrow-sense h2 estimates
(Hegmann & Possidente 1981) based on between-strain (genetic), within-strain (environmental), and total
variance were 0.22 and 0.31 for D2 and D4 OXY locomotion (1.25 mg/kg, i.p.), respectively.

In examining drug-free OXY-CPP as the difference between final (D8) and initial preference (D1; D8-D1
OXY Side Time, s), there was a significant Dose effect that was explained by a significant CPP at the lowest
and highest prior OXY doses (Fig.1F). For state-dependent CPP (D9-D1 OXY Side Time, s), sex-collapsed
analysis also indicated a Dose effect that was explained by a dose-dependent increase in CPP (Fig.1G).
Furthermore, inclusion of Sex in the model revealed a Sex x Substrain interaction that prompted separate
analyses in females and males. For females, there was a Dose effect that was explained by an increased
preference at 1.25 mg/kg and 5.0 mg/kg relative to 0 mg/kg (SAL) and by an increase in preference from 0.625
mg/kg to 5.0 mg/kg (Fig.1H). There was also a Substrain effect that was explained by increased preference in
B6NJ versus B6J mice at 5.0 mg/kg (Fig.1H). For males, there was also a Dose effect that was explained by a
significant increased preference at 5.0 mg/kg versus 0 mg/kg (SAL) (Fig.1l). The Substrain effect was due to

an overall decrease in preference in B6NJ versus B6J, irrespective of the dose (Fig.1l).

QTL mapping of OXY locomotion (Week 1)

A list of genetic markers is provided in Table S1. The timeline of OXY regimen, behavioral assessment,
and sample sizes are provided in Fig.2A. Starting with 425 F2 mice (213 SAL, 213 OXY), we mapped a
genome-wide significant QTL on distal chromosome 1 for D2 and D4 OXY locomotor traits using a treatment-
interactive model, where both treatments were included in a single analysis (Fig.2B-D). Like the parental
substrains, mice containing 1-2 copies of the B6NJ allele (J/N, N/N) at the peak-associated marker showed a
decrease in D2 OXY-induced distance traveled (Fig.2E) as well as D4 distance and other D2 and D4 OXY
locomotor traits (Fig.S2), with no change in D2 or D4 distance traveled in SAL-treated mice as a function of
Genotype (Fig.2E; Fig.S2). These observations support a dominant inheritance of the N allelic effect and
provide strong support for a causal gene/variant within this locus underlying OXY locomotion. To address
specificity of this QTL for OXY treatment, QTL analysis of D3 and D5 locomotor traits (SAL treatment days)
indicated that while there was a trending QTL peak for distal chromosome 1 on D3, it was not significant
(Fig.S3A) and is likely mediated by a carry-over, conditioned locomotor response from the first OXY injection
(Fig.S1). Additionally, QTL analysis of D1 distance revealed no genome-wide significant QTLs (Fig.3SB).
Finally, QTL analysis of only the SAL F2 mice revealed no genome-wide significant QTLs for D2 or D4
locomotor traits (Fig.S3C), providing further evidence for specificity of the distal chromosome 1 for OXY-

induced behaviors.
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QTL mapping of OXY withdrawal behaviors in the EPM (Week 4)

Next, a subset (N=236) of the 425 F2 mice underwent repeated, daily i.p. SAL (n=118; 58F, 60M) or
high-dose OXY treatment (20 mg/kg, i.p.; n=118; 56F, 62M; Fig.2A) on Monday-Thursday of Weeks 3 and 4
(“4x 20 mg/kg”). The majority of these 236 F2 mice (N=160; Fig.2A) were examined for antinociceptive
tolerance on Day 5 (Friday) of Week 3, while the remaining 76 mice (Fig.2A) were only exposed to the 4x 20
mg/kg OXY regimen during Weeks 3 and 4 and not to hot plate testing prior to assessment of EPM withdrawal
behaviors on Day 5 (Friday) of Week 4. The 4x 20 mg/kg OXY regimen was chosen based on initial
observations of significant antinociceptive tolerance in the C57BL/6 substrains (Fig.S4A) and induce significant
effects on EPM behaviors during spontaneous withdrawal in previous pilot studies in naive C57BL/6 substrains
(data not shown).

For Week 3, the 160 F2 mice (77F, 83M) that underwent hot plate testing first underwent four days of
daily i.p. SAL (39F, 43M) or 20 mg/kg OXY (38F, 40M) and 16 h later on on Day 5 (Friday), following baseline
hot plate nociceptive assessment, mice were injected with a challenge dose of 5 mg/kg OXY and assessed for
OXY antinociception 30 min later. However, in F2 mice, there was no significant effect of Treatment, Sex, or
interaction on OXY antinociception (hnew Fig.S4B), indicating no tolerance and no sex-dependent effects.
Possible sources of discrepancy could be due to the fact that the parental substrains from the pilot study had
no prior exposure to any experimental procedures such as CPP, injections, etc. whereas F2 mice did. Indeed,
the %MPE was much lower in F2 mice versus the parental substrains, suggesting that prior experimental
training/handling reduced OXY-induced antinociception (e.g., via habituation to concomitant stress-induced
antinociception or cross-tolerance of stress-induced antinociception with OXY antinociception).

For assessment of EPM withdrawal behaviors at the end of Week 4, all 160 F2 mice that underwent hot
plate testing at the end of Week 3 resumed the 4x 20 mg/kg OXY regimen during Week 4 (Monday-Thursday)
and EPM testing 16 h later on Friday. Furthermore, an additional 76 F2 mice (36 SAL, 40 OXY; Fig.2A) that
received the Week 3 OXY regimen but not hot plate exposure also resumed the 4x 20 mg/kg OXY regimen
during Week 4 (Monday-Thursday) and were tested on the EPM on Friday, thus yielding a total of 236 F2 mice
(118 SAL, 118 OXY) for assessment of EPM traits during OXY withdrawal.

Means and S.E.M. of the EPM traits in SAL- and OXY-trained mice is provided in Fig.S5A-C. Overall
there was no Treatment effect. Nevertheless, segregation of alleles let to the identification of a similarly
localized, genome-wide significant, treatment-interactive distal chromosome 1 QTL for EPM withdrawal traits
(Open Arm Entries, Open Arm Distance, % Open Arm Time; Fig.2F-G), suggesting a common causal
gene/variant for D2 and D4 OXY locomotor traits and EPM withdrawal traits. Again, like with OXY locomotor
traits, the N genotype at the peak-associated marker (181.32 Mb) was less responsive to OXY as indicated by
the effect plot, with only the J genotype showing an increase in Open Arm Entries versus SAL (Fig.2H) as well
as Open Arm Distance (m) and Open Arm Time (%) (Fig.S5D,E). Analysis of only the F2 mice that had been

exposed to the hot plate revealed the same distal chromosome 1 locus for Open Arm Time (%) and a trending
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medial chromosome 5 QTL for Open Arm Entries (#) (Fig.S6), indicating that inclusion of the small subset of
76 F2 mice that were not exposed to the hot plate (the addition of which strengthened the already significant
LOD scores) did not confound the results.

We mapped a second QTL on medial chromosome 5 for Open Arm Entries (Fig.2F,l). Again, OXY-
withdrawn mice with the J/J allele at the peak-associated marker (59.83 Mb) showed an increase in Open Arm
Entries, while the N allele was unresponsive to OXY (Fig.2J). Removal of the 76 F2 mice who were not
exposed to the hot plate reduced LOD score of the QTL to a non-significant peak (Fig.S6), again supporting
the contention that these mice simply added power to detect the QTL and that lack of hot plate exposure did
not confound the results. The chromosome 5 QTL is near Gabra2 (codes for alpha-2 subunit of GABA-A
receptor), a well-known cis-eQTL mediated by a single nucleotide intronic deletion near a splice acceptor site
that is private to B6J (Mulligan et al. 2019) that is genetically linked to and validated for methamphetamine
stimulant sensitivity (Goldberg et al. 2021a) and multiple seizure models (Hawkins et al. 2021; Yu et al. 2022).
Gabraz is a high-priority candidate gene for opioid withdrawal, as the alpha-2 subunit contributes to GABA-A
receptor-mediated anxiogenesis and anxiolysis, alcohol dependence, and polydrug misuse (Engin et al. 2012).
Analysis of SAL-treated F2 mice only revealed no genome-wide significant QTLs for EPM traits (Fig.S3D),

providing evidence for the specificity of the chromosome 1 and chromosome 5 QTLs for OXY withdrawal.

Separate QTL analyses of OXY locomotor and EPM withdrawal traits in females and males

In addition to including Sex as an additive covariate in the above analyses, we also performed QTL
mapping separately in F2 females and F2 males for D2 and D4 OXY locomotor traits and EPM withdrawal
traits using the same QTL model (with Sex removed as an additive covariate). Interestingly, the genome-wide
significant QTL at distal chromosome 1 was significant in females but not males (Fig.7A-E), indicating that
females clearly drove the original sex-combined distal chromosome 1 QTL signal (Fig.2B-E). The effect plots
for D2 and D4 OXY locomotor traits indicate a larger effect for females versus males (Fig.S8A-F).

Sex-specific QTL analysis of EPM behaviors indicated that neither females nor males showed a
significant genome-wide significant QTL on distal chromosome 1, though females showed a higher LOD score
for chromosome 1 (Fig.S7F,G). Sex-specific analysis of the medial chromosome 5 QTL for EPM Open Arm
Entries indicated that it was only significant in males (Fig.S7G,l), again with only the J allele being responsive
to OXY (Fig.S8G).

Distal chromosome 1 recombinant lines spanning 163-181 Mb

Because the distal chromosome 1 QTL for D2 and D4 OXY locomotor traits was large and spanned
~20 Mb, we sought to rapidly narrow this locus by breeding and phenotyping interval-specific recombinant lines
spanning 163-181 Mb at each generation of backcrossing to B6J (Bryant et al. 2018). Details of recombinant
lines, including genetic markers, their recombination break points, and their pedigree/lineage are described in

Supplementary Material (see description along with Tables S2,S3; Fig.S9).
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N6-1 recombinant line captures distal chromosome 1 QTL for OXY locomotion and withdrawal

A schematic for the recombinant region in the N6-1 line is illustrated in Fig.3A. The heterozygous (J/N)
region spanned 163.13-181.32 Mb, meaning N6-1 mice were homozygous J/J at these coordinates and
beyond. For D2 but not D4, N6-1 showed a significant decrease in OXY locomotion (Fig.3B-C). For drug-free
and state-dependent OXY-CPP, N6-1 trended toward a reduction, although the results were not statistically
significant (Fig.3D,E).

In examining antinociceptive tolerance in the same mice at the end of the Week 3 regimen (4x 20
mg/kg OXY, i.p.) and following a challenge dose of 5 mg/kg OXY (i.p.), significant tolerance was evident
regardless of Genotype (Fig.3F).

For OXY withdrawal on the EPM in the same mice, there was no effect of OXY or Genotype for %
Open Arm Time or Open Arm Distance (Fig.3G,H); however, for Open Arm Entries there was a Treatment X
Genotype interaction that was explained by the OXY-responsive J/J Genotype showing a decrease in open

arm entries, with no response to Treatment in the J/N Genotype (Fig.3l).

Fine mapping the distal chromosome 1 behavioral QTL for D2 OXY locomotion in recombinant lines

Given there were eight recombinant lines (Fig.4A; Table S3; Fig.S9), to expedite fine mapping, we
employed a truncated, two-day protocol (D1,D2; Fig.1A), focusing on D1 locomotor traits following SAL (i.p.)
and open access to the two sides of the CPP chamber and D2 OXY locomotor traits following 1.25 mg/kg (i.p.)
of OXY (Fig.2A-E). Student’s t-tests with a Bonferroni-corrected p-value were first employed for D1 and D2
locomotor to adjust for comparisons across eight lines (p<0.05/8=0.00625). In separate analyses, we also
incorporated Sex with two-way ANOVASs and report Genotype x Sex interactions and post-hoc analyses from in
Fig.S10. Notably, Genotype x Sex interactions were only observed for D1 locomotor traits (SAL) and not for D2
(OXY) traits]. See Figure Legends and Supplementary Material for additional details regarding two-way
ANOVA results.

For D1 locomotion measures (SAL, i.p.), only N6-1 showed a reduction in Distance and Rotations, and
none of the lines showed a difference in Spins (Fig.4B-D). For D2 (OXY, 1.25 mg/kg i.p.), both N6-1 and N9-8
showed significant reductions in Distance, Rotations, and Spins (Fig.4E-G). In considering the recombination
breakpoints of N9-8 that captured the QTL for D2 OXY traits (“+”) versus the six congenic lines that did not
capture the QTL (“-*: N5-10, N5-11, N5-8, N7-15, N8-7, and N9-5), the N9-8(+) J/N segment ended proximally
at 172.61 Mb and the distal breakpoint of N7-15 line (-) was 170.16 Mb (Fig.4A). These key observations,
combined with multiple distal recombinant lines that failed to capture the QTL (N5-10,-11,-8) reduced the
causal locus to a 2.45-Mb region (170.16-172.61 Mb; Fig.4A). Note that although N8-7(-) and N9-5(-) appear
to possess the same proximal breakpoint as N9-8(+) (Fig.4A), these two lines comprise two different,

independent recombination events from N6-1 (Fig.S4A; Table S3) which in turn, differ from the N9-8(+)
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proximal breakpoint. A snapshot of the genes within the 2.45 Mb interval from UCSC genome browser is
provided in Fig.S11.

Striatal cis-expression QTLs, Pearson’s correlation, and regression analysis of transcript levels
versus behavior

Expression QTLs (eQTLs) provide functional, causal support for quantitative trait genes/variants
underlying behavior (Goldberg et al. 2021a; Yao et al. 2021; Beierle et al. 2022a, 2022b). We focused on
chromosome 1-localized transcripts (170.16-172.61 Mb) showing a peak association with the peak for OXY
locomotion (rs51237371; 181.32 Mb), including Pcp4ll, Ncstn, Atpla2, Kcnj9, and Igsf9 (Fig.5A). We also
note three striatal cis-eQTLs just distal to the 2.45-Mb region that could potentially be regulated by one or more
noncoding variants within the 2.45-Mb region, including Cadm3, Aim2, and Rgs7 (Fig.5A). Table S4 comprises
58 transcripts showing a peak association at 181.32 Mb. Because of the high linkage disequilibrium in an F2
cross, some of these transcripts are located tens of Mb away from this marker.

We next focused on chromosome 5 cis-eQTLs for OXY withdrawal (Fig.2B,F,1,J). Table S5 comprises
a list of transcripts with a peak association with the peak chromosome 5 QTL marker for OXY withdrawal
(rs32809545; 59.83 Mb). A block of five eQTL transcripts was localized to less than 20 Mb of the peak marker,
including Cpeb2, N4bp2, Gabra4, Pdgfra, and Clock. Notably, the chromosome 5 QTL for OXY withdrawal lies
adjacent to the peak cis-eQTL (rs29547790; 70.93 Mb) for Gabra2 expression.

To potentially aid in further prioritizing candidate genes in the fine-mapped, 2.45-Mb interval for D2
OXY distance, we examined the correlation between gene expression and behavior via simple Pearson’s r and
via fitting a linear model and regressing gene expression (normalized read counts) onto D2 OXY distance
using the limma package (Ritchie et al. 2015). ). Simple Pearson'’s r identified correlations for Pcp4ll (r=-0.53;
p=0.0088), Igsf9 (r=-0.48; p=0.021), and Rgs7: r=+0.58; p=0.0037) whereas Atpla2 was not quite significant
(r=+0.38; p=0.082). However, results of the linear model support all four transcripts (Pcp4ll, Atpla2, Igsf9, and
Rgs7) as predictors of D2 OXY distance (Pagjusted<0.05).

Striatal protein analysis in the N6-1 recombinant line supports Atpla2 and Kcnj9 as candidate genes
underlying OXY locomotion and withdrawal

We ran striatal immunoblot analysis from naive N6-1 mice on proteins encoded by four out of the five
transcripts with cis-eQTLs in the 2.45 Mb locus (PCP4L1, ATP1A2, KCNJ9 (GIRK3), and IGSF9; Fig.5B-E)
and three additional proteins distal to the locus (CADM3, AIM2, RGS7). We could not obtain reliable blots for
fifth protein, nicastrin (NCSTN). There was a significant increase in immunostaining of ATP1A2 (within 2.45-Mb
region) and AIM2 (distal to 2.45-Mb region) and a trending decrease in KCNJ9 of J/N versus J/J genotypes.
Thus, we identified two compelling candidate genes within the fine-mapped locus (Atpla2, Kncj9) that show

genotype-dependent changes in expression at both the transcript and protein levels. Note that out of the two
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statistically significant proteins within the 2.45-Mb region (ATP1A2, KCNJ9/GIRK3), only Atpla2 survived

significance after the p-value threshold was adjusted for the seven protein comparisons (p<0.05/7 = 0.0071).

Genetic variants between substrains within the causal QTL interval on distal chromosome 1

Fifteen noncoding homozygous variants distinguished J and N substrains within the distal Chr 1 interval
(Table S6). None of these variants had predicted high impact. Eight variants were located within introns of
Uapl, Noslap, Duspl2, Cfapl26, Nectin4, and Cd48. An additional three variants were associated with
pseudogenes or INcRNAs (e.g., Gm37030, Gm10522, Gm37010) and the remaining variants were located in
intergenic regions with one variant annotated as an enhancer. Comparison of variation across C57BL/6 and
C57BL/10 substrains (Mortazavi et al. 2022) revealed that five variants in the region have a pattern consistent
with being J private alleles while one variant was consistent with an N private allele. All but one of the

remaining variants show clear lineage specific patterns differentiating the J and N lineages.

DISCUSSION

We employed a C57BL/6 RCC combined with fine-mapping, cis-eQTL mapping, and protein analysis to
triangulate on two compelling candidate genes underlying OXY locomotion and withdrawal — Atpla2 and
Kcnj9. We identified a second locus and candidate gene on chromosome 5 for opioid withdrawal, namely
Gabra2. For the distal chromosome 1 locus, we implemented a novel fine-mapping approach that we
previously proposed (Bryant et al. 2018) and efficiently narrowed the locus to 2.45 Mb. Typically, congenic
lines are backcrossed for at least 10 generations to remove genetic variation outside of QTL intervals (Davis et
al. 2005). Here, the genetic background of C57BL/6 substrains is nearly isogenic and thus, the remote
possibility for epistasis is even less likely, especially after just a single generation of backcrossing, let alone the
three to eight additional generations of backcrossing implemented from N5-N10 generations.

The overlapping QTL intervals for OXY locomotion and withdrawal suggest a common underlying
genetic basis. This hypothesis is supported by the N6-1 recombinant line (161-183 Mb) capturing a phenotype
for OXY locomotion and withdrawal (Fig.3B,l). Intriguingly, however, the OXY-responsive allelic effect of J/J for
EPM behavior was opposite in N6-1 (decrease in Open Arm Entries; Fig.3l) versus F2 mice (increase in Open
Arm Entries; Fig.2H). Nevertheless, in both cases, the J/J genotype was the OXY-responsive allele to changes
in EPM behavior. Once explanation is that a different experimenter phenotyped the N6-1 versus F2 (Chesler et
al. 2002). Also, previous studies with C57BL/6 have observed both a decrease (Ozdemir et al. 2023) and an
increase in EPM behaviors (Hodgson et al. 2008; Buckman et al. 2009; Hofford et al. 2009) during opioid
withdrawal.

The distal chromosome 1 locus for OXY locomotor traits and withdrawal was previously associated with
phenotypic variation in crosses that include B6J as a parental strain. A region on distal chromosome 1—aptly
named QTL-rich region 1 (Qrrl)—extends from approximately 170 Mb (rs8242852; GRCm38) to 175.4 Mb

(rs4136041; GRCm38) and contains alleles (likely private to B6J) that contribute to variation in transcript levels

14


https://doi.org/10.1101/2024.04.16.589731
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.16.589731; this version posted September 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

and many behavioral, pharmacological, metabolic, physiological, and immunological phenotypes (Mozhui et al.
2008). It is probable that Qrrl contains multiple variants that contribute to different types of trait variation. For
example, a B6J private mutation (C50T) in a member of the tRNA730-ArgTCT (n-Tr20) was found to reduce
the total tRNAArgUCU pool in B6J brain and contribute to B6 substrain differences in seizure susceptibility
(Ishimura et al. 2014). This tRNA mutation likely underlies seizure susceptibility QTLs (Ferraro et al. 2001,
2004) and contributes to variance in transcript levels associated with the Qrrl locus (Kapur et al. 2020) in
crosses that include B6J as a progenitor strain. It is worth noting that the location of nTr20 (Chrl1:173.39-
173.39 Mb) is just distal to our fine-mapped 2.45-Mb interval and is therefore unlikely to contribute to OXY
behavioral traits. A microdeletion in Ifi202b (Chr1:173.96-173.98 Mb) has been proposed to regulate activity,
exploration, and adiposity traits (Vogel et al. 2013). However, B6 substrains are not known to be polymorphic
for the Ifi202b mutation (Vogel et al. 2013) and similar to the tRNA mutation, this mutation lies distal to our
2.45-Mb interval. More recently, Aim2 (Chr1:173.35-173.46 Mb), which is also outside our critical interval, has
been proposed as another candidate for modulating physiological/metabolic traits mapping to Qrrl, especially
hypercholesterolemia and diet-induced obesity, based on fine-mapping (Kim et al. 2024) and phenotyping in
knock-out mice (Gong et al. 2019).

Based on our approach combining fine-mapping and eQTL analysis, we propose that OXY trait
variation may be mediated by genetic variation in Atpla2 and Kcnj9. We and others have found eQTLs and
transcript and/or protein level differences in several Qrrl genes, including Atpla2 and Kcnj9 (Hitzemann et al.
2003; Mozhui et al. 2008; Thifault et al. 2008; Boughter et al. 2012). Unfortunately, the latest available DNA
sequencing data (Mortazavi et al. 2022) within the region that we have fine-mapped contains an unusual
number of heterozygous calls that we suspect may be due to segmental one or more segmental duplications.
For simplicity’s sake, we have only reported the homozygous variant calls, none of which are located within or
near Kcnj9 or Atpla2. In fact, none of the protein-coding genes associated with the 15 homozygous variants
within the 2.45-Mb fine-mapped region (Uapl, Noslap, Duspl2, Cfap126, Nectin4, Cc48, Cd48, Cd84 - Table
S6) matched with the eQTL transcripts we identified (Fig.5A). Future long-read sequencing studies in C57BL/6
substrains should help to clarify the suspected structural variation within this region and provide insight into the
genomic source of the eQTLs we identified within this region.

One major candidate gene in which knockout affects opioid behavioral sensitivity and withdrawal is
Kcnj9, which codes for G protein-inwardly Rectifying K+ channel 3 (GIRK3, a.k.a. Kir3.3). Multiple addictive
substances acting directly (e.g., morphine) or indirectly through GPCRs to modulate GIRK3, thus unleashing
the dopaminergic reward pathway and stimulating acute and reinforcing behaviors (Rifkin et al. 2017).
Evidence indicates that morphine activates mu opioid receptors in VTA GABAergic neurons, leading to GIRK3-
mediated neuronal inhibition, disinhibition of mesolimbic dopamine neurons, and locomotor activation (Kotecki
et al. 2015). Kcnj9/GIRK3 (172.32 Mb) lies within the 170.16-172.61 Mb region, has a cis-eQTL that peaked at
the behavioral QTL, and shows a decrease in KCNJ9/GIRK3 protein in J/N (Figs.4,5). Reduced KCNJ9 protein

in J/N is predicted to reduce OXY locomotion and withdrawal, given that GIRK3 is a major effector of mu opioid
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receptor signaling and is necessary for opioid-induced locomotion (Kotecki et al. 2015), opioid antinociception
and multiple opioid withdrawal phenotypes (Cruz et al. 2008; Kozell et al. 2009). Another F2 study between
C57BL/6J and 129P3/J mapped a similar distal chromosome 1 locus for antinociception induced by multiple
Gi/Go-coupled GPCR drug classes (opioids, alpha-2 adrenergics, cannabinoids); however, when testing Kcnj9
knockouts, they found no difference in morphine antinociception (Smith et al. 2008). A portion of our 2.45-Mb
region (172,138,540-172,571,795 bp; mm10) was also identified for withdrawal induced by sedative/hypnotics
acting at the GABA-A receptor and Kcnj9 knockouts showed reduced withdrawal (handling-induced
convulsions) (Kozell et al. 2009). To summarize, Kcnj9 is a compelling positional and functional candidate
gene underlying OXY behavioral sensitivity and withdrawal.

A second positional/functional candidate within the 2.45-Mb region is Atpla2 (sodium/potassium-
transporting ATPase subunit alpha-2) which has a cis-eQTL that we validated as showing a robust increase in
protein in J/N. Atpla2 codes for a plasma membrane protein enzyme that is primarily expressed in astrocytes
and regulates Na+ and K+ concentrations across the cell membrane, thus potentially influencing resting
potential, depolarization, neurotransmitter release, and excitability local neurons. An adaptation in brain
dopamine- and norepinephrine Na+/K+ ATPase activity following chronic opioid administration is hypothesized
to contribute to changes in neuronal firing underlying opioid dependence (Desaiah & Ho 1979). For example,
short-term morphine treatment in vivo can stimulate striatal Na+/K+ ATPase activity and inhibit neuronal
depolarization via a D2 dopamine receptors and long-term morphine treatment can decrease synaptic protein
expression and activity of Na+/K+ ATPase (Prokai et al. 2005) and increase neuronal depolarization through a
D1 dopamine receptor-dependent mechanism both through cAMP/PKA-dependent mechanisms and which
ultimately depend on mu opioid receptor activation (Wu et al. 2006, 2007). Thus, repeated high-dose OXY
could induce neuronal hyperexcitability and depolarization accompanying opioid dependence (Kong et al.
2001) through an Na+/K+ ATPase-dependent mechanism (Kong et al. 1997), a physiological effect whose
magnitude could depend on genotype-dependent differences in ATP1A2 protein levels. Also, the causal genes
underlying the distal chromosome 1 QTL could be different for acute (e.g., Kcnj9) versus chronic (e.g., Atpla2)
behavioral effects of OXY or that both genes could contribute to both OXY behaviors.

We identified a second medial chromosome 5 QTL for OXY withdrawal that overlapped with the
Gabra2-containing QTL (Mulligan et al. 2019) we mapped and validated for methamphetamine stimulant
sensitivity (Goldberg et al. 2021a). Gabra2 is a compelling candidate gene for anxiety-like behavior during
opioid withdrawal, given its importance in the anxiogenic and anxiolytic properties benzodiazepine-site drugs,
alcohol dependence, and polydrug misuse (L6w et al. 2000; Engin et al. 2012). GABRAZ2-linked variants are
associated with a disrupted connectome of reward circuits and cognitive deficits in heroin users (Sun et al.
2018), polysubstance use, and alcohol dependence (Nudmamud-Thanoi et al. 2020). The Gabra2 eQTL is
mediated by a single intronic nucleotide deletion near a splice site in B6J that causes a loss-of-function
(expression) at the mRNA and protein levels (Mulligan et al. 2019). Thus, Gabra2 is a high priority candidate
gene for opioid withdrawal. Nevertheless, the peak QTL marker (rs33209545; 59.83 Mb) was more proximally

16


https://doi.org/10.1101/2024.04.16.589731
http://creativecommons.org/licenses/by-nc-nd/4.0/

74
75
76
77
78
79
30
31
32
33
34
35
36
37
38
39
30
)1
32
33
)4
35
)6
)7
38
)9
)0
)1
12
)3
)4
)5
)6
17
)8
)9

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.16.589731; this version posted September 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

located versus Gabra2 (70.93 Mb) and thus we also considered peak cis-eQTLs at 59.83 Mb (Table S5).
Candidate genes include Cpeb2, N4bp2, Gabra4, Pdgfra, and Clock. A human linkage scan of comorbid
dependence on multiple substances, including opioids, identified significant linkage with a locus containing
GABRA4, GABRB1, and CLOCK (Yang et al. 2012). Furthermore, clock genes have long been implicated in
model traits for OUD (Forde & Kalsi 2017), including opioid withdrawal (Wang et al. 2006; Li et al. 2009;
Perreau-Lenz et al. 2010; Hood et al. 2011; Roy et al. 2018; Rahmati-Dehkordi et al. 2021).

While there are many strengths to this study (fine mapping, functional analysis at RNA and protein
level), there are some limitations. First, despite our most valiant effort, we were unable to resolve the 2.45-Mb
locus any further, due to reasons described above. Second, we only conducted cis-eQTL analysis from one
tissue (striatum) and thus, additional cis-eQTLs could exist in other brain regions. We chose striatum for
practical reasons as it is large and readily amenable to RNA-seq analysis and it is rich in mu opioid receptors
that contribute to opioid-induced locomotor sensitivity (Severino et al. 2020). Third, while we obtained
functional evidence for causal sources of behavior, we do not have any obvious candidate causal quantitative
trait variants. At the moment, future validation studies of candidate genes will require modulation of gene
expression (e.g., virally-mediated) rather than germline gene editing of candidate variants.

In summary, we extended C57BL/6 substrain differences to include opioid behavioral sensitivity and
withdrawal and identified strong candidate genes on distal chromosome 1 (Kcnj9, Atpla2) through a novel
positional cloning strategy unique to reduced complexity crosses combined with multi-level functional analyses.
We also identified a chromosome 5 for opioid withdrawal, where Gabra?2 is a compelling candidate gene. Given
that C57BL/6 is the most widely used mouse strain in biomedical research and given the huge focus of
preclinical addiction research on opioids (which largely employs C57BL/6 mice), investigators should be aware
of these genetic sources of variance in opioid behaviors as they ponder which C57BL/6 substrain to use in

their opioid studies.
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FIGURE LEGENDS

Figure 1. OXY-induced locomotor activity and conditioned place preference in B6J vs. B6NJ
substrains. (A): Schematic of OXY-CPP protocol. D=Day. For all phenotypes below with the exception of
state-dependent CPP (panel G), inclusion of Sex in the model revealed no effect of Sex or interactions with
Genotype (ps>0.05); thus, data were collapsed across sexes. (B): Two-way ANOVA indicated a Dose effect
(F3,293=176.2; p<0.0001) that was explained by an increase at 1.25 vs. 0 mg/kg (**p<0.01) and at 5.0 vs. O
mg/kg (****p<0.0001) (Bonferroni). There was no Substrain effect (F1,293=1.66; p=0.20) and no interaction
(F3,293<1). Unpaired t-test between Genotypes at the 1.25 mg/kg dose indicated a significant decrease in
OXY distance in B6NJ vs. B6J (t30=2.84; p=0.008), prompting an additional analysis with 0 mg/kg (SAL) in
panel D. (C): Two-way ANOVA indicated a Dose effect (F3,291=386.2; p<0.0001) that was explained by an
increase at 1.25 vs. 0 mg/kg (***p<0.001), 5.0 vs. 0 mg/kg (****p<0.0001), 1.25 vs. 0.625 mg/kg (*p < 0.05),
and 5.0 vs. 1.25 mg/kg (****p<0.0001) (Bonferroni). There was no Substrain effect (F1,291<1) and no
interaction (F3,291=1.11; p=0.35). Unpaired t-test between Genotypes at the 1.25 mg/kg dose indicated a
significant decrease in OXY distance in B6NJ vs. B6J (t30=2.91; p=0.0068), prompting an additional analysis
with 0 mg/kg (SAL) in panel E. (D): In narrowing the focus of D2 distance to 1.25 mg/kg OXY vs. 0 mg/kg
(SAL), two-way ANOVA indicated an effect of Substrain (F1,138=14.67; p<0.001), Treatment (F1,138=167.9; p
<0.0001), and a Substrain x Treatment interaction (F1,138=12.15; p<0.001). Both substrains showed an
increase in distance traveled following OXY vs. SAL (****p<0.0001) (Tukey’s). Furthermore, B6NJ showed a
significant decrease in OXY-induced distance traveled compared to B6J (***p<0.001), with no difference
between SAL groups (p>0.05) (Tukey’s). (E): In narrowing the focus of D4 distance to SAL vs. 1.25 mg/kg
OXY for D4, there was an effect of Substrain (F1,136=20.23; p<0.0001), Treatment (F1,136=189.6; p<0.0001),
and an interaction (F1,136=26.80; p<0.0001). Both substrains showed an increase in distance traveled
following OXY vs. SAL (***p<0.0001) (Tukey’s). Furthermore, B6NJ showed a significant decrease in OXY-
induced distance traveled compared to B6J (****p<0.0001), with no difference between SAL groups (p>0.05).
(F): For drug-free OXY-CPP, there was a Dose effect (F3,293=5.52; p< 0.01) that was explained by increased
OXY-CPP at 0.6125 vs. 0 mg/kg (*p<0.05) and at 5 vs. 0 mg/kg (**p<0.01) (Bonferroni). There was no
Substrain effect (F3,293<1) and no interaction (F3,293<1). (G): For state-dependent OXY-CPP, two-way
ANOVA indicated a Dose effect (F3,269=17.56; p<0.0001) that was explained by increased OXY-CPP at 1.25
vs. 0 mg/kg (***p<0.001), 5 vs. 0 mg/kg (****p<0.0001) and 5 vs. 0.6125 mg/kg (**p<0.01) (Bonferroni). There
was no Substrain effect (F1,269<1) and no interaction (F3,269<1). (H, I): Inclusion of Sex in the ANOVA model
for state-dependent CPP revealed a Dose effect and a Substrain x Sex interaction. Females-only analysis
indicated a Dose effect (F3,134=11.11; p<0.0001) that was explained by an increase at 1.25 vs. 0 mg/kg
(**p<0.01), at 5 vs. 0 mg/kg (****p<0.0001), and at 5 vs. 0.6125 mg/kg (*p<0.05) (Bonferroni) and Substrain
effect (F1,134=5.59; p<0.05) that was explained by a significant increase in OXY-CPP in B6NJ vs. B6J at the
5.0 mg/kg OXY dose (**p<0.01) (Bonferroni). Males-only analysis indicated a Dose effect (F3,127=7.88;

p<0.0001) that was explained by a significant increase in preference at 5 vs. 0 mg/kg (****p<0.0001)
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(Bonferroni) and a Substrain effect (F1,127=5.53; p<0.05) that was not accounted for by any specific dose
(ps>0.05). Sample sizes include the following: B6J 0 mg/kg: n=56-60 (30F, 26M-30M); B6NJ 0 mg/kg: n=46-50
(26F-30F, 19M-20M); B6J 0.6125 mg/kg: n=16-24 (n=10F-14F, 6M-10M); B6NJ 0.6125 mg/kg: n=16-24 (6-
10F, 10-14M); B6J 1.25 mg/kg: n=20 (10F ,10M); B6NJ 1.25 mg/kg: n=12 (6F, 6M); B6J 5 mg/kg: n=55 (25F,
30M): n=55; B6NJ 5 mg/kg n=56 (29F, 27M).

Figure 2. QTLs on chromosomes 1 and 5 for OXY locomotion and spontaneous withdrawal. (A):
Summary of 4-week (W) protocol for F2 mice (sample sizes as indicated) and the N6-1 recombinant line
(cohort in Fig.3). (B): Summary of QTL results for six OXY-induced locomotor traits and three EPM withdrawal
traits during spontaneous OXY withdrawal. (C): Genome-wide plot of D2 and D4 OXY locomotor traits
(Distance, Spins, Rotations) following 1.25 mg/kg OXY (i.p.) during CPP training. (D): Chromosome 1 QTL plot
for D2 and D4 OXY locomotor traits. (E): Chromosome 1 effect plot for D2 OXY Distance (see Fig.S2 for
additional effect plots). (F): Genome-wide QTL plot of EPM traits during spontaneous OXY withdrawal. (G):
Chromosome 1 QTL plot for EPM withdrawal traits. (H): Chromosome 1 effect plot at peak-associated marker
for Open Arm Entries (#) (see Fig.S5 for additional effect plots). (I): Chromosome 5 plot for Open Arm Entries
(#). (J): Chromosome 5 effect plot at peak-associated marker for Open Arm Entries. Sample sizes for F2 mice
are as follows: D2, D4 SAL: n= 213 (110F, 103M). D2, D4 OXY: n=212 (114F, 98M). EPM SAL: n=118 (58F,
60M). EPM OXY: n=118 (56F, 62M).

Figure 3: Capture of the distal chromosome 1 QTL for OXY locomotion and withdrawal in the N6-1
recombinant line. (A): Schematic of the N6-1 recombinant interval spanning 163-181 Mb. Blue ticks on the x-
axis indicate marker location (Mb). Burgundy color = homozygous J/J. Mauve color = heterozygous J/N. White
color = region of uncertainty for recombination breakpoint. (B): For D2 locomotor activity (OXY), three-way
ANOVA revealed no effect of Sex or interactions of Sex with Genotype (ps >0.05); thus, data were collapsed
across sexes. There was an effect of Genotype (F1,31=11.36; p<0.01), Treatment (F1,131=63.66;
***p<0.0001), and an interaction (F1,131=4.56; p<0.05). There was a decrease in OXY-induced locomotor
activity in J/N versus J/J (***p<0.001) (Bonferroni). Both J/J and J/N OXY groups showed an increase in
locomotor activity versus their SAL counterparts (****p<0.0001,***p<0.001, respectively) (Bonferroni). (C): In
examining D4 OXY locomotion, three-way ANOVA revealed no effect of Sex or interactions of Sex with
Genotype, so data were collapsed across sexes. There was a Treatment effect (F1,131=80.00; ****p<0.0001)
but no Genotype effect (F1,131<1) and no interaction (F1,131<1). (D): In examining drug-free OXY-CPP (D8-
D1,s), there was no effect of Sex or interactions with Sex, so data were collapsed across sexes. There was a
Treatment effect (F1,130=6.91;**p<0.01) but no Genotype effect (F1,130=1.76;p=0.19) and no interaction
(F1,130<1). (E): In examining state-dependent OXY-CPP (D9-D1,s), there was no effect of Sex or interactions,
so data were collapsed across sexes. There was a Treatment effect (F1,131=5.23; *p<0.05) but no Genotype
effect (F1,131=2.84; p=0.095) and no interaction (F1,131<1), together indicating significant drug-free and
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state-dependent OXY-CPP versus SAL, irrespective of Genotype. (F): In examining antinociceptive tolerance
following a challenge dose of OXY (1.25 mg/kg, i.p.) in a subset of the same mice as used for CPP, there was
a main effect of Treatment (F1,268=41.97; ***p<0.0001) and Time (F3,268=133.54; p<0.0001), but no effect of
N6-1 Genotype or Sex (F1,268<1), and no interactions of Genotype or Sex with any other factors, indicating
significant tolerance, irrespective of N6-1 Genotype or Sex. (G-l): In examining EPM behaviors during OXY
withdrawal in the same mice as used for CPP->tolerance, there were no effects of Sex and no Genotype x Sex
interactions; thus, data were collapsed across sexes. For % Open Arm Time and Open Arm Distance (mc),
there was no effect of Genotype (F1,70<1), Treatment (F1,70<1), or interaction (F1,70<1; panel G,H). For
Open Arm Entries, while there was no Genotype effect (F1,70=1.10; p=0.30), there was a Treatment effect
(F1,70=4.90; *p=0.021) and a Genotype x Treatment interaction (F1,70=5.79; p=0.015) that was driven by a
decrease in Open Arm Entries in OXY J/J mice vs SAL J/J (*p<0.05 panel 1), with no significant difference
between J/N treatment groups (p>0.05) (Bonferroni). Sample sizes for N6-1 genotypes for panels B-E are as
follows: J/J SAL: n=26-27 (17F, 9M-10M); J/N SAL: n=30 (15F, 15M); J/J OXY: n=34 (13F, 21M); J/N OXY:
n=43-44 (18F, 25-26M). Sample sizes for N6-1 genotypes for panels F-I (subset of mice used in panels B-E)
are as follows: J/J SAL: n=18 (7F, 11M); J/N SAL: n=19-20 (8-9F, 11M); J/J OXY: n=14 (7F, 7M); J/IN OXY:
n=23 (12F, 11M).

Figure 4. Positional cloning of a 2.45 Mb region on distal chromosome 1 underlying OXY locomotor
traits in recombinant lines backcrossed to B6J. (A): Schematic of the eight congenic lines that were
phenotyped to deduce a 2.45 Mb region spanning 170.16-172.61 Mb. Blue ticks on the x-axis indicate marker
location (Mb). Burgundy color. homozygous J/J genotype. Mauve color. heterozygous J/N genotype. White
color = region of uncertainty for recombination breakpoint. “+” = captured the QTL for reduced D2 OXY
distance. “-” = failed to capture the QTL for reduced D2 OXY distance. (B-D, vertically): D1 Distance, D1
Rotations, and D1 Spins following SAL (i.p.) in eight recombinant lines. **p<0.00625. For D1 Distance (SAL,
i.p.) in N6-1, J/N showed a decrease (t48=3.35; **p=0.0016; panel B). For D1 Rotations in N6-1, J/N showed a
decrease (t148=2.87; **p=0.0061; panel C; vertically below panel B). For D1 Spins, none of the lines showed a
Genotype effect (ps > 0.038; panel D). (E-G, vertically): For D2 OXY locomotion, J/N from N6-1 and N9-8
showed a decrease (t48=4.29; ****p<0.0001, t49=4.09;***p=0.0002; panel E). For D2 OXY rotations, J/N from
N6-1 and N9-8 showed a decrease (t48=4.36; ****p<0.0001; t49=3.54;**p=0.0009; panel F; below panel E).
For D2 OXY spins, J/IN from N6-1 and N9-8 showed a decrease (t48=3.65; ***p=0.0006, t49=3.60;
***n=0.0007; panel G; vertically below panel F). Sample sizes for genotypes are as follows: N6-1: n=24 J/J
(12F, 12M), 24 J/N (9F, 15M); N5-10: n=31 J/J (13F, 18M), 26 J/N (15F, 11M); N5-11: n=43 J/J (15F, 28M), 29
J/N (9F, 20M); N5-8: N=23 J/J (14F, 9M), 30 J/N (14F, 16M); N7-15: n=35 J/J (23F, 12M), 26 J/N (11F, 15M);
N8-7 (N9-2,3,4): n=22 J/J (12F, 10M), 24 J/IN (12F, 12M); N9-5: n=25 J/J (14F, 11M), 43 J/N (20F, 23M); N9-8
(N10-4,5): n=24 J/J (10F, 14M), 27 J/N (10F, 14M).
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Figure 5. Protein analysis of striatal cis-eQTL transcripts within or distal to the fine-mapped 2.45 Mb
region (chromosome 1: 170.16-172.61 Mb) for D2 OXY locomotor traits. (A): Striatal cis-eQTL transcripts
within the 170.16-172.61 Mb interval (Pcprll, Atpla2, Kcnj9, and Igsf9) and just distal to this region (Cadma3,
Aim2, and Rgs7). See Table S4 for the full list of cis-eQTLs showing a peak association with rs51237371
(181.32 Mb). (B-H): Immunoblot analysis of proteins coded by candidate genes within the 2.45 Mb region on
distal chromosome 1. There was an increase in ATP1A2 immunostaining in J/N (t22=4.59; **p=0.00014;
panel C) and a decrease in KCNJ9 immumostaining in J/N (t18=2.21; *p=0.04; panel D). There was no
difference with PCP4L1 (t22=1.02; p=0.32) or IGSF9 (t22<1; panel E). We assayed 3 additional proteins
encoded by transcripts with cis-eQTLs that were distal to the fine-mapped 2.45 Mb locus (CADMS3, AIM2,
RGS7; panels F-H). There was an increase in AIM2 in J/N (t22=3.57; **p=0.0017; panel G) and a trend for
RGS7 (t19=1.80; p=0.088; panel H; discussed in Supplementary Material). There was no genotypic
difference with CADMS3 (t22=1.45; p=0.16; panel F). For ATP1A2, PCP4L1, IGSF9, AIM2, and CADMS3: n=11
JIJ (3F, 8M); n=13 J/IN (5F, 8M). For KCNJ9, n=11J/J (3F, 8M), n=12 J/IN (5F, 7M). For RGS7, n=8 J/J (3F,
5M), n=12 J/N (5F, 7M).
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