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Abstract

Substance use disorder (SUD) is associated with a cluster of cognitive disturbances that engender
vulnerability to ongoing drug seeking and relapse. Two of these endophenotypes—risky decision-
making and impulsivity—are amplified in individuals with substance use disorder and are augmented
by repeated exposure to illicit drugs. Identifying genetic factors underlying variability in these traits is
critical for early identification, prevention, and treatment of SUD-vulnerable individuals. Here, we
compared risky decision-making and different facets of impulsivity between two fully inbred substrains
of Lewis rats—LEW/NCrl and LEW/NHsd. We performed whole genome sequencing of both substrain
to identify almost all relevant variants. We observed substantial differences in risky decision-making
and impulsive behaviors. Relative to LEW/HHsd, the LEW/NCrl substrain accepts higher risk options
in a decision-making task and higher rates of premature responses in the differential reinforcement of
low rates of responding (DRL) task. These phenotypic differences were more pronounced in females
than males. We defined a total of ~9,000 polymorphisms between these substrains at 40X whole
genome short-read coverage. Roughly half of variants are located within a single 1.5 Mb region of
chromosome 8, but none impact protein-coding regions. In contrast, other variants are widely
distributed, and of these 38 are predicted to cause protein-coding variants. In conclusion, Lewis rat
substrains differ significantly in risk-taking and impulsivity and only a small number of easily mapped
variants are likely to be causal. Sequencing combined with a reduced complexity cross (RCC) should
enable identification of one or more variants underlying multiple complex addiction-relevant traits.


https://doi.org/10.1101/2022.08.01.501451
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.01.501451; this version posted August 3, 2022. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 4.0 International license.

Introduction

Substance use disorder (SUD) is associated with a cluster of cognitive disturbances that engender
vulnerability to ongoing drug seeking and relapse *~°. Two of these endophenotypes—risk-taking and
impulsivity—are predictive of substance use vulnerability and are augmented by repeated drug
exposure **. Identifying the genetic factors underlying variability in these behavioral tendencies is
important for understanding the molecular mechanisms driving these behaviors and is critical for early
identification and ongoing treatment of SUD-vulnerable individuals.

To enable forward genetic strategies capable of identifying genetic loci and gene variants involved in
risk-taking and impulsivity, it is first necessary to establish the heritability of traits in an appropriate
rodent mapping population. Traditional mapping populations involve F2 intercrosses between
genetically divergent inbred strains or outbred populations, both of which are segregating millions of
variants. In both cases, identification of causal genes and variants responsible for trait variance is
difficult. In F2 families, a low level of recombination combined with a large number of sequence
variants makes it nearly impossible to identify causal QTG within each large (20 to 40 Mb) quantitative
trait locus (QTL). In outbred populations, association or linkage mapping may identify a handful of
candidates and associated variants or much smaller (1 to 2 Mb). However, the number of markers and
individuals required for well powered mapping in outbred populations is at least 10 times higher than
that needed to map using a standard F2 cross.

To address this, we quantified trait variation and heritability in substrains of rats from the inbred Lewis
strain, which were developed from Wistar stock and became commercially available in the 1950s.
Critically, the Lewis strain has been used in many studies of drug addiction-relevant traits ™.
Rather than compare Lewis rats with another highly genetically divergent inbred strain, we obtained
cohorts of Lewis rats from different breeders: Charles River Laboratories and Envigo. As both strains
were initially derived from a recent common ancestor, the low genetic diversity among strains is ideal
for genetic mapping using a Reduced Complexity Cross (RCC) design *®. RCCs are generated by
intercrossing strains with highly similar genetic backgrounds to generate an F2 mapping population
that segregates orders of magnitude fewer variants compared with crosses generated from more
divergent strains. Large QTL intervals remain in the RCC but are no longer a barrier to QTG
identification because the total number of variants is now vastly reduced—in some instances down to a
single candidate gene *°. In addition, the low number of background variants can increase the effect of
a single gene variant on trait variation, decreasing the number of individuals needed to detect a QTL
18 For these reasons, the RCC is an efficient strategy to identify QTGs in intercrosses derived from
strains exhibiting low genetic diversity.

In the current study, we compared risky decision-making, distinct facets of impulsivity, and genetic
background between Lewis rats obtained from Charles River (LEW/NCrl) and Envigo (LEW/NHsd). All
subjects were obtained from their respective vendors and then bred in house for one generation to
eliminate the influence of environment and shipping. Risky decision-making was measured using the
RDT?°?! impulsive choice using the delay discounting task (DD) *%*, and impulsive action using the
Differential Reinforcement of Low Rate (DRL) task ?*?°. Finally, we performed whole-genome
sequencing of Lewis rats from both vendors to identify gene variants between substrains, as well as
the distribution of these variants across chromosomes. The goal of these experiments was to
determine if near isogenic inbred strains differ in SUD-relevant behaviors , if risk-taking and impulsivity
are correlated within strain, and if these phenotypes have strong heritability for genetic mapping
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studies. This investigation will enable future RCC mapping studies identifying the genetic variants
underlying risk-taking and impulsivity in Lewis substrains.

Methods
Subjects

To ensure identical breeding protocols and developmental environment, all subjects were bred in
house using breeding pairs of Lewis rats obtained from either Charles River (Raleigh, NC) or Envigo
(Indianapolis, IN). Charles River breeders (4 pairs) produced 27 pups (male, n = 13; female, n = 14)
and Envigo breeders (4 pairs) produced 19 pups (male, n = 10; female, n = 9). At postnatal day 21,
subjects were separated from dams and either pair or triple housed with subjects from their litter. Rats
were housed in a 12-hour light/dark cycle (lights off at 8 a.m.), with all behavioral testing occurring
during the dark cycle. When subjects reached post natal day (PND) 115, rats were food restricted to
maintain 85% of free feeding weight with ad libitum access to water. All procedures were conducted in
accordance with the University of Memphis Institutional Animal Care and Use Committee. While all
subjects were trained in RDT, a subset of subjects did not complete delay discounting (n = 8) and DRL
(n = 6) due to laboratory shutdown during the 2020 COVID-19 pandemic.

Behavioral Apparatus

Operant chambers (Med Associates) were housed in sound attenuating cubicles. Each was
equipped with a food pellet delivery trough illuminated by a 1.12 W lamp and fitted with a photobeam
to detect head entries located in the center of the right wall 2 cm above the floor. On either side of the
food trough there were two retractable levers located 11 cm above the floor. A 1.12 W house light was
mounted on the left side wall, with a circular nose poke port equipped with a light and photo beam to
detect entry directly underneath. Floors of the testing chambers consisted of steel rods connected to a
shock generator that delivered scrambled foot shocks. Locomotor activity was measured during each
session with infrared activity monitors located on either side of the chamber above the floor. All
chambers were interfaced with a computer running custom-written codes through MedPC software
(Med Associates) to control external cues and behavioral events.

Behavioral Experiments

All subjects were trained in the 1) risky decision-making task (RDT) used to measure risk-
taking, 2) delay discounting task (DD) used to measure impulsive choice, and 3) Differential
Reinforcement of Low Rates of Responding (DRL) task used to measure impulsive action. To prevent
task order or carryover effects, the order sequence of these three tasks was counterbalanced across
subjects.

Instrumental Shaping

One day prior to training, all subjects were habituated in operant chambers for 5 minutes and
sucrose pellet reinforcers used in behavioral experiments were placed into home cages to reduce
neophobia. The following day, subjects began magazine training wherein 38 sucrose pellets were
delivered to the food trough over 64 minutes. Following pellet delivery, the food trough remained
illuminated until collection. Once subjects consumed the majority of pellets, they began instrumental
response training.
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Prior to DD or RDT, subjects learned to press a lever to receive a pellet. Upon completing 50 lever
presses, subjects trained on the opposite lever. The order of levers trained was counterbalanced
across subjects. After training on each lever, in a separate session subjects learned to enter the food
trough when it was illuminated to cause one of the two levers to extend, which they could then press to
receive a pellet reinforcer. Failure to initiate the trial or press a lever upon extension within 10s of
stimulus presentation resulted in an omission. Levers were extended in a pseudorandom order until
subjects completed 35 successful trials on each lever.

The final phase of shaping for either RDT or DD, reward magnitude discrimination, began with a
similar design (nosepoke into lit trough to trigger lever extension), except one lever delivered a large,
three pellet reward and other delivered a single pellet. After four trials of “forced choice trials” with
each lever in isolation, rats were given 10 “free choice” trials in which both the small and large reward
levers were extended. A press on either lever resulted in both levers retracting and delivery of the
chosen reward, followed by a 10 + 4 s second intertrial interval (ITl). Once rats displayed consistent
preference for the large reward lever, they began training in either RDT or DD. Importantly, the identity
of the large reward lever remained consistent across tasks.

Prior to DRL, subjects trained in a Fixed Ratio (FR)-1 protocol in which a single nosepoke into an
illuminated port elicited pellet delivery. After each successful nose poke, the food trough was
illuminated upon pellet delivery and remained on until subjects collected the reinforcer. The nosepoke
port remained illuminated throughout the task until subjects completed 50 responses or 30 minutes
had elapsed, after which the session concluded and all lights were extinguished. After receiving 50
pellets in a 30 minute session, the nose poke responses switched from an FR-1 schedule to DRL-5,
and then to DRL-10 (See Methods: Impulsive Action for detailed DRL protocols).

Risky Decision-Making

Risky decision-making was measured using the risky decision-making task (RDT) ?®?’. Subjects
chose between a small reinforcer (one sucrose pellet) and a large reinforcer (three pellets)
accompanied by a risk of foot shock (one second). Risk of foot shock increased throughout the
session (0, 25, 50, 75, and 100% risk of shock) across five consecutive 18 trial blocks. Each block
began with eight forced-choice trials in which a head entry to an illuminated food trough caused the
lever associated with either the small or large, risky option to extend and the trough light to extinguish.
Pressing this lever resulted in immediate delivery of the corresponding reinforcer, retraction of the
lever, and reillumination of the food trough for 10 s or until pellet collection. The four forced-choice
trials at the beginning of each block (with levers presented in pseudo-random order) enabled subjects
to acquire the new risk/reward contingency. Forced choice trials were followed by ten free choice trials
in which the levers associated with each outcome were presented in tandem, allowing subjects to
choose between the small, safe or large, risky options. Each trial was separated by a 10 £ 4 s ITl in
which the house and trough lights were extinguished and all levers were retracted. Failure to respond
within 10 s of trough illumination or lever extension resulted in the trial being marked an omission, and
immediate progression to the ITI. Shock intensity started at 0.05 mA, then increased in 0.05mA
increments to a terminal shock level of 0.15 mA in each subsequent session. Subjects only advanced
to the next shock intensity if they completed >50% of trials in the previous session. Once reaching
.15mA, subjects trained in the RDT for 20 sessions, with average performance across the final five
sessions used for statistical analyses.
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Impulsive Choice

Impulsive choice was assessed through the DD task, which measures preference for small,
immediate over large, delayed rewards (modified from %%). Each session consisted of 5 blocks with 12
trials each. Rats were presented with a choice between two levers: one lever resulted in an immediate
one pellet reward, and the other was associated with a delayed 3 pellet reward, with delays of 0O, 4, 8,
16, and 32s preceding pellet delivery. Each block began with two forced choice trials where either the
small or large reward lever was available to establish the new delay, followed by ten free choice trials
with both levers were available 23%%2°,

Individual trials began with illumination of the food trough and house lights. Subsequent nose
poking into the food trough during this period resulted in extinguishment of the food trough light and
extension of either one lever (forced choice-trials) for two trials or both levers concurrently (free choice
trails) for ten trials. Failure to complete the trial initiation nose poke or lever press in the allotted time
was scored as an omission. A press on either lever caused immediate retraction of both levers and
immediate or delayed pellet delivery. After delivery, subjects had ten seconds to collect the pellets,
then the trial proceeded to the ITI. To prevent choice of the immediate reward from reducing the time
elapsed prior to the next trial, the ITI was adapted such that each trial lasted 60s regardless of delay
length or choice. Subjects trained in the delay discounting for 20 sessions, and an average of behavior
in the final five sessions was used for analyses.

Impulsive Action

To measure impulsive action, rats were trained in the DRL-10s task, in which they are required
to withhold a response for a set time interval before earning a reinforcer ***', Upon completing FR-1
training, as outlined in Methods: Instrumental Shaping, subjects began DRL-5s, in which they were
required to withhold a nose poke into the lit port for 5 s to receive reinforcement. Responses before
this 5 s had elapsed resulted in no reinforcer delivery and the timer being reset, effectively punishing
impulsive actions with a “time-out” period. After 10 sessions of DRL-5s, subjects proceeded to ten
sessions of DRL-10s, in which the withholding period was increased to 10 s. Each DRL session lasted
45 minutes, with no limit on total reinforcers rats could obtain. Responses made after the withholding
period had elapsed were tabulated as correct responses. Any responses prior to completion of the
withholding period were scored as incorrect responses, with responses within 3 s of the previous
response defined as burst responses.

Whole genome sequencing of Lewis Substrains

High molecular weight DNA extraction, Chromium linked reads library construction and
sequencing were conducted at the HudsonAlpha Genomic Center. Spleens of one male Lewis rat from
each vendor (Envigo and Charles River) were shipped to HudsonAlpha genomic center. The Qiagen
MagAttract HMW DNA kit was used for DNA isolation. Sequencing library was then constructed from 1
ng of high molecular weight (~ 50kb) genomic DNA using the Chromium Genome Library kit and
sequenced on lllumina Hi-Seq (150 bp PE) using manufacturer suggested protocols.

Mapping of whole genome sequencing data.

We obtained 878 and 863 million reads for the LEW/NCrl and LEW/NHsd substrains,
respectively. Among these, 93.3% of the LEW/NCrl and 92.8% of the LEW/NHsd reads were mapped
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to the mRatBN7.2 reference genome. After mapping, the mean depth of coverage (i.e. the number of
reads per base position for the entire genome) was 41.3X for LEW/NCrl and 40.3X for LEW/NHsd. For
both strains, 2.5% of the reference genome was not present in our sequencing data (i.e., zero
coverage).

Data Analysis

The primary variables of interest for all tasks were substrain (LEW/NCrl vs LEW/NHsd) and sex
(female vs male). Average performance across the final five sessions was used as an index of
performance for all three tasks, and Bivariate Pearson’s correlations were used to assess linear
relationships between tasks.

For risky decision-making, percent choice of the large, risky reward in each block was used as
an index of risk taking. For delay discounting, percent choice of the large, delayed reward was used as
an index of impulsive choice, with less choice of the large reward defined as increased impulsive
choice. In both tasks, a 3-way mixed ANOVA was conducted to identify differences based on
substrain, sex, and risk level/delay. Greenhouse-Geisser corrections were used for cases in which
Mauchly’s Test of Sphericity was violated; these analyses will be identifiable through presentation of
non-integer degrees of freedom. Interactions were investigated using the EMMEANS and Compare
subcommands within the IBM®SPSS® Statistics 26 syntax.

To provide a unitary measure of impulsive choice or risk-taking (as opposed to a multipoint
curve), we utilized geometric area under the curve (AUC). AUC was calculated as the summed area of
the trapezoids created by drawing vertical lines from the x-axis to percent choice of the large reinforcer
in the blocks 2-5 3*7**, The first block was excluded from AUC calculations to maintain focus on
conditions involving either a delay or risk, as the first block of each task contained no discounting
factors and an objectively superior choice (3 pellets vs 1 pellet). These AUC calculations were used for
correlative comparisons between tasks.

Impulsive action in DRL was calculated as correct ratio (correct choices/total choices), with
increased correct ratio indicative of lower impulsive choice. In addition, for comparison between tasks
(Figure 7), this measure was transformed to 1 — (correct responses/total responses), with a higher
score equating to greater impulsive action. A two-way ANOVA was conducted to explore differences
between the fixed factors substrain and sex as well as potential substrain x sex interactions.
Additionally, impulsive action score was compared to AUC measurements of delay discounting and
risky decision-making via Pearson’s correlations. To perform a more in depth analysis of response
patterns, each response in DRL was classified according to its associated inter-response-time (IRT;
seconds elapsed since previous response) and plotted into a distribution consisting of total responses
for 21 one second bins *. All responses over 20 s were combined into a single bin and responses with
an IRT < 1s were not included in analyses. A repeated-measures ANOVA with substrain and sex as
between-subjects factors was used to assess effects of IRT bin on responses.

We calculated narrow-sense heritability, or the contribution of additive genetic variance to
observed phenotypic variance %, as a ratio of Va/(Va+Ve) ¥, where Va is the variance of additive
genetic effects and Ve is the environmental contribution to phenotypic variance. In addition to testing
heritability of individual phenotypes, we created a composite risk-taking/impulsive action measure.
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Incorrect response ratio for DLR and % choice of risky reward were Log'® transformed, then we
calculated the mean of these scores for each subject.

Whole genome sequencing data were mapped to the mRatBN7.2 reference genome (ref:
https://wellcomeopenresearch.org/articles/6-118) using LongRanger (ver 2.2.2). DeepVariant (ver
1.0.0) was used to call SNPs and small indels from the bam files and GLnexus was used for joint
calling of variants *®. We filtered homozygotic variant calls with PHRED quality scores greater than 30
and are unique to each substrain. SnpEff (v4_3t_core) *was used for nearest gene identification and
to estimate the impact of these substrain-specific variants (e.g. missense mutations, loss or gain of
stop codon are classified as high impact; deletion in 5 UTR or nonsynonymous SNP are classified as
moderate impact; while synonymous variant in the coding region or start site are classified as low
impact). GWAS catalog *° was used to find the association of subsets of genes with psychiatric
diseases or addiction related traits in human studies. GeneCup** was used to explore a subset of
genes for their roles in addiction or psychiatric conditions documented in the literature.

Results
Risky Decision-Making

We used the RDT to measure and compare risky decision-making in male and female
LEW/NCrl (n=27) and LEW/NHsd (n=19) rats. Overall, subjects initially preferred the 3 pellet option,
then displayed a robust shift toward the safe 1 pellet option as risk of foot shock increased (F (2.929,
122.999) = 40.882, p < 0.001; Figure 1a). Male rats showed greater risk-taking than females (F (1, 42)
= 68.819, p < 0.001; Figure 1b,c), replicating previous experiments in outbred rats ***3. This sex
difference was observed in both substrains (p-values < 0.001). We also observed a block x sex
interaction (F (2.929, 122.999) = 15.223, p < 0.001), such that female subjects exhibited a sharper
decrease in risky choice than males in block 2, in which punishment risk was introduced (Figure 1b).

LEW/NCIrI displayed increased preference for risky options compared to LEW/NHsd (F (1, 42) =
17.451, p < 0.001; Figure 2a), and the block x substrain interaction approached significance (F (2.929,
122.99) = 2.437, p = 0.069). Interestingly, there was a significant substrain x sex interaction (F (1, 42) =
10.1, p = 0.003), suggesting that the substrain differences were divergent between sexes. Pairwise
comparisons revealed that female LEW/NCrl were more risk preferring than females LEW/NHsd (p <
.001; Figure 2b), while males did not differ in risk preference between substrains (p = 0.477; Figure
2c). In summary, Lewis rats obtained from Charles River showed greater risk-taking than Lewis rats
from Envigo, but this difference was localized to female subjects.

Impulsive Choice

Next, we measured impulsive choice across both sexes and substrains using a delay
discounting task. Subjects (n = 38) initially preferred the large reward choice, then shifting preference
toward the small, immediate reward as the delay preceding the large reward increased (F (2086, 70.927) =
160.289, p < 0.001; Figure 3a). Males displayed greater choice of the large reward than females (1,
34 = 10.102, p = 0.003; Figure 3b,c).
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There were no differences in impulsive choice between LEW/CRL and LEW/NHsd rats (effect of
substrain (F(1, 34)=1.978, p = .169; sex x substrain interaction: Fq, 34)= 1.886, p = .179; block x
substrain interaction: F.0s6, 70.927) = .633, p = .541; block x sex x substrain interaction: F (2086, 70.927) =
1.005, p =.374; Figure 4). While there was no block x substrain interaction, further investigations
found sex-specific substrain differences such that male LEW/NCirl discounted delayed rewards more
than male LEW/NHsd (p = 0.032), but females did not differ between substrains (p = 0.983).
Therefore, although on average LEW/CRL and LEW/NHsd subjects showed comparable delay
discounting, there was a significant strain difference evident in males.

Impulsive Action

Impulsive action was assessed in all subjects (n = 40; LEW/NHsd female = 12, LEW/NHsd
male = 11, LEW/NCrl female = 9, LEW/NCrl male = 8) using the DRL-10s. On average, subjects were
able to correctly withhold reward-seeking responses for the required 10 second period on
approximately half of all responses (M = 50.69%, SEM = 1.693%). Male rats displayed a greater
impulsivity score than females (F (1, 36) = 6.626, p = 0.014; Figure 5a). LEW/NCrl had a greater
impulsivity score than LEW/NHsd (F (1, 36) = 4.730, p = 0.036), indicative of increased impulsive action
(Figure 5b). There was no substrain x sex interaction (F (1, 36y = 2.493, p = 0.123), indicating that males
were more impulsive than females across both substrains (Figure 5c).

To further analyze DRL performance, total responses were divided into inter-response time
(IRT) bins. As expected, this revealed a main effect of time (F (2.716, 97.759) = 184.094, p < 0.001), with
the greatest proportion of responses clustered around the 9-10 and 10-11 second bins (Figure 6a). As
with impulsive action score, IRT curves differed between substrains (F (1, 36) = 4.419, p = 0.043) and
sex (F @, 36 = 26.326, p < 0.001). When collapsed across sexes, LEW/NCrl subjects displayed an IRT
curve shifted leftward from LEW/NHsd (Figure 6b) (F (2.716, 97.7509) = 2.810, p = 0.049) suggesting that
these subjects were more likely to respond prior to the 10 second point than LEW/NHsd (F (1, 36) =
4.419, p = 0.043). Therefore, the LEW/NCirl reduction in accuracy on DRL compared to LEW/NHsd
was due to increased premature responses, indicative of elevated impulsive action. This effect was
still observed when restricting analysis to only females (p = 0.008; Figure 6c), but IRT curves did not
differ between substrains in males (p = 0.820; Figure 6d), suggesting that strain differences in
impulsivity are most evident in females.

Cross Task Relationships

We compared indices of risky decision-making, impulsive choice, and impulsive action within all
subjects using Pearson’s correlations. A positive correlation existed between impulsive action
(1/correct ratio in DRL10) and risk-taking (AUC; r = -0.533, p < 0.001; Figure 7a). Impulsive choice,
measured as delay discounting AUC, was uncorrelated with both risky decision-making (r = 0.177, p =
0.287; Figure 7b) and impulsive action (r = 0.058, p = 0.754; Figure 7c).

RDT and Impulsivity Trait Heritability
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Comparing LEW/NCrl with Lew/NHsd revealed high narrow-sense heritability values for each task.
Heritability for risky decision-making, calculated based on AUC of risky choice, was 0.163. Heritability
of impulsive action, calculated using the ratio of premature responses to total responses, was 0.148.
Impulsive choice based on AUC of delayed reward choice was 0.235. Interestingly, when risky
decision-making and impulsive action were merged into a composite score, the heritability was .282,
suggesting that a common genetic source of variation underlies both of these phenotypes.

Genome Sequencing

Joint variant analysis found 6,659 SNPs (2,580 in LEW/NCrl and 4,097 in LEW/NHsd) and 2,311
indels (1,017 in LEW/NCrl and 1,294 in LEW/NHsd) that differed between the two substrains. The
mean genotype quality (PHRED) was 46.5 and the median was 49 for these variants. The distribution
of these variants on each chromosome is shown in Figure 8 (A and B). When annotated using SnpEff,
5,268 of the total variants were located in 2,107 intergenic regions. In addition, 3,522 variants were
located in the intronic regions of 1,528 genes. The classification of the remaining variants is shown in
Table 1.

Unexpectedly, chromosome (Chr) 8 contained 3,943 variants segregating between the two
Lewis substrains, which accounted for 44.0% of all variants segregating them. Excluding this region,
the two substrains differ by only 5,027 variants. To confirm this finding, we obtained another whole
genome sequencing dataset from the Lew/NCrl substrain using Illlumina WGS (Lew/NCrl_s2), and
retrieved two other Lew/NCrl samples from NIH sequence read archive ** (Lew/NCrl_s0 and
Lew/CrIBr). As shown in Figure 8c, all four Lew/NCrl samples were consistent in the number of
segregating variants on Chr 8 when compared to the Lew/NHsd sample. Further, these variants were
concentrated between 78.0-79.5 Mb (Figure 8c and inset). To ensure that the substrain differences on
Chr 8 were not technical in nature, we examined the genotype quality (Figure S1a), read depth (Figure
S1b), and the number of missing calls (Figure S1 c) on Chr 8. These results indicated that the
substrain-specific variants were unlikely to be caused by technical reasons. We also examined
structural variants (SV) reported from the linked-reads dataset. Although the final call set did not
contain any high-quality SV in this region, the raw barcode overlap from linked-read data, which were
used for SV detection, did suggest complex SVs existed on Chr 8 in the 79.0-79.5 Mb region in both
Lewis substrains (Figure S2).

Phylogenetic Analysis

We also investigated the phylogenetic relationship between the Lewis samples and other inbred
rat data found in the NIH Short Read Archive (list provided in Table S3). The phylogenetic analyses
conducted on the entire Chr 8 (Figure S3a) showed that the two Lewis substrains were closely related,
ruling out the possibility that our Lew/NHsd was a different strain of rat due to mistakes in sample
collection. The phylogenetic analysis conducted using the genomic segment between 78.0-79.5 Mb
(Figure S3b) showed that the Lew/NCrl samples were highly related to each other. Because of the lack
of genetic variants in the Lew/NCrl in this region (Figure 8c, insect), they are more closely related to
the reference strain (i.e., BN). In comparison, the Lew/NHsd was more closely related to the branch
that contained the BN and Lew/NCrl samples than other inbred rats. Lastly, we examined the number
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of variants within this region on Chr 8 that were shared between the Lewis substrains and other inbred
rat strains. We retained any pairs of strains that shared more than 30 variants in this region (Figure
S4). We found Lew/NHsd only shared 35 variants with SBN/Ygl and SBH/Y(gl strains, while Lew/NCirl
shared no variants with other strains. In summary, these analyses suggested that variants in the 78-
79.5 Mb regions were likely unique to the Lewis rats and were not due to technical or experimental
errors. A potential explanation for the enrichment of substrain-specific variants on Chr 8 was the
presence of repetitive structural variations, such as those indicated in Figure S2.

High Impact Variants

For the variants with predicted high to moderate impact (e.g., missense or frameshift), we obtained
their Gene Ontology annotation. These genes were annotated with 245 ontology categories (Table
S1). We further searched genes with predicted high, moderate, or modifier impact variants in the
human GWAS catalog®. We found 22 genes containing variants that were mapped to psychiatric or
addiction related traits (Table S2).

Discussion

These experiments revealed substantial, sex-mediated differences in addiction-relevant behavior
between LEW/NHsd and LEW/NCrl substrains of rats despite high genomic similarity. Risky decision-
making and impulsive action were increased in the LEW/NCirl strain, and these differences were most
pronounced in female subjects. Whole genome sequencing revealed that these two substrains were
only distinguished by about 9,000 genetic variants. These variants are predicted to have high to
moderate impact on 38 genes/loci. Collectively, these data indicate that the LEW/NCrl strain may
function as a rat model of elevated risk-taking and impulsivity. Moreover, the discovery of rat strains
with divergent phenotypes despite high genetic similarity will enable future identification of the genetic
basis of multiple complex addiction-relevant traits.

LEW/NHsd and LEW/NCil strains were both derived from a common ancestor, but housed at
different vendors for the past several decades (Envigo and Charles River, respectively). Therefore,
strain differences may be a result of differences in handling procedures, housing, and transport to the
research site. To control for experiential factors, all subjects were bred in house for one generation.
This supports the conclusion that strain differences in risk-taking and impulsivity are heritable and
primarily caused by genetic variability. Importantly, these data highlight the importance of maintaining
a consistent vendor within experiments or including vendor as a variable. Vendor differences in a
variety of behaviors had previously been observed in outbred and Wistar rats**>*, and some
differences were even evident between different colonies within the same vendor®. The current study
extends this to inbred Lewis rats, and also demonstrates that phenotypic differences persist even
when subjects are bred in house.

Risky Decision-making and Impulsivity between strains

Male rats showed increased propensity for risk-taking compared to females, demonstrating that
the sex differences previously observed*?*® in outbred rats (Long Evans) also translate to inbred
strains. LEW/NCrl subjects demonstrated increased risky decision-making compared to LEW/NHsd;


https://doi.org/10.1101/2022.08.01.501451
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.01.501451; this version posted August 3, 2022. 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 4.0 International license.

however, this difference was only statistically significant in females. It is possible that this sex-
specificity was caused by a ceiling effect in males, as both strains approached near complete
preference for the risky reward (Figure 2c). This may be a result of the relatively low shock intensity
used for this experiment (0.15 mA), which is lower than the amplitude used in other experiments "*°
%8 As this was the first experiment (to our knowledge) to use the RDT in inbred strains, this measure
was selected based on a pilot experiment which observed that higher shock amplitude evoked
excessive trial omissions in female subjects. Future replications with a greater shock intensity for
males may produce comparable strain differences across both sexes and increase calculated
heritability. It is also possible that this strain difference is sex-dependent, suggesting that some genetic
variants that mediate risk-taking may be located on sex chromosomes.

This experiment also replicated the comorbidity between risky decision-making and impulsive
action observed in outbred rats®. This is critical because both phenotypes are commonly observed in
addiction and other disorders, and both predict self-administration in rat models®”*°. Risky decision-
making is also predictive of cue salience and behavioral flexibility®°*. Therefore, future genetic
mapping experiments using these rat strains may be able to detect and manipulate gene variants that
drive coexpression of multiple phenotypes.

We also observed a strain difference in impulsive action. While both strains accurately achieved
peak response levels at 10-11 seconds into each trial (indicative of task acquisition), LEW/NCrl rats
performed a lower ratio of correct to incorrect trials than LEW/NHsd rats, and performed more
premature responses prior to completion of the ten second waiting period. Males were more impulsive
than females, reflected as reduced ratio of correct vs incorrect trials. As in risky decision-making, we
found that the strain difference in the task was observed primarily in female subjects. We did not
observe a significant difference between strains in impulsive choice (delay discounting), but did
observe >0.2 narrow-sense heritability of this trait, suggesting the potential for future genetic
investigation with these substrains. Surprisingly, impulsive choice had greater heritability than both
risk-taking and impulsive action, despite the lack of a significant group difference. This is likely
because differences in risk and impulsive action were restricted to female subjects. Finally, despite the
relatively low heritability for risk-taking and impulsive action, we observed that a composite score
representing both phenotypes had greater heritability than any individual behavior. This represents
compelling evidence of a common source of genetic variability underlying risk-taking and impulsivity,
both of which are endophenotypes of SUD, and demonstrates the feasibility of future genetic mapping
experiments.

Genetic differences between Lewis substrains

Using linked-read WGS data, we identified nearly 9,000 genetic variants that differentiated the
two Lewis substrains. Surprisingly, about 44% of these strain-specific variants were located in a 1.5
Mb region (78.0 - 79.5 Mb) on Chr 8, with the remaining variants distributed across all other
chromosomes. To validate this finding, we analyzed an additional previously unpublished Lew/NCrl
WGS data set, and downloaded two other Lew/NCrl WGS data sets from NCBI. These three additional
data sets were all in agreement with our Lew/NCrl sample (Figure 8, S1, S3, S4). To ensure that our
Lew/NHsd sample was indeed from a Lewis rat, we conducted a phylogenetic analysis of Chr 8 using
WGS data of 40 inbred rats. The results showed that all four Lew/NCrl samples were closely related to
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each other, while our Lew/NHsd sample was most similar to this collection of Lew/NCrl samples
(Figure S3). Although having WGS data from a second Lew/NHsd rat is needed to confirm that our
finding is applicable to all other Lew/NHsd individuals (i.e., not limited to the particular individual we
selected for sequencing), the presence of similar structural features (Figure S2) between Lew/NCrl
and Lew/NHsd suggested that the 1.5 Mb region on Chr 8 was initially a unique segregated feature
between Lewis and other strains (e.g. Figure S4) that continued to diverge at two different breeding
locations (Charles river vs Harlan/Envigo).

The genotype quality on the 1.5 Mb region with high density of variants were not different from
those in adjacent regions, suggesting that it was unlikely that the quality of sequence data contributed
to the substrain differences. Read depth, however, was higher in this region, from the two linked-read
samples, but not in other short-read samples. Linked-read data uses molecular barcodes to restrain
sequence data from the same high molecular weight DNA to be mapped next to each other, which
would provide a more accurate representation of the underlying genomes. The high read depth was
also validated in the barcode overlap view in this region. These data suggested the existence of
relatively large (e.g. 500 Kb to 1 Mb) SVs in this region of Chr 8 in the Lewis rats. Although the SV
detection pipeline did not report any high quality SV from this region, several break-ends were
suggested within this region (data not shown). Future efforts using single molecule long-read
sequencing technigues on additional Lew/NCrl and Lew/NHsd rats will more definitively resolve the
structural differences in this Chr8 region between the Lewis substrains.

Given the collection of evidence, we believe the substrain variant hotspot on Chr 8 is likely the
result of uncharacterized SVs and not due to technical artifacts or sample issues. Despite the large
number of variants localized to the Chr 8 hotspot, the overall impact on risk-taking and impulsive
behavior is likely to be low, This is due to the relatively low number (20) of genes/loci predicted to be
impacted by variants within the hotspot, most of which have no known involvement with
neuropsychiatric traits. Therefore, the phenotypic differences in risk taking and impulsivity observed
between Lewis substrains is most likely caused by one or more of the ~5,000 variants located
elsewhere in the genome beyond the Chr 8 variant hotspot.

We annotated the potential impact of strain-specific genetic variants on the expression and
function of genes. Using the literature mining application GeneCup*!, we identified several of these
impacted genes with known involvement in impulsivity and risk-taking behaviors and/or substance
abuse. For example, Rgs6, which encodes the Regulator of G Protein Signaling 6 gene, contains a
3'UTR variant in the LEW/NHsd. RGS6 variation has been associated with many psychiatric disorders
associated with risk-taking and impulsivity, including obsessive-compulsive disorder, attention deficit
hyperactivity disorder, schizophrenia, and bipolar disorder®*=®’. Many other variants were involved in
neuronal function. For example, Homer2, which has a missense variant in LEW/NHsd, and Rnf216,
which has a missense variant in LEW/NCrl, were both involved in glutamatergic synapses °®°. Most
relevant to this study, adolescent SHR/NCrl and Wistar rats showed decreased preference for the
large but delayed reward compared with WKY/NCrl rats. This strain difference was correlated with
level of Homer2 in the prefrontal cortex of these three strains. Further, treatment with methylphenidate
increased choice of the large, delayed reward, which was also accompanied by changes in mRNA
levels of Homer2. Finally, variation at the GRIN2B locus, which encodes the ionotropic glutamate
receptor subunit 2B, has been associated with risk-tolerance and risky behavior in a GWAS with over
1 million individuals™. GRIN2B variation has also been implicated in bipolar disorder, which has
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elevated impulsivity and risk taking’? in the Chinese Han"® and Ashkenazi Jewish’* populations. Other
potential genes include MAP2KS5, which was associated with bipolar disorder”, and many genes, such
as LIN28B, MSI2, HIP1R implicated in schizophrenia (Table S2).

Summary

Our study revealed significant behavioral and genomic differences between two Lewis
substrains bred in the same environment. In addition, merging risk-taking and impulsive action as a
composite score yield greater heritability than either independent measure. Given the small number of
genetic variants that segregate these two substrains, it is very likely that a reduced complexity cross®
could be used as a genetic mapping strategy to identify the causal genetic variants underlying the
substrain differences in co-expressed risk taking and impulsivity.
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Figure Captions

Figure 1: Sex differences in risky decision-making

A. Risky decision-making performance across both sexes and strains. B. Males showed greater
preference for risky rewards than females. C. Individual differences in risky decision-making. Data in
A-B depicted as meantSEM.

Figure 2: Substrain differences in risky decision-making

a. The LEW/NCirl strain showed greater risk preference than LEW/NHsd. This effect was more
pronounced in females (b) than males (c).Data depicted as mean+SEM.

Figure 3: Sex differences in delay discounting

a. Delay discounting performance across all sexes/strains. b. Females showed greater delay
discounting (indicative of impulsive choice) than females. c. Individual differences in delay discounting.
Data in a-b depicted as meantSEM.

Figure 4: Substrain differences in delay discounting

a. No significant differences in delay discounting were observed between LEW/NCrl and LEW/NHsd
strains. While there was not strain difference between females, male LEW/NCrl rats showed greater
discounting than LEW/NHsd rats. All data are meanSEM.

Figure 5: Sex and substrain differences in DRL performance.

a. Females had a higher Correct Ratio in DRI-10 than males, indicating that males are more impulsive
than females. b. LEW/NHsd rats had a higher Correct Ratio in DRL, indicating that LEW/NCrl are more
impulsive than LEW/NHsd.

Figure 6: Substrain differences in inter-response time (IRT) during DRL-10.

a. IRT curve displaying mean response distribution of all rats. b. IRT curve comparison between
strains, with LEW/NCrl showing increased early response frequency compared to LEW/NHsd,
indicative of increased impulsive action. This strain difference was more pronounced in females (c.)
than males (d.). Data depicted as mean +SEM.

Figure 7: Relationships between risk-taking, impulsive choice, and impulsive action

a. There was a positive correlation between risky choice AUC and impulsivity, such that high risk
preference in RDT predicted premature responding in DRL-10. There were no relationships between
risk-taking and impulsive choice (b.) or impulsive action and choice (c.).

Figure 8. The number of SNPs and indels unique to each Lewis substrain
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Table 1. Genes with variants segregating between Lewis substrains

Variant Type Impact
3 prime UTR variant Modifier

5 prime UTR premature start Low
codon gain

5 prime UTR variant Modifier

disruptive inframe deletion Moderate

disruptive inframe insertion ~ Moderate

downstream gene variant Modifier
frameshift variant High
missense variant Moderate

Genes

Adamts12, Bend4, Btbd9, Ccne2, Ccnyll, Ceacam3, Cgas, Cxadr,
Dppab, Edaradd, Exog, Fam83b, Grin2b, Gsta4, Inpp5f, Irf2bp2,
KIhi31, KIhI33, Lin28b, Lrrcl, Lrrig3, Maspl, Msi2, Mtol, Nkainl,
Nrg3, Pgbdl, Poclb, Ppp4r4, Prelid3a, Prr29, Prrt4, Ptms, Rgs6,
Rnf180, Scamp5, Slcl2a5, Slcl7a5, Slc38a8, Susd3, Sytl4,
Tmx4, Tpd52, Trim37, Ttl, Urb2, Vash1, Vkorclll, Zfp467

Ankrd27, Ddx43, Lrrcl, Rarb

Aatk, Acss3, Arhgap24, Ccdc85a, Cilkl, Desi2, Dppa5, Elovl5,
Fbxo9, Fndc3a, Foxol, Gsta2, Gsta5, Hacel, Hiplr, Insl5, Iqcg,
Lhb, LOC120096943, LOC303140, Lrrcl, Map2k5, Mlip, Mtcl1,
Nlrpla, Ocln, Sbkl, Sema4d, Sh3bp2, Smadl, Spats2, St8sia5,
Trio, Zfp710

Clspn
LOC102555634

Abccl2, Adamts5, Add2, Akrlb10, Antxrl, Apoa4, Apoc2, Astel,
Atp2al, Atp5mcl, Bcasz, Birc3, Bola3, Btnl10, C1gb, C2cd6,
Cacnala, Cacnb2, Cavin2, Cc2d2a, Ccnyll, Cd300ld, Cdc27,
Cdkn2c, Cebpz, Cgas, Chac2, Cilk1, Clcn7, Clec3a, Cnih4, Cntn1,
Cyp2el, Cysltr2, Ddahl, Ddx43, Defb2, Dgki, Dip2a, Dppab,
Eeflal, Efna4, Egf, Eif2b1, ElI3, Elovl5, Elp6, Enpp7, Erichl,
Exoc3ll, F8, Faml6la, Fam47e, Fam83b, Fbxo022, Fbxo9, Fgfl2,
Fktn, Fntb, Foxal, Ftl1, Gclc, Geml, Glis3, Goraspl, Gsdmc,
Gsta2, Gsta4, Gstab, Gtf2i, Gtf3c3, Hacdl, Hdhd5, Hmenl, Hrh3,
1369, Imp4, Itgax, Kcmfl, Kenj4, Ketd17, Kifl3a, Klhdc8a, KIhi31,
Lep, Lipn, Lnpep, Lrrcl, Lrrc31, Map3k8, Mcm3ap, Mir341,
Mphosph9, Mrgprf, Mtol, Mtrr, Nat2, Ndufb5, Nin, Nubpl, Nuggc,
Olr1257, OIr1439, OIr1482, OIr1608, OIr1680, OlIr1692, OIr606,
OIr712, OIr810, OIr823, Ooep, Otp, Otulinl, P4hal, Pard6b, Pbp2,
Pdgfb, Pigs, Plppl, Pmp22, Prkn, PrI7a3, Prp2, Ptgis, Ptpa,
Ptpnl13, Rabacl, Rad51b, Retnlg, RGD1559724, RGD1561143,
RGD1562641, RGD1565088, RGD1565566, RGD1565611, Rgs3,
Rnf150, Rnf187, Rnpc3, Rpgripll, Sacs, Sap130, Scnl0a, Scrt2,
Selll, Selenop, Septinl4, Septin8, Shank2, Slc17a5, Slc46a2,
SlIc5a3, Slc6al8, Smiml15, Smoc2, Snora58, Sosl, Supt20h,
Supt3h, Swi5, Syt10, Tcpllll, Tex21, Tmem106c, Trim9, Usp30,
Uts2r, Wars2, Zdhhc12, Zfp516, Zmat3 and 124 LOC genes

RGD1562029, Slfn4, Trpc6

Aldhbsal, Cbs, Cd207, Cgas, Cilk1, Dclk3, Exocl, F8, Fam83b,
Fbxo25, Fhod3, Fndcl, Geml, Glra4, Hipk3, Homer2, Klhl14,
Klhi31, Lix1l, LOC102556098, LOC103691272, LOC120102902,
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non coding transcript exon
variant

start lost

synonymous variant

upstream gene variant

Modifier

High

Low

Modifier

Map3k20, Mtol, Mucl16, Navl, OIr1695, Ooep, RGD1562029,
Rnf216, Tvp23a, Trpc6, Zfp27

14 LOC genes

RGD1564956

Adcy7, Arhgef28, Brf2, Cds1, Celsr2, Cgas, Cilk1, Cit, Cryga,
Ctu2, Dcc, Fam83b, Fbxo9, Fgfl6, Gclc, Geml, Gstaz2, Ip6k3,
KIhi26, LOC102556098, LOC679960, Lrrcl, Mat2a, Mlip, Mto1,
Rapgef2, Rc3h2, Sicl7a5, Slfn4, Tmem245, Zfpm2

Acotb, Acss3, Actb, Adamts13, Adgri2, Adk, Agpat2, Aifm2, Ajm1,
Akap10, Aldh1lbl, Anapc5, Arhgdia, Arhgef28, Arid4a, Asbl,
Aspn, Asxl1, Atpla4, AtpSmcl, AtpSme, Atp6vOal, B4galt4,
Bnip3l, Bri3, Btbd16, Btrc, Cal4, Cadps2, Ccdc30, Ccl28, Ccnl2,
Ccr6, Cdk14, Cenpn, Cepl70b, Cgas, Cilkl, Cldn24, Cnnm3,
Cntln, Coll6al, Cpa4, Cpne5, Ctxn3, Cyp2c22, Cyp3a62, Dcdc2b,
Ddbl, Ddx31, Ddx43, Deptor, Dip2a, Dis3I2, Dnahl, Dolk, Dppa5,
Dst, Dusp2, Ecscr, Eeflal, Elovl5, Erall, Ercc4, Esd, Fam168a,
Fam217a, Fancg, Fat3, Fbxo9, G3bp2, Gclc, Gem1, Gdpds, Gfral,
Gnaz, Gpcb, Gprl6l, Gsta2, Gstad, Gstab, Hertr2, Hdgfl3,
Histlh2ak, Hnfla, Hoxc4, Hpdl, Htr5b, Il5ra, Itinl, Itpr3, Kat7,
Kcnel, Kcnmb4, KIhi31, Krt26, L3mbtl3, Ldlrad4, Lgmn, Lims1,
Lpar3, Lratd2, Lrfnl, Lrfn2, Lrrcl, Ly49i3, Madd, Mboat4, Mdm4,
Me3, Meil, Meplb, Mettl4, Mirl124-2, Mir301b, Mir331, Mlip,
Mrpl39, Ms4a6bl, Msl2, Myo18b, Nat8f4, Nbeall, Obp2h, OIr1195,
OlIr1228, OIr1260, OIr1271, OIr1334, OIr1392, OIr1398, OIr1399,
OIr1450, OIr1451, OIr1626, OIr1692, OIlr1702, Olr4, Olr415,
OIr720, OIr789, OIr795, OIr850, Ooep, P22k15, P2ry13, Pagl,
Parp2, Pax3, Pcca, Pccb, Pde4db, Pdkl, Pex11g, Phip, Pkia,
Plekhb2, Plekhfl, Ppargcla, Prl5al, Prok2, Ptgds, Rab15, Rab38,
Rab39a, Rabgapll, Racl, Rad50, Ralgps2, Rbfox1, Rbm20,
Rbm42, RGD1305110, RGD1560146, RGD1560826,
RGD1563060, RGD1564171, Rgs7, Rhbdd3, Rnf185, Rnf215,
Rpl38, RT1-A3, Runxltl, Scaper, Selll3, Sema3a, Setd5, Sf3b5,
Sfpq, Sftpal, Sh3bpl, Shkbpl, Shid2, Sill, Slc17a5, Slc2al2,
Slc2a8, Slc44al, Slc44a5, Slcdall, Slc6al3, Slc7a7, Snhgll,
Sorcs3, Spintsp, Srsfb, Sshl, Stl14, St3gal3, Stx4, Sypll, Sypl2,
Sytl6, Tafl2, Tagin2, Tapl, Thkbpl, Tcergll, Tcta, TIr9, Tmal6,
Tmem?210, Tmem40, Tnfaip3, Tnpol, Ttcl6, Ttc24, Ttl, Tyms,
Ubac2, Ubiadl, Ufl1, Usp32, Vcan, Vezt, Vnnl, Vom1r38,
Vom1r81, Vom2r37, Vom2r60, Vpsl16, Vps25, Wdr82, Zc3h6,
Zdhhcl7, Zfpl42, Zfp414, Zfyvel9, Zmatd, Zmiz2, Znf48 and 126
LOC genes
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