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ABSTRACT
Addiction vulnerability is associated with the tendency to attribute incentive salience to reward predictive cues. Both addiction 
and the attribution of incentive salience are influenced by environmental and genetic factors. To characterize the genetic contri-
butions to incentive salience attribution, we performed a genome-wide association study (GWAS) in a cohort of 1596 heterogene-
ous stock (HS) rats. Rats underwent a Pavlovian conditioned approach task that characterized the responses to food-associated 
stimuli (“cues”). Responses ranged from cue-directed “sign-tracking” behavior to food-cup directed “goal-tracking” behavior (12 
measures, SNP heritability: 0.051–0.215). Next, rats performed novel operant responses for unrewarded presentations of the cue 
using the conditioned reinforcement procedure. GWAS identified 14 quantitative trait loci (QTLs) for 11 of the 12 traits across 
both tasks. Interval sizes of these QTLs varied widely. Seven traits shared a QTL on chromosome 1 that contained a few genes 
(e.g., Tenm4, Mir708) that have been associated with substance use disorders and other psychiatric disorders in humans. Other 
candidate genes (e.g., Wnt11, Pak1) in this region had coding variants and expression-QTLs in mesocorticolimbic regions of the 
brain. We also conducted a Phenome-Wide Association Study (PheWAS) on addiction-related behaviors in HS rats and found that 
the QTL on chromosome 1 was also associated with nicotine self-administration in a separate cohort of HS rats. These results 
provide a starting point for the molecular genetic dissection of incentive motivational processes and provide further support for 
a relationship between the attribution of incentive salience and drug abuse-related traits.
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1   |   Introduction

Addiction vulnerability is influenced by genetic and environ-
mental factors. These factors are thought to include differences 
in cognitive and motivated behaviors, such as the tendency to 
attribute incentive value to reward cues [1–3], novelty seeking 
[4–6], locomotor response to novelty [7–9], and impulsivity 
[10–13]. Thus, a major avenue for understanding the genetics of 
addiction vulnerability is to delineate the genetic basis of these 
addiction-related traits.

Sensitivity to reward-paired stimuli is a particularly import-
ant addiction-related trait [14, 15] because incentive cues can 
instigate the craving and drug motivation that lead to relapse 
[16–19]. In rats, the incentive value of cues can be measured 
using a Pavlovian conditioned approach (PavCA) procedure, 
which measures individuals' conditioned responses to a food-
predictive reward cue. Some rats (“sign-trackers”; ST) show a 
strong tendency to approach and interact with cues that have 
become associated with a food reward, whereas others (“goal-
trackers”; GT) instead approach and interact with the food-
delivery location [20–23]. Thus, in sign-trackers, cues acquire 
incentive salience, as indicated by the extent to which cues 
elicit approach and become reinforcing [14]. Sign-trackers also 
show heightened responses to cocaine cues [1], are sensitive 
to the ability of cocaine cues to support drug-taking [24], and 
motivate cocaine and nicotine seeking [2, 3, 25]. Sign-tracking 
is therefore an easily observed measure of cue-responsivity 
that predicts the effects of cues on several addiction-related 
traits [26].

Although there is substantial variability in the tendency to sign- 
or goal-track within outbred rat populations [27–29], few studies 
have examined the genetic basis for variation in the tendency to 
attribute incentive salience to reward cues [27, 30]. To address 
this knowledge gap, we conducted a genome-wide association 
study (GWAS) of PavCA to determine the genetic underpin-
nings of sign- and goal-tracking in a large population (n = 1596) 
of heterogeneous stock rats (HS) [31, 32]. HS rats were selected 
because of their high genotypic and phenotypic variability, as 
well as the many complementary resources available for this 
population [33, 34]. We have used data from this same cohort of 
HS rats previously to compare sign- and goal-tracking to other 
drug-associated traits, including responses to cocaine and co-
caine cues [29].

2   |   Materials and Methods

2.1   |   Subjects

Subjects were NMcwi:HS rats (RRID:RGD_2314009; formerly 
known as N:NIH; N:NIH-HS; hereafter referred to as HS) 
that were shipped to the University at Buffalo from the lab-
oratory of Dr. Leah Solberg Woods at the Medical College of 
Wisconsin. HS rats were originally established at the NIH by 
interbreeding eight inbred strains (ACI/N, BN/SsN, BUF/N, 
F344/N, M520/N, MR/N, WKY/N, and WN/N [31, 34]). To 
preserve genetic diversity, HS rats have been maintained by 
various laboratories, using dozens of breeding pairs per gen-
eration, in conjunction with various breeding schemes that 

were designed to minimize inbreeding. Wherever possible, no 
more than one male and one female per rat litter were used in 
this study. This limited the use of closely related individuals, 
thereby increasing statistical power in GWAS studies. This 
study used n = 1596 HS rats from generations 71–88. Several 
rats were dropped from analysis (range: n = 1–9) due to data 
collection error for some measures.

Rats were shipped at approximately 33 days of age to the 
University at Buffalo, where they underwent 14 days of quar-
antine before being sent to the Clinical Research Institute on 
Addictions (CRIA) at the University at Buffalo. Rats of the same 
sex were pair-housed in plastic cages (42.5 × 22.5 × 19.25 cm) 
containing sawdust bedding (Aspen Shavings) in a temperature-
controlled vivarium (22°C ± 1°C) with continuous access to 
water and food (Harlan Teklad Laboratory Diet #8604, Harlan 
Inc., Indianapolis, IN, USA). No environmental enrichment was 
provided. Rats underwent behavioral testing at the CRIA before 
being transferred to the University at Buffalo's North Campus 
by laboratory animal facility staff (25-min by car). Traits mea-
sured during testing at the CRIA are being prepared for a sep-
arate publication and include tests for locomotor activity, light 
reinforcement, choice reaction time task, patch-depletion for-
aging test, and social reinforcement (Described in: [35]). Rats 
were acclimatized for a minimum of 7 days following transfer 
to North Campus, during which time they were handled daily. 
Rats were maintained on a reverse light/dark cycle at both CRIA 
and the University at Buffalo (lights off at 7:30 am) and were 
tested a minimum of 1-h following the onset of the dark cycle. 
PavCA testing began on average at PND162, range 140–204 in 16 
batches, with each batch containing 7 groups of between 6 and 
16 subjects per group. All studies were conducted according to 
the National Research Council (2003) “Guidelines for the Care 
and Use of Mammals in Neuroscience and Behavioral Research” 
and approved by the University at Buffalo Institutional Animal 
Care and Use Committees.

2.2   |   Procedure and Apparatus

Pavlovian conditioned approach (PavCA). Rats were tested in 
16 modular testing chambers (20.5 × 24.1 cm floor area, 29.2 cm 
high; MED-Associates Inc., St. Albans, VT). These cham-
bers were housed in custom-built enclosures to attenuate exter-
nal light and sound, and were outfitted with fans that provided 
ventilation and background noise (A&B Display Systems, Bay 
City, MI). During PavCA, rats learned the association between 
the presentation of a ~45 mg banana-flavored food pellet and a 
conditioned stimulus (CS) (a backlit lever-CS) over 5 sessions. 
Prior to testing, rats were exposed to the flavored food pellets 
in their home cage for 2 days (~25 pellets per day; Bio-Serv, 
Flemington, NJ, #F0059). Next, rats underwent a single day of 
food cup training, which included a 5-min chamber habituation 
before receiving 25 pellets delivered into an infrared photobeam-
equipped food cup, or “magazine” on a variable interval (VI)-
30 s (1–60 s range) schedule. Details about the testing apparatus 
and equipment can be found on Open Behavior (https://​edspa​ce.​
ameri​can.​edu/​openb​ehavi​or/​proje​ct/​pavca/​​).

Rats then received five daily conditioning sessions in which 
they received 25 lever-food pairings, with each food pellet 

https://edspace.american.edu/openbehavior/project/pavca/
https://edspace.american.edu/openbehavior/project/pavca/
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delivery preceded by the presentation of a retractable backlit 
lever for 8 s. During testing, chambers were illuminated by a 
red light (27 cm high) on the back wall of the testing appara-
tus, and retractable levers were situated on either the left or 
right side of the food cup (2 cm length, 6 cm above floor). Lever 
presses and head entries into the food cup had no programmed 
consequences. Each lever-food pellet trial was separated on a 
VI-90 schedule (30–150 s range) such that sessions lasted an 
average of 37.5 min. A summary of the testing procedure is 
available on protocols.io (https://​doi.​org/​10.​17504/​​proto​cols.​
io.​x54v9​yjx4g​3e/​v1; [36]).

Conditioned reinforcement (CRf). CRf was conducted the day 
after the final Pavlovian conditioning session and was used 
to assess the effectiveness of the lever-CS to reinforce a new 
instrumental response. Testing was conducted in the same 
chamber as PavCA, although the devices inside the chamber 
were organized differently. Specifically, the retractable lever 
was moved to the center of the instrument panel, and the food 
cup was removed entirely. On either side of the lever were 
two nose poke ports with head-entry detectors. Each of the 
two nose poke ports was assigned as either active or inactive. 
Entries into the active port resulted in a 3-s delivery of the 
lever-CS. Responses in the inactive port had no programmed 
consequences. Sessions lasted 40 min. All data for PavCA and 
CRf were collected using the Med-PC IV software package 
(version 4.2, build 56).

2.3   |   Behavioral Measures

We examined lever- and food-cup directed behavior during 
PavCA sessions. Approach to the lever was operationalized by 
incidental lever deflections (i.e., lever contacts) whereas ap-
proach to the food cup was operationalized as food cup entries 
(food-cup contacts) during each of the 25 trials. Food cup en-
tries during the inter-trial interval period were also recorded. 
For each trial, the latency to deflect the lever or enter the food 
cup was also recorded. Previously, we have used these measures 
to calculate a general tendency to engage with the lever (“sign-
tracking”) or food cup (“goal-tracking”) by calculating the 
PavCA index [23]. The index contains several calculated mea-
sures: (1) The probability differential of contact with the lever 
versus food cup during each CS period (average probability of a 
lever contact on a given CS trial − average probability of a food-
cup contact on a given CS trial), (2) the response bias directed 
towards either the lever or the food cup ([# lever contacts − # 
food-cup contacts]/[# lever + # food-cup contacts]), and finally 
(3) a latency score across trials to initiate contact with either 
the lever or food cup (food-cup latency − lever latency/8). The 
PavCA index was computed by averaging these three measures, 
yielding a value from −1 to 1, with −1 reflecting an exclusive 
tendency to goal-tracking and 1 reflecting an exclusive tendency 
to sign-track.

For CRf the primary measures were total active and inactive 
responses, total earned lever reinforcers, total lever deflections, 
and an incentive value index ([responses in active port − re-
sponses in inactive port]/lever contacts). We chose to separately 
examine total lever deflections and lever deflections corrected 
for total responses because we have previously shown that 

these measures are more strongly correlated to the PavCA index 
[28, 29].

2.4   |   Selection of Measures

We focused on a battery of 12 measures that reflected key ter-
minal (i.e., session 5) indicators of sign- and goal-tracking 
during PavCA (shown in Table 1a) and CRf (shown in Table 1b). 
Descriptions of each measure and SNP heritability estimates 
(discussed later) are also shown in Table 1. We have shown pre-
viously that this set of 12 behaviors is stable by the end of condi-
tioning and most directly related to the sign- and goal-tracking 
phenotypes [29].

2.5   |   Tissue Collection and Genotyping

Upon completion of behavioral testing, spleens were collected 
from each rat and then sent to the University of California 
San Diego for genotyping [37, 38]. This genotyping produced 
3,400,759 single-nucleotide polymorphisms (SNPs) with an es-
timated error rate of less than 1%. All coordinates are based on 
the Rnor_6.0 assembly (Accession number GCA_000001895.4) 
of the rat genome. The sex chromosomes (X and Y) and mito-
chondria were not genotyped.

2.6   |   Statistical Analysis

2.6.1   |   Phenotypic and Genetic Correlations, 
Heritability Estimates

To address the non-normal distribution of several of the traits 
(phenotypic distributions are available online at the UC San 
Diego Library Digital Collections at https://​doi.​org/​10.​6075/​
J0MW2HG7; [39]), and to remove potential sex differences, each 
trait was quantile-normalized separately for males and females. 
The quantile normalization procedure randomly breaks “ties” 
such that when two or more individuals have identical values, 
they are assigned different values. Other covariates, including 
age, batch number, and testing apparatus, were examined for 
each trait (available in Supporting Information S1), and regres-
sion was used to correct for covariate effects if they explained 
more than 2% of the variance. Age did not explain more than 
2% of the variance. However, two batches covaried with lever 
presses during CRf (5.0% and 2.02%, respectively) and the result-
ing residuals were quantile-normalized again before being used 
for GWAS. The Spearman test was used for phenotypic correla-
tions. SNP heritability estimates were obtained using the REML 
method, and genetic correlations between traits were computed 
through bivariate GREML analysis, both performed with GCTA 
[40, 41].

2.6.2   |   Genome-Wide Association Analysis

To perform GWAS, we used a linear mixed model, as imple-
mented in GCTA [40, 41], using all SNP genotypes to create 
a genetic relatedness matrices (GRM) which accounted for 
the complex familial relationships that are characteristic of 

https://doi.org/10.17504/protocols.io.x54v9yjx4g3e/v1
https://doi.org/10.17504/protocols.io.x54v9yjx4g3e/v1
https://doi.org/10.6075/J0MW2HG7
https://doi.org/10.6075/J0MW2HG7
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laboratory populations like the HS rats. We used the Leave 
One Chromosome Out (LOCO) method to avoid proximal 
contamination [42, 43]. Using permutation for a genome-wide 
alpha of 5%, the significance threshold was −log(p) > 5.95, and 
for a genome-wide alpha of 10%, it was −log(p) > 5.67. Because 
all traits were quantile normalized, a single permutation anal-
ysis could be used for all traits and the same threshold could 
be used [44]. Quantitative trait loci (QTLs) were identified 
by scanning each chromosome for SNPs that exceeded the 
permutation-derived threshold. To avoid spurious results, we 
required that each QTL be supported by at least one additional 
SNP within 0.5 Mb that had a p-value within 2 − log10(p) units. 
To detect multiple significant loci on the same chromosome, 
we initially selected the most significant SNP on a given chro-
mosome. We then used that SNP as a covariate and performed 
a second scan of the same chromosome to determine whether 
there was a second significant and conditionally independent 
QTL on the same chromosome. If necessary, we would have 
continued to repeat this process until no further significant 
QTLs were detected on the chromosome in question. This 
procedure was performed for each autosome. For simplicity 
and ease of illustration, these conditional analyses are shown 
as Manhattan plots, which depict the initial scan prior to any 
conditional analysis.

3   |   Results

Multiple measures of sign- and goal-tracking were collected 
across the five sessions of conditioning. We focused on the 
final session of conditioning (session 5), which most directly 
reflects the stable sign- and goal-tracking phenotype. For CRf, 
we focused on three key measures of the reinforcing value of 
the lever. The full GWAS results are available in Supporting 
Information S1 and as an interactive .html file at https://​doi.​org/​
10.​6075/​J0MW2HG7 [39]. Tables presented in the manuscript 
are available in Supporting Information S2. Note that the term 
“magazine” is used to refer to the food cup in the Supporting 
Information.

There was substantial variability in tendency to sign- and goal-
track during PavCA in both males and females. The tendency to 
sign-track was strongly associated with the subsequent reinforc-
ing value of the lever during CRf (r2 = 0.39 and 0.48 for males 
and females, respectively) as described previously [29]. The be-
havioral analyses of these two tasks are described in detail in 
King et al. [29] and so for brevity, we do not present these data 
here. Selected measures from the two tasks, described below, 
were used to examine genetic loci associated with tendency to 
attribute incentive salience to reward cues (i.e., sign-track).

TABLE 1    |    Measures of sign- and goal-tracking, and accompanying SNP heritability estimates. Several measures of goal- and sign-tracking 
behavior were collected during (a) the Pavlovian conditioned approach (PavCA) task and (b) the conditioned reinforcement (CRf) task. (a) The 
highest SNP heritability estimates tended to reflect measures of sign-tracking at the end of training relative to measures of goal-tracking. (b) Similarly, 
conditioned reinforcement also showed modest SNP heritability, with the most heritable traits reflecting measures that directly assess lever-directed 
sign-tracking behavior (lever presses and overall incentive value index). All heritability estimates were significantly different from zero.

Trait Measure description SNP heritability SE

Table 1a: PavCA measures (Day 5)

Sign-tracking

Lever CS contacts Number of lever CS deflections 0.209 0.035

Lever CS latency Latency to deflect lever CS 0.215 0.035

Lever CS probability Probability of a lever CS deflection 0.186 0.034

Goal-tracking

Food-cup entries Number of food cup entries during lever CS 0.114 0.03

Food-cup latency Latency to enter food cup during lever CS 0.111 0.03

Food-cup probability Probability of a food cup entry during lever CS 0.107 0.029

Overall

Response bias Corrected total food-cup and lever CS responses 0.203 0.034

Index General tendency to engage in sign- and goal-tracking 0.153 0.032

Non-specific

Food-cup ITI entries Total food cup entries during the inter-trial-interval 0.142 0.031

Table 1b: Conditioned reinforcement measures

Sign-tracking

Lever presses Total lever deflections following reinforcement 0.22 0.035

Incentive value index (Responses in active port—responses 
in inactive port)/lever contacts

0.19 0.034

Active—inactive ratio Responses in active port/responses in inactive port 0.051 0.025

https://doi.org/10.6075/J0MW2HG7
https://doi.org/10.6075/J0MW2HG7
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3.1   |   Genetic Correlations

The genetic correlation analysis of PavCA and CRf measures 
indicated significant shared genetic influence on a pair of be-
haviors [40]. To examine the genetic relatedness among PavCA 
and CRf, phenotypic and genetic correlations (rg) for the set of 
behavioral measures were computed (Figure 1). Notably, two 
measures reflecting the attribution of incentive salience to 
the reward cue, “PavCA: Lever Contacts” and “CRf: Incentive 
Value Index”, were highly genetically correlated (rg = 0.954), 
suggesting a shared genetic basis. Some measures had inverse 
phenotypic relationships, such as between similar the sign-
tracking measures “PavCA: Lever CS Latency”. As a result, 
Lever CS latency has a strongly negative genetic correlation 
with “PavCA: Lever Presses” (rg = −0.849). The “PavCA: 
Terminal Index” and related measures also exhibit strong 
positive correlations, underscoring their genetic relatedness. 

However, general activity measures like “PavCA: Food-Cup 
ITI” show weaker correlations, highlighting distinct genetic 
influences on other behaviors. Overall, the results reveal a 
shared genetic architecture underlying behavioral measures 
reflecting sign-tracking.

3.2   |   PavCA and CRf Show Modest Heritability

Next, we examined SNP heritability, which  was generally 
moderate for PavCA and CRf measures. Heritability esti-
mates for sign- and goal-tracking traits during PavCA ranging 
from 0.215 ± 0.04 (latency to lever CS contact) to 0.107 ± 0.02 
(probability of food-cup entry) (Table  1a). Heritability 
estimates are shown clustered by sign- and goal-tracking mea-
sures, with the strongest heritabilities reflecting measures re-
lated to terminal sign-tracking. CRf heritability also showed 

FIGURE 1    |    Phenotypic and genetic correlations for key sign- and goal-tracking measures. Phenotypic correlations between day 5 measures are 
shown in the top-right triangle, and genotypic correlations are shown on the lower-left triangle. Phenotypic and genetic correlations were computed 
using the Spearman test and bivariate GREML analysis, respectively. Red and blue squares reflect positive and negative correlations, respectively. 
The strongest genetic correlations were between sign- and goal-tracking measures, with weaker correlations occurring with inter-trial interval food-
cup entries. All correlations were significant (p < 0.05) except where p-values are numerically indicated. ‘NA’ values denote genetic correlation pairs 
that were excluded due to non-invertible variance–covariance matrices, likely reflecting multicollinearity or insufficient variation.
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similarly modest values, with the highest relating to traits 
most directly reflecting lever-directed sign-tracking behavior 
during CRf (Table  1b). Additionally, on day 1, goal-tracking 
heritability was higher than sign-tracking (Supporting 
Information  S2). The heritability of sign-tracking increased 
across sessions, with the highest observed on the terminal 
Day 5 sessions. All SNP heritability estimates were signifi-
cantly greater than zero.

3.3   |   Identification of Multiple GWAS Hits

We next performed a GWAS to identify specific genetic loci that 
were significantly associated with the tendency to sign- and 
goal-track. At least one QTL was identified for 11 of the 12 mea-
sures. Some measures were associated with more than one QTL, 
and some QTLs were associated with more than one trait, such 
that a total of 6 unique QTLs were identified for the 12 measures 
(Table 2a). Two of the three CRf QTLs overlapped with PavCA 
QTLs (Table 2b) suggesting pleiotropy among these theoretically 
related traits.

The most notable example of pleiotropy was found on chromo-
some 1 (Table  2a,b) with several loci associated with two or 
more measures. Three additional loci on chromosomes 4 and 18 
were identified for both PavCA and CRf. The number of genes 
identified in the various QTLs ranged from 2 to 113 (full list of 
identified QTLs and Manhattan plots reported in Supporting 
Information S1).

In order to determine whether our measures of incentive sa-
lience attribution could be reduced into simpler dimensions, we 
used Principal Components Analysis. For each of the resulting 
three components, we conducted a GWAS and found that the 
first component yielded three QTLs identical to those identi-
fied using GWAS for our primary set of measures (Supporting 
Information  S1). None of the other components yielded any 
significant QTLs, and taken together, they suggest that the dif-
ferent measures used in this GWAS likely similarly cluster as a 
single component driven by incentive salience.

The chromosomal locations for identified regions of interest are 
shown below as a porcupine plot (Figure  2). Traits related to 
sign-tracking showed generally similar patterns, with overlap of 
the identified loci occurring on chromosomes 1, 4, and 18. These 
similar results partially reflect the high correlations among mea-
sures (Figure  1). Specifically, measures of sign-tracking during 
PavCA (response bias, lever latency, lever contacts) and CRf (in-
centive value index, lever presses) overlapped at each of these three 
regions.

3.4   |   Sex Differences

In order to evaluate whether the pattern of QTLs across traits 
was sex-dependent, we conducted an exploratory analysis on 
sex differences separately in males and females. We first report 
the sex-specific p-values for each pooled GWAS QTL using 
each region's top SNP (Table  2a,b). We identified sex-specific 
QTLs for 13 measures in males (8) and females (5) (Supporting 

Information S2). Nine QTLs that were observed in the pooled 
analysis were also significant in the male-only or female-only 
GWAS. In addition, we identified 4 QTLs that were unique to 
the sex-specific GWAS on chromosomes 4 and 5 (Supporting 
Information  S2). The sex-specific GWAS results are avail-
able in Supporting Information S1 and as an interactive .html 
file containing LocusZoom plots at https://​doi.​org/​10.​6075/​
J0MW2HG7 [39]. Significance values comparing each sex to the 
pooled GWAS results are also available at [39].

3.5   |   Candidate Gene Identification

The number of genes within each QTL varied from 2 to 113. We 
used several criteria to narrow down the list of candidate genes. 
For regions that contained multiple genes, we examined coding 
variants predicted to have moderate to high impact on protein 
function. We also examined genes for which there were herita-
ble expression differences (expressions QTLs; eQTLs; see [45]) 
in the central nervous system (CNS) or that had functional rel-
evance from the literature (i.e., also identified in human GWAS 
on psychiatric traits).

Figure  3 shows two representative regional association 
(“LocusZoom”) plots for QTLs on chromosomes 1 and 18. 
Additional LocusZoom plots are provided in [39]. One QTL 
that contained four genes was identified for four behavioral 
measures on chromosome 1 (Figure 3A). Two of these genes, 
Tenm4 and Mir708, are functionally linked. Tenm4 expression 
is regulated by Mir708 and has been previously identified as a 
candidate genetic component for psychiatric disorders [46]. A 
nearby QTL on chromosome 1 contained over 100 genes (some 
of which are discussed later). The shown QTL identified on 
chromosome 18 for seven different measures (Figure 3B) con-
tained nine genes (4 shown: Socs6, Rttn, Cd226, Dok6 plus five 
others: Pclaf-ps2, PCNA clamp associated factor, pseudogene 
2; Chn3, chimerin 3; LOC689116, Ncbp2, nuclear cap bind-
ing protein subunit 2); LOC100362807. Snapc5-ps1, snRNA-
activating protein complex subunit 5, pseudogene 1. Two of 
these genes code for proteins that are involved in function-
ally regulating tyrosine kinase expression (SOCS6; [47]) and 
binding to tropomyosin-related kinase receptors, influencing 
nervous system development (Dok6; [48]). Table  2 provides 
a numerical summary of each region's gene set size; detailed 
information can be found in Supporting Information  S1 and 
in [39] with information such as strain distribution patterns 
(SDPs), LocusZoom plots, and the full list of genes for each 
interval.

To identify candidate genes in larger gene-rich regions, we looked 
for coding variants with potentially damaging effects on protein 
coding. For example, on chromosome 1, a 4.6 MB region was 
identified with 103 genes. A total of 11 genes with moderate cod-
ing variants were identified across the entire set of QTLs (Usp35, 
Alg8, Tsku, Serpinh1, Atg16l2, Art2b, LOC102549471, Chrna10, 
Nup98, Shq1, Numa1). A subset of these genes (Table 3a) were 
highly associated (r2 > 0.9) with the observed trait. We examined 
candidate genes using the PubMed and GWAS catalog mining 
tool GeneCup [49] to probe for results from previous omics and 
gene-function studies.

https://doi.org/10.6075/J0MW2HG7
https://doi.org/10.6075/J0MW2HG7
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3.6   |   eQTLs

In addition to coding polymorphisms, we considered eQTLs, 
which are loci that confer heritable differences in gene expres-
sion. The eQTL data we used are available at www.​ratGT​Ex.​
org [45]. When a behavioral QTL and an eQTL are located near 
each other and are in strong linkage disequilibrium, it is pos-
sible that the behavioral differences (the behavioral QTL) are 
caused by the expression differences (the eQTL). In addition to 
liver, eye, and adipose tissue gene expression, we identified CNS 
cis-eQTLs in the infralimbic cortex (IL), prelimbic cortex (PL), 

orbitofrontal cortex (OFC), nucleus accumbens (NAcc), baso-
lateral amygdala (BLA), and lateral habenula (LHb) that were 
colocalized with the QTLs for PavCA and CRf. Many cis-eQTLs 
were in strong linkage disequilibrium (r2 > 0.9) with more than 
one behavioral trait. These brain regions were selected due to 
their functional relevance across various addiction-related be-
havioral traits and because a recent study identified numerous 
eQTLs in these intervals [45]. There were 66 genes with cis-
eQTLs identified in this dataset, but for brevity, only the most 
relevant ones are shown in Table 3c. In addition to eQTLs, we 
also include splice-QTLs (sQTLs) in which heritable differences 

FIGURE 2    |    Porcupine plot for selected PavCA and CRf measures. Combined Manhattan plots from the genome-wide association study (GWAS) 
data for 11 traits with significant SNPs for sign- and goal-tracking. Chromosomal distribution of all p values (−log10 p values) is shown, and top 
SNPs are indicated by colored triangles. The cutoff for genome-wide alpha of < 0.05 (−log10(p) > 5.95) is shown as a solid red line, and alpha < 0.10 (−
log10(p) > 5.67) is shown as a dotted blue line. p values are indicated in italics for males and females separately. The largest cluster of SNPs was located 
on chromosome 1. For PavCA sign-tracking traits, more than one top SNP was identified in overlapping regions on chromosomes 1, 4, and 18. CRf 
lever-directed behavior also showed QTL overlap with similar regions of chromosome 1 and 18, relative to PavCA.

FIGURE 3    |    LocusZoom regional association plots of two top QTLs identified on chromosomes 1 and 18. The x-axis shows chromosomal position. 
The single-nucleotide polymorphism (SNP) with the lowest p-value is shown and labeled in purple (“top-SNP”). Color of dots indicates the degree of 
linkage disequilibrium (LD) of other SNPs relative to the top-SNP. The bottom half of each panel shows the genes in a particular region as annotated 
by the reference sequence. Panel (A) shows genes contained in the QTL identified by the top SNP, two of which are named genes with known interac-
tions (Tenm4, Mir708). Eight measures were associated with a QTL on chromosome 18 (B), which contains four genes (Socs6, suppressor of cytokine 
signaling 6; Rttn, rotatin; Chn3, chimerin 3; Dok6, docking protein 6).

http://www.ratgtex.org
http://www.ratgtex.org
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in transcript isoforms are associated with QTL (contained in 
Supporting Information S1).

Some genes with coding variants (Table 3a) may be of greater 
interest to our behavioral traits because they are expressed 
in the CNS, such as Tsku ([50]; discussed below). Each of the 
genes with coding variants, including Art2b, Tsku, and the pe-
ripheral nicotinic receptor gene Chrna10 [51] is also notable 
given their high association with the top-SNP in that QTL, 
which is consistent with them being the putatively causal 
SNPs. Alg8, which has been previously reported in anomics 
study on depression in smokers [52], contained multiple cod-
ing variant SNP as well as a cis-eQTL in the liver (Table 3b). 
The complete list of genes with both a coding variant and a 
cis-eQTL is shown in Table 3b. Among these, two are involved 
in cellular regulation mechanisms, including Nup98 [53] and 
Atg16l2 [54]. Five coding variant genes reflected cis-eQTLs 
identified in the liver.

Many genes with cis-eQTLs did not contain coding variants, 
although for many of these eQTLs, the top eQTL SNP was 
in high linkage disequilibrium (LD as measured by r2) with 
the SNP most strongly implicated in the PavCA or CRf be-
haviors (Table  3c). For brevity, only those eQTLs with an r2 
above 0.9 are shown (the full set of eQTLs is available in the 
Supporting Information S1). However, a set of 7 genes (Capn5, 
Clpb, Fchsd2, Pak1, Fam168a, Ucp2, Wnt11) was identified in 
multiple brain areas across multiple indices of sign- and goal-
tracking traits. This set of genes serves a variety of functions 
(discussed below). Additionally, Tenm4, one of the few genes 
with better-characterized psychiatric relevance [46], was iden-
tified as a differentially expressed eQTL in the prelimbic cor-
tex RatGTEx, although there were no cis-eQTLs identified in 
this GWAS.

3.7   |   Phenome-Wide Association Study (PheWAS) 
Analysis

In GWAS, many individual SNPs are tested for their association 
with a single phenotype, whereas PheWAS tests the association 
of a single SNP with many traits [55], which is referred to as 
the “phenome” [56]. This approach is useful because PheWAS 
can identify SNPs that influence many traits (pleiotropy; [57]).

We examined whether the genetic loci associated with the at-
tribution of incentive salience were also associated with drug 
conditioning and other addiction-related behaviors collected 
in HS rats (public data available from this project at genen​et-
work.​org). Here, each 3 MB window surrounding a top SNP for 
each identified QTL was tested for its association with a sep-
arate set of behavioral traits collected at each of three HS rat 
testing centers (University at Buffalo, University of Michigan, 
University of Tennessee Health Science Center) (Table 4). These 
traits included socially acquired nicotine self-administration 
[58], PavCA in a separate cohort of HS rats [28], sequential patch 
depletion [35, 59], locomotor response to novelty, and reaction 
time [35]. Table 4 shows key measures for each behavioral task, 
selected based on the relevance to the trait being measured. 
A full list of PheWAS results for each task are available in the 
Supporting Information S1.G
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We found that loci associated with the attribution of incentive 
salience overlapped with those associated with measures of 
drug response (Table 4a). As part of this process, we used un-
published data from a socially acquired adolescent nicotine self-
administration protocol as described previously [58] where rats 
engaged in operant licking for infusions of nicotine. We exam-
ined two major features of nicotine-directed behavior: the acqui-
sition of nicotine self-administration on day 1 and accross days 
1–3, and reinstatement to nicotine seeking following extinction 
(terminal cue responses) as a measure of relapse. The stron-
gest association (r2 > 0.84) was identified for initial responding 
for nicotine on chromosome 1. By comparison, the association 
with reinstatement to nicotine seeking on chromosome 1 (non-
shown) was quite weak (r2: 0.29–0.39).

In addition to drug response, we used PheWAS to test the as-
sociation between measures of sign- and goal-tracking with a 
separate (currently unpublished) cohort of HS rats that under-
went an identical PavCA and CRf procedure at the University 
of Michigan [28] (Table  4b). PheWAS yielded strong asso-
ciations (r2: 0.73–0.93) for measures of goal-tracking during 
PavCA in the Michigan cohort, identifying overlapping re-
gions on chromosomes 2 and 18. The association with mea-
sures of sign-tracking during CRf was particularly strong 
(r2 = 1) on chromosome 18, suggesting that PheWAS can val-
idate chromosomal regions using independently phenotyped 
cohorts.

Finally, PheWAS was used to determine if genetic loci identi-
fied for PavCA overlapped with other (currently unpublished) 
measures of behavioral regulation (Table  4c) [35]. The QTL 
on chromosome 18, which was associated with food-cup CS 
entries, also influenced the locomotor (rearing) response to 
novelty (r2 = 0.75). However, more complex behaviors, includ-
ing foraging and impulse control, yielded PheWAS associa-
tions that varied widely depending on the specific task and 
measure. For example, during a patch-depletion foraging 
test [59], water-depleted rats consumed water in one of two 
“patches” in which the amount of water available at a particu-
lar patch depletes over time. Switching patches is an adaptive 
response to patch depletion that varies between subjects [60], 
but patch switching results in one of several experimenter-
imposed delays. The rate of patch switching and consumption 
can therefore be used as a measure of foraging under different 
conditions. The Incentive value index QTL on chromosome 
4 was also associated with the rate at which rats maximized 
water consumption when the experimenter-imposed delay 
was high (12 s) (r2 = 0.96). There were no associations when 
the imposed delay was shorter (not shown). This PheWAS 
association is therefore dependent on task performance, spe-
cifically when the task is made most difficult by imposing a 
longer patch switching delay (12 s).

4   |   Discussion

This study is the first to use a large population of HS rats to iden-
tify genetic loci associated with the tendency to attribute incen-
tive salience to reward cues, as measured by sign-tracking and 
CRf. Measures of sign-tracking were moderately heritable and 
strongly phenotypically and genetically correlated, suggesting 

common loci underlying individual variability in these mea-
sures. Among the GWAS loci identified, there were multiple 
candidate genes, including previously identified SUD genes, as 
well as genes not previously associated with SUD. Both coding 
variation and eQTLs offer possible molecular mechanisms for 
these QTLs. Further, the identified chromosomal regions were 
significantly associated with other behavioral traits, including 
nicotine self-administration, underscoring the importance of in-
centive salience for understanding substance-abuse traits. These 
results also demonstrate the utility of HS rats for the genetic 
mapping of complex behavioral traits. Some of the candidate 
genes identified are particularly promising targets with known 
functional or psychiatric relevance.

HS rats are valulable for genetic mapping of small regions; in 
some cases, these regions contain a small number of genes. 
However, some loci were gene-rich regions, making it more 
challenging to identify the underlying candidate genes more 
difficult. Thus, we examined candidate genes in these QTLs by 
using several strategies: (1) Identifying genes with coding vari-
ants that are predicted to have moderate or large impacts on pro-
tein function, (2) identifying genes with corresponding eQTLs 
in relevant brain regions, and (3) identifying genes previously 
associated with psychiatric functions in other -omics studies, 
particularly human GWASs. Thus, we highlight and discuss 
several of these genes in addition to presenting the report con-
taining the full dataset of genes.

4.1   |   Sex Differences

We have previously shown that females exhibit greater in-
centive salience attribution than males [29], and here present 
data that suggest there is both a shared genetic basis between 
sexes, as well as sex-specific QTLs. For example, unique sex-
specific QTLs were identified for three measures in females 
(chr4:21846682) and one measure in males (chr5:107716241). 
Interestingly, although QTLs were identified on chromosome 
1 in both males and females separately, the region containing 
Tenm4 (chr1:159919116) was strongly significant in males and 
not in females (Table 2a,b). This is an important example of how 
the genetic basis of behavior may be sex-dependent. Larger pop-
ulation sizes will be necessary to accurately determine these 
differences with sufficient power. Ongoing investigations from 
our group and others will be crucial for understanding the dif-
ferential genetic basis of addiction vulnerability between sexes, 
leveraging large sample sizes.

4.2   |   Tenm4 and Mir708

One especially promising gene candidate within a chromosome 
1 QTL is Tenm4. Teneurins are surface-bound transmembrane 
glycoproteins conserved across species [61, 62] and are located 
in synapses with multiple functions, including cell adhesion 
[63]. Tenm4, which is expressed in the CNS [64], is involved 
in functions such as axon guidance [65] and is associated with 
disorders such as schizophrenia [66]. Teneurin-4 interacts with 
proteins involved in postsynaptic density function, which may 
be related to the pleiotropic effects of Tenm4 in multiple psychi-
atric disorders [46].
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Interestingly, the teneurins are well situated to affect complex 
behavior through regulation of corticotropin-releasing hormone 
(CRH)-mediated stress effects [67–69] via cleavable teneurin 
C-terminal associated signaling peptides (TCAPs) [61, 62, 70] 
which work as extracellular soluble signaling proteins. The 
TCAPs (1–4) correspond to the teneurin 1–4 genes, and as such, 
TCAP-4 is an interesting signaling peptide for future functional 
studies. In one earlier study, TCAP-1, which produces an anxio-
lytic effect [71], reduced stress-induced reinstatement to cocaine 
seeking behavior [72]. Although no behavioral studies have ex-
amined the role of TCAP-4, our data suggest that it may be a 
promising target for future research.

Tenm4 is located in the same QTL as Mir708. In humans, 
MIR708 is a microRNA contained in an intron of the protein-
coding gene, or mirtron, [73] for TENM4. Similar to Tenm4, 
Mir708 is expressed in the brain and is differentially expressed 
across mesocorticolimbic circuitry in mice [74]. Previous work 
suggests that dopamine and subcortical neural circuits are 
important in the attribution of incentive salience [75–77], and 
therefore, these two genes may work in concert to regulate 
forebrain function.

4.3   |   Genes With Coding Polymorphisms

Several genes within QTLs contained coding variants that were 
predicted to have significant impacts on gene function. Many 
of these genes are expressed in the brain, which is consistent 
with them having a role in complex behavioral traits such as 
cue-responsivity. For example, Tsku is a member of the small 
leucine-rich proteoglycans (SLRPs) family [78] and has estab-
lished functions in the CNS where it is crucial for commissure 
development [50] and has recently been characterized for roles in 
hippocampal neuronal development [79]. Other genes have been 
previously identified in human -omics studies. ALG8, for exam-
ple, has been identified in human GWAS for estimated incidence 
of depression in smokers based on the HADS depression subscale 
and antidepressant use [52]. Chrna10 is another notable candi-
date, which codes for the nicotinic receptor α10 subunit and is 
expressed in the ear [80, 81] and peripheral sympathetic nervous 
system [51]. CHRNA10 has been previously associated with the 
subjective response to nicotine [82] and nicotine dependence [83].

Other genes with coding polymorphisms and cis-eQTLs are novel 
candidate targets, such as Serpinh1, Atg16l2, Art2b, and Nup98. 
We are not aware of any prior evidence implicating them in be-
havioral or psychiatric traits, suggesting that they could represent 
the discovery of novel targets. Two of these genes are involved in 
cellular regulation. For example, Nup98 regulates the transport 
of proteins into the cell nucleus [53] and Atg16l2 regulates cellu-
lar autophagy [54]. Among the coding variant-containing genes, 
Tsku, Chrna10, and Alg8, which have been previously implicated 
in CNS function, development, and psychiatric relevance, are 
compelling targets for their roles in complex behavior.

4.4   |   Expression-QTL Genes

Using cis-eQTL analysis, we identified a group of eight genes 
that were differentially expressed in regions of the brain, some 

of which have yet to be reported in the literature in relation to 
behavioral and nervous system function. To further investi-
gate genes with eQTLs that colocalized with behavioral QTLs, 
we used GeneCup [49] to retrieve psychiatrically and mecha-
nistically relevant pre-existing literature. Genes with coding 
variants that also had cis-eQTLs were largely identified in the 
liver and adipose tissue, despite many of these genes being 
expressed in the brain (e.g., Art2b, Nup98, Alg8) (Table  3b). 
The tissue sample size was larger for liver and adipose tissues 
(n = 411) [84] which likely heightened the detection threshold 
for these genes. Here, we focus on genes with cis-eQTLs in 
the brain.

Capn5 is an attractive candidate gene given its strong associa-
tion with multiple PavCA traits and five cis-eQTLs throughout 
the forebrain (NAcc, IL, PL, BLA, LHb). Experimental data 
suggest that Capn5 may be broadly involved in CNS function 
and expressed throughout the brain, including granule cells 
of the hippocampus, cerebellum [85], and piriform cortex [86] 
where it functions enzymatically as a calcium-dependent pro-
tease [87]. Calpains have been implicated in neurodegenerative 
disorders [88, 89] but Capn5 does not have well-characterized 
pathology-related mechanisms in the nervous system outside of 
the retina [90]. The potential of these genes as genetic targets for 
the regulation of behavior and cue-responsiveness will benefit 
from additional experimental and -omics studies that examine 
functional and behavioral relevance to the various domains of 
psychological function.

Pak1 is also notable for its strong association with four PavCA 
measures and four cis-eQTLs throughout the brain. Pak1 (p21 
RAC1-activated kinase 1) is a kinase active in the CNS and an 
effector of the family of Rac1 and Cdc42 GTPases, regulating 
neuronal morphology and synapses [91], axon migration and 
synaptic plasticity [92], and dendrite initiation [93]. Further, 
PAK1 has been implicated in neuropsychiatric disorders includ-
ing schizophrenia [94, 95] depression [96], and neurodegenera-
tive diseases [97]. It is likely that Pak1 is pleiotropic and broadly 
regulates complex behaviors.

Ucp2 is another candidate influencing the response to food cues, 
given its expression in the NAcc and PL, strong association with 
three measures of PavCA, and previously established roles in 
diet and food response. Ucp2 (Uncoupling protein 2) codes for 
an uncoupling protein in the mitochondria that reduces ATP 
production, with a role in energy balance [98]. UCP2 is poly-
morphic in humans, which results in differential mRNA expres-
sion and association with obesity risk [99]. In the CNS, UCP2 
negatively regulates glucose-sensing in melanin-concentrating 
hormone-expressing neurons in the lateral hypothalamus [100], 
a key region in the regulation of appetite. Ghrelin-induced ac-
tivation of neuropeptide Y and agouti-related peptide neurons 
in the arcuate nucleus, another key pathway in the instigation 
of feeding behavior, is dependent on UCP2 [101]. This suggests 
that genetic variants involved in energy regulation and appe-
tite may extend to alter individual differences in responses to 
cues associated with food delivery. UCP2 is likely involved in 
other processes as well, including the regulation of anxiety-like 
behavior in mice [102]. Two regions in which Ucp2 is differen-
tially expressed, the PL and NAcc, are both functionally rele-
vant for sign-tracking. Both regions are engaged in sign-trackers 
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following the presentation of an incentive cue [77] specifically 
activating glutamatergic signaling during sign-tracking [103]. 
The differential expression of Ucp2 in these regions raises the 
possibility that heritable differences in the anticipatory response 
to palatable food are regulated by this gene system in critical 
circuits for incentive salience attribution.

We found a cis-eQTL for Wnt11 expression in the IL and BLA 
that colocalized with three behavioral QTLs, including lever 
presses during CRf. Wnt11 has been previously implicated in 
acetylcholine and nicotinic receptor function. Wnt signaling is 
involved in nervous system development and may be involved in 
major psychiatric diseases such as schizophrenia and bipolar dis-
order [104]. Interestingly, although Wnt11 expression has been 
shown to enhance acetylcholine nicotinic receptor clustering in 
neuromuscular junctions [105] it has not been identified in the 
CNS, so its relevance to the behaviors we examined is uncertain. 
Forebrain acetylcholine plays a role in sign- and goal-tracking 
[106], in that attentional top-down deficits in sign-trackers rel-
ative to goal-trackers appear to reflect attenuated cholinergic 
functioning in the basal forebrain [106, 107] involving choline 
transporter systems [108]. Further, work from our lab and oth-
ers demonstrates that nicotinic receptor agonism facilitates 
sign-tracking [3, 109–111], raising the intriguing possibility that 
central Wnt11 may be involved in regulating the sign-tracking 
phenotype via CNS acetylcholine modulation. Interestingly, 
Tenm4 loss of function in mice further impairs Wnt protein sig-
naling [112] suggesting that these candidate genes we identified 
in our GWAS may interact to affect CNS function and behavior.

Finally, other cis-eQTLs identified genes in the CNS such as 
Fchsd2 and Fam168a that were in high linkage disequilibrium 
with multiple other traits. However, the function of these genes is 
limited by the lack of experimental behavioral studies using pre-
clinical models examining function. Fchsd2 and Fam168a have 
been identified as possible loci in human GWAS for nicotine 
dependence (Fchsd2; [113]) and smoking initiation (Fam168a; 
[114]). The lack of attention to these genes may make them at-
tractive novel candidates for their role in complex behavior.

4.5   |   Phenome-Wide Associations for Drug 
Response and Behavioral Regulation

We conducted a PheWAS to determine whether the genetic loci 
associated with the attribution of incentive salience in our study 
were also associated with other behavioral traits collected in 
other HS rat cohorts. Strikingly, a region identified on chromo-
some 1 (160 Mb) was strongly associated with the acquisition of 
nicotine self-administration on the initial day of drug-taking 
(r2 = 0.84) and the initial three sessions (r2 = 1) [58], suggest-
ing that genetic loci on chromosome 1 are pleiotropic in that 
they may be involved in both incentive salience and the initial 
response to nicotine. Ongoing studies will be important for 
determining which loci are causal for specific behaviors. We 
have previously shown that sign-trackers show heightened cue-
induced reinstatement to nicotine-seeking in Sprague–Dawley 
rats [3], although the association on chromosome 1 with mea-
sures of reinstatement to nicotine-seeking was modest (not 
shown; r2: 0.29–0.39). Although there are likely many loci un-
derlying the relationship between these two traits, these data 

suggest that this region of chromosome 1 contains variants re-
lated to nicotine response. It is notable that several of the genes 
identified here have been previously associated with features of 
smoking dependence in humans. We are currently conducting 
a separate GWAS in these HS rats for the genetic basis of so-
cially acquired adolescent nicotine self-administration, and fu-
ture data will better identify the overlapping regions influencing 
nicotine self-administration and incentive salience attribution.

In addition to nicotine self-administration, we conducted 
PheWAS on a separate cocaine contextual conditioning task, 
where rats receive repeated injections of cocaine in a designated 
cocaine “context” [28]. In contrast to nicotine, we found no as-
sociations with measures of cocaine sensitization (locomotor 
activation and head-waving). We have shown previously that 
sign- and goal-trackers do not differ in locomotor response to 
a modest (10 mg/kg i.p.) dose of cocaine, although sign-trackers 
show heightened unconditioned ultrasonic vocalizations (USVs) 
[115]. It is therefore perhaps not surprising that PheWAS yielded 
associations with nicotine response relative to cocaine, suggest-
ing a different genetic relationship between sign-tracking and 
these two drug categories. However, cocaine self-administration 
involves processes other than locomotor sensitization. For exam-
ple, sign-trackers are more sensitive to the presence of cocaine 
cues during drug taking [2] and the motivational properties of 
cocaine [24]. We are currently testing a cohort of HS rats under 
several models of cocaine self-administration, including inter-
mittent access [116, 117] and long-access self-administration 
[118], and ongoing work will determine whether the shared ge-
netic basis of sign-tracking with cocaine responses depends on 
the model of cocaine conditioning.

Genetic loci identified for incentive salience attribution should 
theoretically be similar among separate cohorts of HS rats, 
even if the cohorts were tested at different locations, ages, and 
had different histories of behavioral testing. To test this, we 
used PheWAS to determine whether significant loci identified 
in our cohort at the University at Buffalo for PavCA would be 
associated with PavCA in another large cohort phenotyped at 
the University of Michigan (n = 1583). The genetic correlations 
between both the Buffalo and Michigan cohorts were high (not 
shown). Notably, we found that a region reflected by a QTL on 
chromosome 18 (chr18: 85843691) that strongly influenced mea-
sures of goal-tracking and CRf (r2: 0.943–1) at both locations, 
although surprisingly, there were no PheWAS findings from 
the Michigan dataset for the chromosome 1 locus. GWAS and 
PheWAS are therefore useful together for identifying loci across 
separate testing cohorts.

4.6   |   Limitations and Future Directions

This study has several limitations. One caveat is that we have 
presented limited sex-specific GWAS results due to power con-
straints. The tendency to sign-track is higher in females, a pat-
tern that we also observed in this cohort of rats [29] and others 
[28, 119, 120]. To address this, we separately quantile normal-
ized males and females before pooling them, which allows us to 
avoid mean differences in tendency to sign- or goal-track across 
the different measures. One of the major limitations of this study 
is the insufficient sample size to thoroughly examine the genetic 
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basis of sex differences. We plan to address this by conducting 
a meta-analysis in an additional cohort of HS rats and a large 
cohort of Sprague–Dawley rats. This will expand  our target 
PavCA population in the future and will allow us to probe for 
sex-specific QTLs and gene-sex interactions.

A second limitation of this study is that the HS rats undergoing 
PavCA were not behaviorally naïve but had instead undergone 
a battery of behavioral regulation tests. As a result, the effect 
of certain genes on complex behavior may be influenced by age 
and testing history. To address differences in ages, we examined 
our major traits of interest using age at the start of testing as 
a continuous predictor for our primary measures [29]. There 
were some significant main effects or interactions with age at 
the start of testing for several of these measures (food cup en-
tries, entry probability, food cup latency, PavCA index, earned 
reinforcers during CRf) but the effect sizes were minimal (η2 < 
0.005). To address this, we are examining an additional cohort 
of HS rats tested at the University of Michigan that underwent 
PavCA prior to any behavioral testing; those analyses will be in-
cluded in a future publication. Genetic correlations (rg) between 
the Buffalo and Michigan cohorts are strong (> 0.9) for terminal 
measures of PavCA, and by pooling these data, we will be able to 
disentangle testing- and age-related genetic effects.

The genetic basis underlying distinct phases of learning across 
time may be an important consideration underlying complex 
behavior. In this study, heritability of measures changes across 
sessions, and goal-tracking likely yields the stronger heritabil-
ity in the initial session of the task when all subjects must first 
learn the lever-CS and food reward association. The heritabil-
ity of sign-tracking becomes stronger following the initial asso-
ciative learning and emergence of the lever-directed behavior, 
which likely coincides with multiple neurobiological correlates, 
including dopaminergic activation [21] and ventral pallidum sig-
naling [121]. Continuing work into the genetics underlying the 
basis of learning over time will help characterize these features 
of incentive salience learning.

These data provide a framework for identifying causal genetic 
loci and complex gene-network interactions underlying behav-
ior. For example, future research will experimentally assess the 
gene-behavior relationship using functional manipulation stud-
ies. We are developing a pipeline to manipulate the expression 
of candidate genes (e.g., Tenm4) using CRISPR-mediated mod-
ulation of gene expression and other molecular biology meth-
ods. We are also using our GWAS data to develop polygenic risk 
scores that incorporate many SNPs and have been successful 
in predicting cue-reactivity in HS rats. This technique, which 
we call RATTACA [122], is a more comprehensive model of ge-
netic risk and enables the study of gene networks and biological 
pathways underlying cue-reactivity. Finally, future transla-
tional work will use network-based approaches to intergrate our 
GWAS data with human studies to identify common biological 
networks that underlie SUD-relevant traits across species [123].

5   |   Conclusion

This study, using a large population of HS rats, identified mul-
tiple genes and loci associated with the attribution of incentive 

salience to reward cues. Many of these genes are expressed in 
the CNS or have prior associations with psychiatric GWASs, 
making them strong candidates for experimental follow-up. 
Unlike traditional GWAS and -omics studies focused on neuro-
psychiatric disorders, these loci may influence behavioral en-
dophenotypes along a normal continuum of functioning in HS 
rats. This work supports the use of HS rats for mapping of com-
plex traits and provides candidate genes for additional studies on 
behavioral regulation.

Dual Publication Statement: In addition, the HS rats analyzed 
in this submission from this University at Buffalo cohort were 
also part of a separate publication [29]. In this previous publi-
cation, rats were behaviorally characterized during Pavlovian 
Conditioned Approach and then compared with two measures 
of cocaine sensitivity. None of the behavioral data from that pub-
lication appear directly in this submission; instead, this behav-
ioral data is used as the basis for the Genome-Wide Association 
Study presented here. The primary findings, results, and con-
clusions presented in this paper address a different scientific 
question than those presented in [29]. An earlier iteration of this 
manuscript is available as a preprint for this online at BioRxiv.

Acknowledgments

Research reported in this publication was supported by grants from the 
National Institute on Alcohol Abuse and Alcoholism (R01AA024112 
and T32AA007583) and the National Institute on Drug Abuse 
(P50DA037844; P30DA060810). Tissue collected from Heterogeneous 
Stock rats from a separate project (U01DA046077, Dr. Suzanne Mitchell) 
was used as part of gene expression analysis. The content is solely the 
responsibility of the authors and does not necessarily represent the offi-
cial views of the NIH.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The genotype data are available in the UC San Diego Digital Library 
Collection under the following citation: Palmer, Abraham A. (2023). 
“Heterogeneous Stock (HS) Rat Genotypes, Version 1. In Genotype Data 
from: NIDA Center for GWAS in Outbred Rats.” UC San Diego Library 
Digital Collections at https://​doi.​org/​10.​6075/​J0028RR4.

References

1. P. J. Meyer, S. T. Ma, and T. E. Robinson, “A Cocaine Cue Is More 
Preferred and Evokes More Frequency-Modulated 50-kHz Ultrasonic 
Vocalizations in Rats Prone to Attribute Incentive Salience to a Food 
Cue,” Psychopharmacology 219, no. 4 (2012): 999–1009, https://​doi.​org/​
10.​1007/​s0021​3-​011-​2429-​7.

2. B. T. Saunders and T. E. Robinson, “A Cocaine Cue Acts as an 
Incentive Stimulus in Some but Not Others: Implications for Addiction,” 
Biological Psychiatry 67, no. 8 (2010): 730–736, https://​doi.​org/​10.​1016/j.​
biops​ych.​2009.​11.​015.

3. C. L. Versaggi, C. P. King, and P. J. Meyer, “The Tendency to Sign-
Track Predicts Cue-Induced Reinstatement During Nicotine Self-
Administration, and Is Enhanced by Nicotine but Not Ethanol,” 
Psychopharmacology 233, no. 15–16 (2016): 2985–2997, https://​doi.​org/​
10.​1007/​s0021​3-​016-​4341-​7.

4. J. S. Beckmann, J. A. Marusich, C. D. Gipson, and M. T. Bardo, 
“Novelty Seeking, Incentive Salience and Acquisition of Cocaine 

https://doi.org/10.6075/J0028RR4
https://doi.org/10.1007/s00213-011-2429-7
https://doi.org/10.1007/s00213-011-2429-7
https://doi.org/10.1016/j.biopsych.2009.11.015
https://doi.org/10.1016/j.biopsych.2009.11.015
https://doi.org/10.1007/s00213-016-4341-7
https://doi.org/10.1007/s00213-016-4341-7


17 of 20

Self-Administration in the Rat,” Behavioural Brain Research 216, no. 1 
(2011): 159–165, https://​doi.​org/​10.​1016/j.​bbr.​2010.​07.​022.

5. D. Belin, N. Berson, E. Balado, P. V. Piazza, and V. Deroche-Gamonet, 
“High-Novelty-Preference Rats Are Predisposed to Compulsive Cocaine 
Self-Administration,” Neuropsychopharmacology 36, no. 3 (2011): 569–
579, https://​doi.​org/​10.​1038/​npp.​2010.​188.

6. A. C. Molander, A. Mar, A. Norbury, et  al., “High Impulsivity 
Predicting Vulnerability to Cocaine Addiction in Rats: Some 
Relationship With Novelty Preference but Not Novelty Reactivity, 
Anxiety or Stress,” Psychopharmacology 215, no. 4 (2011): 721–731, 
https://​doi.​org/​10.​1007/​s0021​3-​011-​2167-​x.

7. A. M. Gancarz, M. A. Robble, M. A. Kausch, D. R. Lloyd, and J. B. 
Richards, “Association Between Locomotor Response to Novelty and 
Light Reinforcement: Sensory Reinforcement as a Rodent Model of 
Sensation Seeking,” Behavioural Brain Research 230, no. 2 (2012): 380–
388, https://​doi.​org/​10.​1016/j.​bbr.​2012.​02.​028.

8. A. M. Gancarz, M. A. Robble, M. A. Kausch, D. R. Lloyd, and J. B. 
Richards, “Sensory Reinforcement as a Predictor of Cocaine and Water 
Self-Administration in Rats,” Psychopharmacology 226, no. 2 (2013): 
335–346, https://​doi.​org/​10.​1007/​s0021​3-​012-​2907-​6.

9. P. V. Piazza, J. M. Deminiere, M. Le Moal, and H. Simon, “Factors That 
Predict Individual Vulnerability to Amphetamine Self-Administration,” 
Science 245, no. 4925 (1989): 1511–1513, https://​doi.​org/​10.​1126/​scien​ce.​
2781295.

10. D. Belin, A. C. Mar, J. W. Dalley, T. W. Robbins, and B. J. Everitt, “High 
Impulsivity Predicts the Switch to Compulsive Cocaine-Taking,” Science 
320, no. 5881 (2008): 1352–1355, https://​doi.​org/​10.​1126/​scien​ce.​1158136.

11. H. de Wit, “Impulsivity as a Determinant and Consequence of Drug 
Use: A Review of Underlying Processes,” Addiction Biology 14, no. 1 
(2009): 22–31, https://​doi.​org/​10.​1111/j.​1369-​1600.​2008.​00129.​x.

12. D. Economidou, Y. Pelloux, T. W. Robbins, J. W. Dalley, and B. J. 
Everitt, “High Impulsivity Predicts Relapse to Cocaine-Seeking After 
Punishment-Induced Abstinence,” Biological Psychiatry 65, no. 10 
(2009): 851–856, https://​doi.​org/​10.​1016/j.​biops​ych.​2008.​12.​008.

13. J. L. Perry, E. B. Larson, J. P. German, G. J. Madden, and M. E. Carroll, 
“Impulsivity (Delay Discounting) as a Predictor of Acquisition of IV 
Cocaine Self-Administration in Female Rats,” Psychopharmacology 178, 
no. 2–3 (2005): 193–201, https://​doi.​org/​10.​1007/​s0021​3-​004-​1994-​4.

14. T. E. Robinson and S. B. Flagel, “Dissociating the Predictive and 
Incentive Motivational Properties of Reward-Related Cues Through the 
Study of Individual Differences,” Biological Psychiatry 65, no. 10 (2009): 
869–873, https://​doi.​org/​10.​1016/j.​biops​ych.​2008.​09.​006.

15. T. E. Robinson, L. M. Yager, E. S. Cogan, and B. T. Saunders, “On 
the Motivational Properties of Reward Cues: Individual Differences,” 
Neuropharmacology 76 (2014): 450–459, https://​doi.​org/​10.​1016/j.​neuro​
pharm.​2013.​05.​040.

16. S. R. Bailey, K. C. Goedeker, and S. T. Tiffany, “The Impact of 
Cigarette Deprivation and Cigarette Availability on Cue-Reactivity 
in Smokers,” Addiction 105, no. 2 (2010): 364–372, https://​doi.​org/​10.​
1111/j.​1360-​0443.​2009.​02760.​x.

17. B. L. Carter and S. T. Tiffany, “Meta-Analysis of Cue-Reactivity in 
Addiction Research,” Addiction 94, no. 3 (1999): 327–340, https://​www.​
ncbi.​nlm.​nih.​gov/​pubmed/​10605857.

18. Y. Shaham, U. Shalev, L. Lu, H. de Wit, and J. Stewart, “The 
Reinstatement Model of Drug Relapse: History, Methodology and Major 
Findings,” Psychopharmacology 168, no. 1–2 (2003): 3–20, https://​doi.​
org/​10.​1007/​s0021​3-​002-​1224-​x.

19. N. D. Volkow, G. J. Wang, F. Telang, et al., “Dopamine Increases in 
Striatum Do Not Elicit Craving in Cocaine Abusers Unless They Are 
Coupled With Cocaine Cues,” NeuroImage 39, no. 3 (2008): 1266–1273, 
https://​doi.​org/​10.​1016/j.​neuro​image.​2007.​09.​059.

20. R. Boakes, “Performance on Learning to Associate a Stimulus With 
Positive Reinforcement,” in Operant-Pavlovian Interactions, ed. H. 
Davis and H. Hurwitz (Lawrence Erlbaum Associates, 1977), 67–97.

21. S. B. Flagel, S. J. Watson, T. E. Robinson, and H. Akil, “Individual 
Differences in the Propensity to Approach Signals vs Goals 
Promote Different Adaptations in the Dopamine System of Rats,” 
Psychopharmacology 191, no. 3 (2007): 599–607, https://​doi.​org/​10.​
1007/​s0021​3-​006-​0535-​8.

22. E. Hearst and H. M. Jenkins, Sign-Tracking: The Stimulus-Reinforcer 
Relation and Directed Action (Psychonomic Society, 1974).

23. P. J. Meyer, V. Lovic, B. T. Saunders, et al., “Quantifying Individual 
Variation in the Propensity to Attribute Incentive Salience to Reward 
Cues,” PLoS One 7, no. 6 (2012): e38987, https://​doi.​org/​10.​1371/​journ​
al.​pone.​0038987.

24. B. T. Saunders and T. E. Robinson, “Individual Variation in the 
Motivational Properties of Cocaine,” Neuropsychopharmacology 36, no. 
8 (2011): 1668–1676, https://​doi.​org/​10.​1038/​npp.​2011.​48.

25. K. K. Pitchers, M. Sarter, and T. E. Robinson, “The Hot ‘n’ Cold of 
Cue-Induced Drug Relapse,” Learning & Memory 25, no. 9 (2018): 474–
480, https://​doi.​org/​10.​1101/​lm.​046995.​117.

26. T. Robinson, C. Carr, and A. Kawa, “The Propensity to Attribute 
Incentive Salience to Drug Cues and Poor Cognitive Control Combine 
to Render Sign-Trackers Susceptible to Addiction,” in Sign-Tracking and 
Drug Addiction (Vol. A) (Maize Books, 2018), 10.

27. A. F. Gileta, C. J. Fitzpatrick, A. S. Chitre, et  al., “Genetic 
Characterization of Outbred Sprague Dawley Rats and Utility for 
Genome-Wide Association Studies,” PLoS Genetics 18, no. 5 (2022): 
e1010234, https://​doi.​org/​10.​1371/​journ​al.​pgen.​1010234.

28. A. R. Hughson, A. P. Horvath, K. Holl, et  al., “Incentive Salience 
Attribution, ‘Sensation-Seeking’ and ‘Novelty-Seeking’ Are Independent 
Traits in a Large Sample of Male and Female Heterogeneous Stock 
Rats,” Scientific Reports 9, no. 1 (2019): 2351, https://​doi.​org/​10.​1038/​
s4159​8-​019-​39519​-​1.

29. C. P. King, J. A. Tripi, A. R. Hughson, et  al., “Sensitivity to Food 
and Cocaine Cues Are Independent Traits in a Large Sample of 
Heterogeneous Stock Rats,” Scientific Reports 11, no. 1 (2021): 2223, 
https://​doi.​org/​10.​1038/​s4159​8-​020-​80798​-​w.

30. P. E. Dickson, K. A. McNaughton, L. Hou, L. C. Anderson, K. H. 
Long, and E. J. Chesler, “Sex and Strain Influence Attribution of 
Incentive Salience to Reward Cues in Mice,” Behavioural Brain Research 
292 (2015): 305–315, https://​doi.​org/​10.​1016/j.​bbr.​2015.​05.​039.

31. C. Hansen and K. Spuhler, “Development of the National Institutes 
of Health Genetically Heterogeneous Rat Stock,” Alcoholism, Clinical 
and Experimental Research 8, no. 5 (1984): 477–479, https://​doi.​org/​10.​
1111/j.​1530-​0277.​1984.​tb057​06.​x.

32. K. Spuhler and R. A. Deitrich, “Correlative Analysis of Ethanol-
Related Phenotypes in Rat Inbred Strains,” Alcoholism, Clinical and 
Experimental Research 8, no. 5 (1984): 480–484, https://​doi.​org/​10.​
1111/j.​1530-​0277.​1984.​tb057​07.​x.

33. C. C. Parker, H. Chen, S. B. Flagel, et  al., “Rats Are the Smart 
Choice: Rationale for a Renewed Focus on Rats in Behavioral Genetics,” 
Neuropharmacology 76 (2014): 250–258, https://​doi.​org/​10.​1016/j.​neuro​
pharm.​2013.​05.​047.

34. L. C. Solberg Woods and A. A. Palmer, “Using Heterogeneous Stocks 
for Fine-Mapping Genetically Complex Traits,” in Rat Genomics, ed. G. 
T. Hayman, J. R. Smith, M. R. Dwinell, and M. Shimoyama (Springer, 
2019), 233–247, https://​doi.​org/​10.​1007/​978-​1-​4939-​9581-​3_​11.

35. K. Ishiwari, C. P. King, C. D. Martin, et  al., “Environmental 
Enrichment Promotes Adaptive Responding During Tests of Behavioral 
Regulation in Male Heterogeneous Stock Rats,” Scientific Reports 14, no. 
1 (2024): 4182, https://​doi.​org/​10.​1038/​s4159​8-​024-​53943​-​y.

https://doi.org/10.1016/j.bbr.2010.07.022
https://doi.org/10.1038/npp.2010.188
https://doi.org/10.1007/s00213-011-2167-x
https://doi.org/10.1016/j.bbr.2012.02.028
https://doi.org/10.1007/s00213-012-2907-6
https://doi.org/10.1126/science.2781295
https://doi.org/10.1126/science.2781295
https://doi.org/10.1126/science.1158136
https://doi.org/10.1111/j.1369-1600.2008.00129.x
https://doi.org/10.1016/j.biopsych.2008.12.008
https://doi.org/10.1007/s00213-004-1994-4
https://doi.org/10.1016/j.biopsych.2008.09.006
https://doi.org/10.1016/j.neuropharm.2013.05.040
https://doi.org/10.1016/j.neuropharm.2013.05.040
https://doi.org/10.1111/j.1360-0443.2009.02760.x
https://doi.org/10.1111/j.1360-0443.2009.02760.x
https://www.ncbi.nlm.nih.gov/pubmed/10605857
https://www.ncbi.nlm.nih.gov/pubmed/10605857
https://doi.org/10.1007/s00213-002-1224-x
https://doi.org/10.1007/s00213-002-1224-x
https://doi.org/10.1016/j.neuroimage.2007.09.059
https://doi.org/10.1007/s00213-006-0535-8
https://doi.org/10.1007/s00213-006-0535-8
https://doi.org/10.1371/journal.pone.0038987
https://doi.org/10.1371/journal.pone.0038987
https://doi.org/10.1038/npp.2011.48
https://doi.org/10.1101/lm.046995.117
https://doi.org/10.1371/journal.pgen.1010234
https://doi.org/10.1038/s41598-019-39519-1
https://doi.org/10.1038/s41598-019-39519-1
https://doi.org/10.1038/s41598-020-80798-w
https://doi.org/10.1016/j.bbr.2015.05.039
https://doi.org/10.1111/j.1530-0277.1984.tb05706.x
https://doi.org/10.1111/j.1530-0277.1984.tb05706.x
https://doi.org/10.1111/j.1530-0277.1984.tb05707.x
https://doi.org/10.1111/j.1530-0277.1984.tb05707.x
https://doi.org/10.1016/j.neuropharm.2013.05.047
https://doi.org/10.1016/j.neuropharm.2013.05.047
https://doi.org/10.1007/978-1-4939-9581-3_11
https://doi.org/10.1038/s41598-024-53943-y


18 of 20 Genes, Brain and Behavior, 2025

36. L. Hannan, C. P. King, and P. J. Meyer, “Pavlovian Conditioned 
Approach,” 2022 protocols.io, https://​doi.​org/​10.​17504/​​proto​cols.​io.​
x54v9​yjx4g​3e/​v1.

37. A. F. Gileta, J. Gao, A. S. Chitre, et al., “Adapting Genotyping-by-
Sequencing and Variant Calling for Heterogeneous Stock Rats,” G3 
(Bethesda) 10, no. 7 (2020): 2195–2205, https://​doi.​org/​10.​1534/​g3.​120.​
401325.

38. C. C. Parker, S. Gopalakrishnan, P. Carbonetto, et al., “Genome-Wide 
Association Study of Behavioral, Physiological and Gene Expression 
Traits in Outbred CFW Mice,” Nature Genetics 48, no. 8 (2016): 919–926, 
https://​doi.​org/​10.​1038/​ng.​3609.

39. C. P. King, A. S. Chitre, J. D. Leal-Gutiérrez, et  al., “Data From: 
Genetic Loci Influencing Cue-Reactivity in Heterogeneous Stock Rats,” 
2025 UC San Diego Library Digital Collections, https://​doi.​org/​10.​6075/​
J0MW2HG7.

40. S. H. Lee, J. Yang, M. E. Goddard, P. M. Visscher, and N. R. Wray, 
“Estimation of Pleiotropy Between Complex Diseases Using Single-
Nucleotide Polymorphism-Derived Genomic Relationships and 
Restricted Maximum Likelihood,” Bioinformatics 28, no. 19 (2012): 
2540–2542, https://​doi.​org/​10.​1093/​bioin​forma​tics/​bts474.

41. J. Yang, S. H. Lee, M. E. Goddard, and P. M. Visscher, “GCTA: A Tool 
for Genome-Wide Complex Trait Analysis,” American Journal of Human 
Genetics 88, no. 1 (2011): 76–82, https://​doi.​org/​10.​1016/j.​ajhg.​2010.​11.​011.

42. R. Y. Cheng, C. C. Parker, M. Abney, and A. A. Palmer, “Practical 
Considerations Regarding the Use of Genotype and Pedigree Data to 
Model Relatedness in the Context of Genome-Wide Association Studies,” 
G3-Genes Genomes Genetics 3, no. 10 (2013): 1861–1867, https://​doi.​org/​
10.​1534/​g3.​113.​007948.

43. N. M. Gonzales, J. Seo, A. I. Hernandez Cordero, et  al., “Genome 
Wide Association Analysis in a Mouse Advanced Intercross Line,” 
Nature Communications 9, no. 1 (2018): 5162, https://​doi.​org/​10.​1038/​
s4146​7-​018-​07642​-​8.

44. R. Cheng and A. A. Palmer, “A Simulation Study of Permutation, 
Bootstrap, and Gene Dropping for Assessing Statistical Significance in 
the Case of Unequal Relatedness,” Genetics 193, no. 3 (2013): 1015–1018, 
https://​doi.​org/​10.​1534/​genet​ics.​112.​146332.

45. D. Munro, T. Wang, A. S. Chitre, et al., “The Regulatory Landscape 
of Multiple Brain Regions in Outbred Heterogeneous Stock Rats,” 
Nucleic Acids Research 50, no. 19 (2022): 10882–10895, https://​doi.​org/​
10.​1101/​2022.​04.​07.​487560.

46. A. Lotan, M. Fenckova, J. Bralten, et al., “Neuroinformatic Analyses 
of Common and Distinct Genetic Components Associated With Major 
Neuropsychiatric Disorders,” Frontiers in Neuroscience 8, no. 331 (2014): 
331, https://​doi.​org/​10.​3389/​fnins.​2014.​00331​.

47. N. N. Kabir, J. Sun, L. Ronnstrand, and J. U. Kazi, “SOCS6 Is a Selective 
Suppressor of Receptor Tyrosine Kinase Signaling,” Tumour Biology 35, 
no. 11 (2014): 10581–10589, https://​doi.​org/​10.​1007/​s1327​7-​014-​2542-​4.

48. W. Li, L. Shi, Y. You, et  al., “Downstream of Tyrosine Kinase/
Docking Protein 6, as a Novel Substrate of Tropomyosin-Related Kinase 
C Receptor, Is Involved in Neurotrophin 3-Mediated Neurite Outgrowth 
in Mouse Cortex Neurons,” BMC Biology 8 (2010): 86, https://​doi.​org/​10.​
1186/​1741-​7007-​8-​86.

49. M. H. Gunturkun, E. Flashner, T. Wang, et al., “GeneCup: Mining 
PubMed and GWAS Catalog for Gene–Keyword Relationships,” G3 
Genes|Genomes|Genetics 12, no. 5 (2022): jkac059, https://​doi.​org/​10.​
1093/​g3jou​rnal/​jkac059.

50. A. Ito, Y. Shinmyo, T. Abe, N. Oshima, H. Tanaka, and K. Ohta, 
“Tsukushi Is Required for Anterior Commissure Formation in Mouse 
Brain,” Biochemical and Biophysical Research Communications 402, no. 
4 (2010): 813–818, https://​doi.​org/​10.​1016/j.​bbrc.​2010.​10.​127.

51. K. S. Lips, P. König, K. Schätzle, et al., “Coexpression and Spatial 
Association of Nicotinic Acetylcholine Receptor Subunits alpha7 and 

alpha10 in Rat Sympathetic Neurons,” Journal of Molecular Neuroscience 
30, no. 1–2 (2006): 15–16, https://​doi.​org/​10.​1385/​jmn:​30:1:​15.

52. J. T. Heinzman, K. F. Hoth, M. H. Cho, et al., “GWAS and Systems 
Biology Analysis of Depressive Symptoms Among Smokers From the 
COPDGene Cohort,” Journal of Affective Disorders 243 (2019): 16–22, 
https://​doi.​org/​10.​1016/j.​jad.​2018.​09.​003.

53. A. Radu, M. S. Moore, and G. Blobel, “The Peptide Repeat Domain 
of Nucleoporin Nup98 Functions as a Docking Site in Transport Across 
the Nuclear Pore Complex,” Cell 81, no. 2 (1995): 215–222, https://​doi.​
org/​10.​1016/​0092-​8674(95)​90331​-​3.

54. Z. Yang and D. J. Klionsky, “Mammalian Autophagy: Core Molecular 
Machinery and Signaling Regulation,” Current Opinion in Cell Biology 
22, no. 2 (2010): 124–131, https://​doi.​org/​10.​1016/j.​ceb.​2009.​11.​014.

55. J. C. Denny, M. D. Ritchie, M. A. Basford, et  al., “PheWAS: 
Demonstrating the Feasibility of a Phenome-Wide Scan to Discover 
Gene–Disease Associations,” Bioinformatics 26, no. 9 (2010): 1205–
1210, https://​doi.​org/​10.​1093/​bioin​forma​tics/​btq126.

56. W. S. Bush, M. T. Oetjens, and D. C. Crawford, “Unravelling 
the Human Genome-Phenome Relationship Using Phenome-Wide 
Association Studies,” Nature Reviews. Genetics 17, no. 3 (2016): 129–145, 
https://​doi.​org/​10.​1038/​nrg.​2015.​36.

57. S. Sanchez-Roige, M. V. Jennings, H. H. A. Thorpe, et al., “CADM2 
Is Implicated in Impulsive Personality and Numerous Other Traits 
by Genome- and Phenome-Wide Association Studies in Humans and 
Mice,” Translational Psychiatry 13, no. 1 (2023): 167, https://​doi.​org/​10.​
1038/​s4139​8-​023-​02453​-​y.

58. T. Wang, W. Han, A. S. Chitre, et  al., “Social and Anxiety-Like 
Behaviors Contribute to Nicotine Self-Administration in Adolescent 
Outbred Rats,” Scientific Reports 8, no. 1 (2018): 18069, https://​doi.​org/​
10.​1038/​s4159​8-​018-​36263​-​w.

59. A. M. Gancarz, S. H. Mitchell, A. M. George, et  al., “Reward 
Maximization Assessed Using a Sequential Patch Depletion Task in a 
Large Sample of Heterogeneous Stock Rats,” Scientific Reports 13, no. 1 
(2023): 7027, https://​doi.​org/​10.​1038/​s4159​8-​023-​34179​-​8.

60. J. B. Richards, D. R. Lloyd, B. Kuehlewind, et al., “Strong Genetic 
Influences on Measures of Behavioral-Regulation Among Inbred Rat 
Strains,” Genes, Brain, and Behavior 12, no. 5 (2013): 490–502, https://​
doi.​org/​10.​1111/​gbb.​12050​.

61. R. P. Tucker, J. Beckmann, N. T. Leachman, J. Scholer, and 
R. Chiquet-Ehrismann, “Phylogenetic Analysis of the Teneurins: 
Conserved Features and Premetazoan Ancestry,” Molecular Biology 
and Evolution 29, no. 3 (2012): 1019–1029, https://​doi.​org/​10.​1093/​mol-
bev/​msr271.

62. R. P. Tucker and R. Chiquet-Ehrismann, “Teneurins: A Conserved 
Family of Transmembrane Proteins Involved in Intercellular Signaling 
During Development,” Developmental Biology 290, no. 2 (2006): 237–
245, https://​doi.​org/​10.​1016/j.​ydbio.​2005.​11.​038.

63. D. Araç and J. Li, “Teneurins and Latrophilins: Two Giants Meet at 
the Synapse,” Current Opinion in Structural Biology 54 (2019): 141–151, 
https://​doi.​org/​10.​1016/j.​sbi.​2019.​01.​028.

64. X. H. Zhou, O. Brandau, K. Feng, et al., “The Murine Ten-m/Odz 
Genes Show Distinct but Overlapping Expression Patterns During 
Development and in Adult Brain,” Gene Expression Patterns 3, no. 4 
(2003): 397–405, https://​doi.​org/​10.​1016/​s1567​-​133x(03)​00087​-​5.

65. H. Hor, L. Francescatto, L. Bartesaghi, et al., “Missense Mutations 
in TENM4, a Regulator of Axon Guidance and Central Myelination, 
Cause Essential Tremor,” Human Molecular Genetics 24, no. 20 (2015): 
5677–5686, https://​doi.​org/​10.​1093/​hmg/​ddv281.

66. C.-B. Xue, Z.-H. Xu, J. Zhu, et  al., “Exome Sequencing Identifies 
TENM4 as a Novel Candidate Gene for Schizophrenia in the SCZD2 
Locus at 11q14-21,” Frontiers in Genetics 9 (2019): 725, https://​doi.​org/​
10.​3389/​fgene.​2018.​00725​.

https://doi.org/10.17504/protocols.io.x54v9yjx4g3e/v1
https://doi.org/10.17504/protocols.io.x54v9yjx4g3e/v1
https://doi.org/10.1534/g3.120.401325
https://doi.org/10.1534/g3.120.401325
https://doi.org/10.1038/ng.3609
https://doi.org/10.6075/J0MW2HG7
https://doi.org/10.6075/J0MW2HG7
https://doi.org/10.1093/bioinformatics/bts474
https://doi.org/10.1016/j.ajhg.2010.11.011
https://doi.org/10.1534/g3.113.007948
https://doi.org/10.1534/g3.113.007948
https://doi.org/10.1038/s41467-018-07642-8
https://doi.org/10.1038/s41467-018-07642-8
https://doi.org/10.1534/genetics.112.146332
https://doi.org/10.1101/2022.04.07.487560
https://doi.org/10.1101/2022.04.07.487560
https://doi.org/10.3389/fnins.2014.00331
https://doi.org/10.1007/s13277-014-2542-4
https://doi.org/10.1186/1741-7007-8-86
https://doi.org/10.1186/1741-7007-8-86
https://doi.org/10.1093/g3journal/jkac059
https://doi.org/10.1093/g3journal/jkac059
https://doi.org/10.1016/j.bbrc.2010.10.127
https://doi.org/10.1385/jmn:30:1:15
https://doi.org/10.1016/j.jad.2018.09.003
https://doi.org/10.1016/0092-8674(95)90331-3
https://doi.org/10.1016/0092-8674(95)90331-3
https://doi.org/10.1016/j.ceb.2009.11.014
https://doi.org/10.1093/bioinformatics/btq126
https://doi.org/10.1038/nrg.2015.36
https://doi.org/10.1038/s41398-023-02453-y
https://doi.org/10.1038/s41398-023-02453-y
https://doi.org/10.1038/s41598-018-36263-w
https://doi.org/10.1038/s41598-018-36263-w
https://doi.org/10.1038/s41598-023-34179-8
https://doi.org/10.1111/gbb.12050
https://doi.org/10.1111/gbb.12050
https://doi.org/10.1093/molbev/msr271
https://doi.org/10.1093/molbev/msr271
https://doi.org/10.1016/j.ydbio.2005.11.038
https://doi.org/10.1016/j.sbi.2019.01.028
https://doi.org/10.1016/s1567-133x(03)00087-5
https://doi.org/10.1093/hmg/ddv281
https://doi.org/10.3389/fgene.2018.00725
https://doi.org/10.3389/fgene.2018.00725


19 of 20

67. D. W. Hogg, C. C. Casatti, D. D. Belsham, D. Barsyte-Lovejoy, and D. 
A. Lovejoy, “Distal Extracellular Teneurin Region (Teneurin C-Terminal 
Associated Peptide; TCAP) Possesses Independent Intracellular Calcium 
Regulating Actions, In Vitro: A Potential Antagonist of Corticotropin-
Releasing Factor (CRF),” Biochemistry and Biophysics Reports 32 (2022): 
101397, https://​doi.​org/​10.​1016/j.​bbrep.​2022.​101397.

68. R. Woelfle, A. L. D'Aquila, and D. A. Lovejoy, “Teneurins, 
TCAP, and Latrophilins: Roles in the Etiology of Mood Disorders,” 
Translational Neuroscience 7, no. 1 (2016): 17–23, https://​doi.​org/​10.​
1515/​tnsci​-​2016-​0004.

69. R. Woelfle, A. L. D'Aquila, T. Pavlovic, M. Husic, and D. A. Lovejoy, 
“Ancient Interaction Between the Teneurin C-Terminal Associated 
Peptides (TCAP) and Latrophilin Ligand-Receptor Coupling: A Role in 
Behavior,” Frontiers in Neuroscience 9 (2015): 146, https://​doi.​org/​10.​
3389/​fnins.​2015.​00146​.

70. D. A. Lovejoy, A. Al Chawaf, and M. Z. Cadinouche, “Teneurin C-
Terminal Associated Peptides: An Enigmatic Family of Neuropeptides 
With Structural Similarity to the Corticotropin-Releasing Factor and 
Calcitonin Families of Peptides,” General and Comparative Endocrinology 
148, no. 3 (2006): 299–305, https://​doi.​org/​10.​1016/j.​ygcen.​2006.​01.​012.

71. A. Al Chawaf, K. Xu, L. Tan, F. J. Vaccarino, D. A. Lovejoy, and S. 
Rotzinger, “Corticotropin-Releasing Factor (CRF)-induced Behaviors 
Are Modulated by Intravenous Administration of Teneurin C-Terminal 
Associated Peptide-1 (TCAP-1),” Peptides 28, no. 7 (2007): 1406–1415, 
https://​doi.​org/​10.​1016/j.​pepti​des.​2007.​05.​014.

72. S. Erb, M. McPhee, Z. J. Brown, D. A. Kupferschmidt, L. Song, and 
D. A. Lovejoy, “Repeated Intravenous Administrations of Teneurin-C 
Terminal Associated Peptide (TCAP)-1 Attenuates Reinstatement of 
Cocaine Seeking by Corticotropin-Releasing Factor (CRF) in Rats,” 
Behavioural Brain Research 269 (2014): 1–5, https://​doi.​org/​10.​1016/j.​
bbr.​2014.​04.​013.

73. E. Berezikov, W.-J. Chung, J. Willis, E. Cuppen, and E. C. Lai, 
“Mammalian mirtron genes,” Molecular Cell 28, no. 2 (2007): 328–336, 
https://​doi.​org/​10.​1016/j.​molcel.​2007.​09.​028.

74. D. E. Hamilton, C. L. Cooke, B. S. Carter, H. Akil, S. J. Watson, and 
R. C. Thompson, “Basal microRNA Expression Patterns in Reward 
Circuitry of Selectively Bred High-Responder and Low-Responder 
Rats Vary by Brain Region and Genotype,” Physiological Genomics 
46, no. 8 (2014): 290–301, https://​doi.​org/​10.​1152/​physi​olgen​omics.​
00152.​2013.

75. S. B. Flagel and T. E. Robinson, “Neurobiological Basis of Individual 
Variation in Stimulus-Reward Learning,” Current Opinion in Behavioral 
Sciences 13 (2017): 178–185, https://​doi.​org/​10.​1016/j.​cobeha.​2016.​12.​004.

76. S. B. Flagel, T. E. Robinson, J. J. Clark, et  al., “An Animal 
Model of Genetic Vulnerability to Behavioral Disinhibition and 
Responsiveness to Reward-Related Cues: Implications for Addiction,” 
Neuropsychopharmacology 35, no. 2 (2010): 388–400, https://​doi.​org/​10.​
1038/​npp.​2009.​142.

77. J. L. Haight, Z. L. Fuller, K. M. Fraser, and S. B. Flagel, “A Food-
Predictive Cue Attributed With Incentive Salience Engages Subcortical 
Afferents and Efferents of the Paraventricular Nucleus of the Thalamus,” 
Neuroscience 340 (2017): 135–152, https://​doi.​org/​10.​1016/j.​neuro​scien​
ce.​2016.​10.​043.

78. X. Deng, Y. Li, C. Guo, Z. Zhao, and G. Yuan, “Novel Roles of 
Tsukushi in Signaling Pathways and Multiple Disease Processes,” 
BioFactors 47, no. 4 (2021): 512–521, https://​doi.​org/​10.​1002/​biof.​1723.

79. S. A. I. Ahmad, M. B. Anam, A. Istiaq, N. Ito, and K. Ohta, “Tsukushi Is 
Essential for Proper Maintenance and Terminal Differentiation of Mouse 
Hippocampal Neural Stem Cells,” Development, Growth & Differentiation 
62, no. 2 (2020): 108–117, https://​doi.​org/​10.​1111/​dgd.​12649​.

80. B. Fritzsch and K. L. Elliott, “Evolution and Development of the 
Inner Ear Efferent System: Transforming a Motor Neuron Population 
to Connect to the Most Unusual Motor Protein via Ancient Nicotinic 

Receptors,” Frontiers in Cellular Neuroscience 11 (2017): 114, https://​doi.​
org/​10.​3389/​fncel.​2017.​00114​.

81. J. Taranda, J. A. Ballestero, H. Hiel, et al., “Constitutive Expression 
of the alpha10 Nicotinic Acetylcholine Receptor Subunit Fails to 
Maintain Cholinergic Responses in Inner Hair Cells After the Onset of 
Hearing,” Journal of the Association for Research in Otolaryngology 10, 
no. 3 (2009): 397–406, https://​doi.​org/​10.​1007/​s1016​2-​009-​0173-​z.

82. M. A. Ehringer, M. B. McQueen, N. R. Hoft, et  al., “Association 
of CHRN Genes With ‘Dizziness’ to Tobacco,” American Journal of 
Medical Genetics Part B: Neuropsychiatric Genetics 153b, no. 2 (2010): 
600–609, https://​doi.​org/​10.​1002/​ajmg.b.​31027​.

83. N. L. Saccone, T. H. Schwantes-An, J. C. Wang, et  al., “Multiple 
Cholinergic Nicotinic Receptor Genes Affect Nicotine Dependence Risk 
in African and European Americans,” Genes, Brain, and Behavior 9, no. 
7 (2010): 741–750, https://​doi.​org/​10.​1111/j.​1601-​183X.​2010.​00608.​x.

84. T. Hong-Le, W. L. Crouse, G. R. Keele, et al., “Genetic Mapping of 
Multiple Traits Identifies Novel Genes for Adiposity, Lipids, and Insulin 
Secretory Capacity in Outbred Rats,” Diabetes 72, no. 1 (2022): 135–148, 
https://​doi.​org/​10.​2337/​db22-​0252.

85. K. Schaefer, M. Mahajan, A. Gore, S. H. Tsang, A. G. Bassuk, and V. 
B. Mahajan, “Calpain-5 Gene Expression in the Mouse Eye and Brain,” 
BMC Research Notes 10, no. 1 (2017): 602, https://​doi.​org/​10.​1186/​s1310​
4-​017-​2927-​8.

86. N. Nakashima, K. Nakashima, A. Takaku-Nakashima, and M. 
Takano, “Olfactory Receptor Neurons Express Olfactory Marker 
Protein but Not Calpain 5 From the Same Genomic Locus,” Molecular 
Brain 12, no. 1 (2019): 54, https://​doi.​org/​10.​1186/​s1304​1-​019-​0474-​z.

87. V. Bondada, J. Gal, C. Mashburn, et al., “The C2 Domain of Calpain 
5 Contributes to Enzyme Activation and Membrane Localization,” 
Biochimica et Biophysica Acta (BBA)—Molecular Cell Research 1868, no. 
7 (2021): 119019, https://​doi.​org/​10.​1016/j.​bbamcr.​2021.​119019.

88. I. M. Araujo, J. M. Gil, B. P. Carreira, et  al., “Calpain Activation 
Is Involved in Early Caspase-Independent Neurodegeneration in the 
Hippocampus Following Status Epilepticus,” Journal of Neurochemistry 
105, no. 3 (2008): 666–676, https://​doi.​org/​10.​1111/j.​1471-​4159.​2007.​
05181.​x.

89. H. Gao and Z. Geng, “Calpain I Activity and Its Relationship 
With Hippocampal Neuronal Death in Pilocarpine-Induced Status 
Epilepticus Rat Model,” Cell Biochemistry and Biophysics 66, no. 2 
(2013): 371–377, https://​doi.​org/​10.​1007/​s1201​3-​012-​9476-​5.

90. K. A. Schaefer, M. A. Toral, G. Velez, et al., “Calpain-5 Expression 
in the Retina Localizes to Photoreceptor Synapses,” Investigative 
Ophthalmology & Visual Science 57, no. 6 (2016): 2509–2521, https://​doi.​
org/​10.​1167/​iovs.​15-​18680​.

91. M. Nikolic, “The Pak1 Kinase: An Important Regulator of Neuronal 
Morphology and Function in the Developing Forebrain,” Molecular 
Neurobiology 37, no. 2–3 (2008): 187–202, https://​doi.​org/​10.​1007/​s1203​
5-​008-​8032-​1.

92. P. Kreis and J. V. Barnier, “PAK Signalling in Neuronal Physiology,” 
Cellular Signalling 21, no. 3 (2009): 384–393, https://​doi.​org/​10.​1016/j.​
cells​ig.​2008.​11.​001.

93. K. Hayashi, T. Ohshima, and K. Mikoshiba, “Pak1 Is Involved in 
Dendrite Initiation as a Downstream Effector of Rac1 in Cortical 
Neurons,” Molecular and Cellular Neurosciences 20, no. 4 (2002): 579–
594, https://​doi.​org/​10.​1006/​mcne.​2002.​1144.

94. J. Jiang, J. Long, W. Ling, G. Huang, and L. Su, “Genetic Variation 
in the 3′-Untranslated Region of PAK1 Influences Schizophrenia 
Susceptibility,” Experimental and Therapeutic Medicine 13, no. 3 (2017): 
1101–1108, https://​doi.​org/​10.​3892/​etm.​2017.​4039.

95. M. D. Rubio, V. Haroutunian, and J. H. Meador-Woodruff, 
“Abnormalities of the Duo/Ras-Related C3 Botulinum Toxin Substrate 
1/p21-Activated Kinase 1 Pathway Drive Myosin Light Chain 

https://doi.org/10.1016/j.bbrep.2022.101397
https://doi.org/10.1515/tnsci-2016-0004
https://doi.org/10.1515/tnsci-2016-0004
https://doi.org/10.3389/fnins.2015.00146
https://doi.org/10.3389/fnins.2015.00146
https://doi.org/10.1016/j.ygcen.2006.01.012
https://doi.org/10.1016/j.peptides.2007.05.014
https://doi.org/10.1016/j.bbr.2014.04.013
https://doi.org/10.1016/j.bbr.2014.04.013
https://doi.org/10.1016/j.molcel.2007.09.028
https://doi.org/10.1152/physiolgenomics.00152.2013
https://doi.org/10.1152/physiolgenomics.00152.2013
https://doi.org/10.1016/j.cobeha.2016.12.004
https://doi.org/10.1038/npp.2009.142
https://doi.org/10.1038/npp.2009.142
https://doi.org/10.1016/j.neuroscience.2016.10.043
https://doi.org/10.1016/j.neuroscience.2016.10.043
https://doi.org/10.1002/biof.1723
https://doi.org/10.1111/dgd.12649
https://doi.org/10.3389/fncel.2017.00114
https://doi.org/10.3389/fncel.2017.00114
https://doi.org/10.1007/s10162-009-0173-z
https://doi.org/10.1002/ajmg.b.31027
https://doi.org/10.1111/j.1601-183X.2010.00608.x
https://doi.org/10.2337/db22-0252
https://doi.org/10.1186/s13104-017-2927-8
https://doi.org/10.1186/s13104-017-2927-8
https://doi.org/10.1186/s13041-019-0474-z
https://doi.org/10.1016/j.bbamcr.2021.119019
https://doi.org/10.1111/j.1471-4159.2007.05181.x
https://doi.org/10.1111/j.1471-4159.2007.05181.x
https://doi.org/10.1007/s12013-012-9476-5
https://doi.org/10.1167/iovs.15-18680
https://doi.org/10.1167/iovs.15-18680
https://doi.org/10.1007/s12035-008-8032-1
https://doi.org/10.1007/s12035-008-8032-1
https://doi.org/10.1016/j.cellsig.2008.11.001
https://doi.org/10.1016/j.cellsig.2008.11.001
https://doi.org/10.1006/mcne.2002.1144
https://doi.org/10.3892/etm.2017.4039


20 of 20 Genes, Brain and Behavior, 2025

Phosphorylation in Frontal Cortex in Schizophrenia,” Biological Psychiatry 
71, no. 10 (2012): 906–914, https://​doi.​org/​10.​1016/j.​biops​ych.​2012.​02.​006.

96. B. Fuchsova, A. Alvarez Julia, H. S. Rizavi, A. C. Frasch, and G. N. 
Pandey, “Expression of p21-Activated Kinases 1 and 3 Is Altered in the 
Brain of Subjects With Depression,” Neuroscience 333 (2016): 331–344, 
https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2016.​07.​037.

97. Q. L. Ma, F. Yang, S. A. Frautschy, and G. M. Cole, “PAK in Alzheimer 
Disease, Huntington Disease and X-Linked Mental Retardation,” Cellular 
Logistics 2, no. 2 (2012): 117–125, https://​doi.​org/​10.​4161/​cl.​21602​.

98. C. Fleury, M. Neverova, S. Collins, et al., “Uncoupling Protein-2: A 
Novel Gene Linked to Obesity and Hyperinsulinemia,” Nature Genetics 
15, no. 3 (1997): 269–272, https://​doi.​org/​10.​1038/​ng039​7-​269.

99. H. Esterbauer, C. Schneitler, H. Oberkofler, et  al., “A Common 
Polymorphism in the Promoter of UCP2 Is Associated With Decreased 
Risk of Obesity in Middle-Aged Humans,” Nature Genetics 28, no. 2 
(2001): 178–183, https://​doi.​org/​10.​1038/​88911​.

100. D. Kong, L. Vong, L. E. Parton, et  al., “Glucose Stimulation of 
Hypothalamic MCH Neurons Involves KATP Channels, Is Modulated 
by UCP2, and Regulates Peripheral Glucose Homeostasis,” Cell 
Metabolism 12, no. 5 (2010): 545–552, https://​www.​ncbi.​nlm.​nih.​gov/​
pmc/​artic​les/​PMC29​98191/​​pdf/​nihms​-​248222.​pdf.

101. Z. B. Andrews, Z. W. Liu, N. Walllingford, et al., “UCP2 Mediates 
ghrelin's Action on NPY/AgRP Neurons by Lowering Free Radicals,” 
Nature 454, no. 7206 (2008): 846–851, https://​doi.​org/​10.​1038/​natur​
e07181.

102. G. Hermes, D. Nagy, M. Waterson, et al., “Role of Mitochondrial 
Uncoupling Protein-2 (UCP2) in Higher Brain Functions, Neuronal 
Plasticity and Network Oscillation,” Molecular Metabolism 5, no. 6 
(2016): 415–421, https://​doi.​org/​10.​1016/j.​molmet.​2016.​04.​002.

103. S. R. Batten, F. Pomerleau, J. Quintero, G. A. Gerhardt, and J. S. 
Beckmann, “The Role of Glutamate Signaling in Incentive Salience: 
Second-By-Second Glutamate Recordings in Awake Sprague-Dawley 
Rats,” Journal of Neurochemistry 145, no. 4 (2018): 276–286, https://​doi.​
org/​10.​1111/​jnc.​14298​.

104. N. D. Okerlund and B. N. R. Cheyette, “Synaptic Wnt 
Signaling—A Contributor to Major Psychiatric Disorders?,” Journal of 
Neurodevelopmental Disorders 3, no. 2 (2011): 162–174, https://​doi.​org/​
10.​1007/​s1168​9-​011-​9083-​6.

105. J. Messeant, J. Ezan, P. Delers, et  al., “Wnt Proteins Contribute 
to Neuromuscular Junction Formation Through Distinct Signaling 
Pathways,” Development 144, no. 9 (2017): 1712–1724, https://​doi.​org/​
10.​1242/​dev.​146167.

106. G. Paolone, C. C. Angelakos, P. J. Meyer, T. E. Robinson, and M. 
Sarter, “Cholinergic Control Over Attention in Rats Prone to Attribute 
Incentive Salience to Reward Cues,” Journal of Neuroscience 33, no. 19 
(2013): 8321–8335, https://​doi.​org/​10.​1523/​JNEUR​OSCI.​0709-​13.​2013.

107. A. Kucinski, C. Avila, and M. Sarter, “Basal Forebrain Chemogenetic 
Inhibition Converts the Attentional Control Mode of Goal-Trackers to 
That of Sign-Trackers,” eNeuro 9, no. 6 (2022): ENEURO.0418-0422.2022, 
https://​doi.​org/​10.​1523/​ENEURO.​0418-​22.​2022.

108. H. Carmon, E. C. Haley, V. Parikh, N. C. Tronson, and M. Sarter, 
“Neuro-Immune Modulation of Cholinergic Signaling in an Addiction 
Vulnerability Trait,” eNeuro 10, no. 3 (2023): 1–16, https://​doi.​org/​10.​
1523/​ENEURO.​0023-​23.​2023.

109. P. F. Overby, C. W. Daniels, A. Del Franco, et al., “Effects of Nicotine 
Self-Administration on Incentive Salience in Male Sprague Dawley 
Rats,” Psychopharmacology 235, no. 4 (2018): 1121–1130, https://​doi.​
org/​10.​1007/​s0021​3-​018-​4829-​4.

110. M. I. Palmatier, M. R. Kellicut, A. Brianna Sheppard, R. W. Brown, 
and D. L. Robinson, “The Incentive Amplifying Effects of Nicotine 
Are Reduced by Selective and Non-selective Dopamine Antagonists 
in Rats,” Pharmacology, Biochemistry, and Behavior 126 (2014): 50–62, 
https://​doi.​org/​10.​1016/j.​pbb.​2014.​08.​012.

111. M. I. Palmatier, K. R. Marks, S. A. Jones, K. S. Freeman, K. M. 
Wissman, and A. B. Sheppard, “The Effect of Nicotine on Sign-Tracking 
and Goal-Tracking in a Pavlovian Conditioned Approach Paradigm in 
Rats,” Psychopharmacology 226, no. 2 (2013): 247–259, https://​doi.​org/​
10.​1007/​s0021​3-​012-​2892-​9.

112. H. Nakamura, R. N. Cook, and M. J. Justice, “Mouse Tenm4 Is 
Required for Mesoderm Induction,” BMC Developmental Biology 13 
(2013): 9, https://​doi.​org/​10.​1186/​1471-​213X-​13-​9.

113. J. Gelernter, H. R. Kranzler, R. Sherva, et  al., “Genome-Wide 
Association Study of Nicotine Dependence in American Populations: 
Identification of Novel Risk Loci in Both African-Americans and 
European-Americans,” Biological Psychiatry 77, no. 5 (2015): 493–503, 
https://​doi.​org/​10.​1016/j.​biops​ych.​2014.​08.​025.

114. M. Liu, Y. Jiang, R. Wedow, et  al., “Association Studies of up to 
1.2 Million Individuals Yield New Insights Into the Genetic Etiology of 
Tobacco and Alcohol Use,” Nature Genetics 51, no. 2 (2019): 237–244, 
https://​doi.​org/​10.​1038/​s4158​8-​018-​0307-​5.

115. J. A. Tripi, M. L. Dent, and P. J. Meyer, “Individual Differences 
in Food Cue Responsivity Are Associated With Acute and Repeated 
Cocaine-Induced Vocalizations, but Not Cue-Induced Vocalizations,” 
Psychopharmacology 234, no. 3 (2017): 437–446, https://​doi.​org/​10.​
1007/​s0021​3-​016-​4476-​6.

116. F. Allain, K. Bouayad-Gervais, and A. N. Samaha, “High and 
Escalating Levels of Cocaine Intake Are Dissociable From Subsequent 
Incentive Motivation for the Drug in Rats,” Psychopharmacology 235, 
no. 1 (2018): 317–328, https://​doi.​org/​10.​1007/​s0021​3-​017-​4773-​8.

117. B. A. Zimmer, E. B. Oleson, and D. C. Roberts, “The Motivation 
to Self-Administer Is Increased After a History of Spiking Brain Levels 
of Cocaine,” Neuropsychopharmacology 37, no. 8 (2012): 1901–1910, 
https://​doi.​org/​10.​1038/​npp.​2012.​37.

118. L. G. C. Lieselot, G. Giordano de, K. Marsida, et al., “The Cocaine 
and Oxycodone Biobanks, Two Repositories From Genetically Diverse 
and Behaviorally Characterized Rats for the Study of Addiction,” 
eNeuro 8, no. 3 (2021): ENEURO.0033-0021.2021, https://​doi.​org/​10.​
1523/​ENEURO.​0033-​21.​2021.

119. C. P. King, A. A. Palmer, L. C. Woods, L. W. Hawk, J. B. Richards, 
and P. J. Meyer, “Premature Responding Is Associated With Approach 
to a Food Cue in Male and Female Heterogeneous Stock Rats,” 
Psychopharmacology 233, no. 13 (2016): 2593–2605, https://​doi.​org/​10.​
1007/​s0021​3-​016-​4306-​x.

120. K. K. Pitchers, S. B. Flagel, E. G. O'Donnell, L. C. Woods, M. Sarter, 
and T. E. Robinson, “Individual Variation in the Propensity to Attribute 
Incentive Salience to a Food Cue: Influence of Sex,” Behavioural Brain 
Research 278 (2015): 462–469, https://​doi.​org/​10.​1016/j.​bbr.​2014.​10.​036.

121. A. M. Ahrens, P. J. Meyer, L. M. Ferguson, T. E. Robinson, and J. W. 
Aldridge, “Neural Activity in the Ventral Pallidum Encodes Variation in 
the Incentive Value of a Reward Cue,” Journal of Neuroscience 36, no. 30 
(2016): 7957–7970, https://​doi.​org/​10.​1523/​JNEUR​OSCI.​0736-​16.​2016.

122. B. B. Johnson, T. M. Sanches, M. H. Okamoto, et al., “RATTACA: 
Genetic Predictions in Heterogeneous Stock Rats Offer a New Tool 
for Genetic Correlation and Experimental Design,” 2023 bioRxiv, 
2023.2009.2018.558279, https://​doi.​org/​10.​1101/​2023.​09.​18.​558279.

123. S. N. Wright, B. S. Leger, S. B. Rosenthal, et  al., “Genome-Wide 
Association Studies of Human and Rat BMI Converge on Synapse, 
Epigenome, and Hormone Signaling Networks,” Cell Reports 42, no. 8 
(2023): 112873, https://​doi.​org/​10.​1016/j.​celrep.​2023.​112873.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

https://doi.org/10.1016/j.biopsych.2012.02.006
https://doi.org/10.1016/j.neuroscience.2016.07.037
https://doi.org/10.4161/cl.21602
https://doi.org/10.1038/ng0397-269
https://doi.org/10.1038/88911
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2998191/pdf/nihms-248222.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2998191/pdf/nihms-248222.pdf
https://doi.org/10.1038/nature07181
https://doi.org/10.1038/nature07181
https://doi.org/10.1016/j.molmet.2016.04.002
https://doi.org/10.1111/jnc.14298
https://doi.org/10.1111/jnc.14298
https://doi.org/10.1007/s11689-011-9083-6
https://doi.org/10.1007/s11689-011-9083-6
https://doi.org/10.1242/dev.146167
https://doi.org/10.1242/dev.146167
https://doi.org/10.1523/JNEUROSCI.0709-13.2013
https://doi.org/10.1523/ENEURO.0418-22.2022
https://doi.org/10.1523/ENEURO.0023-23.2023
https://doi.org/10.1523/ENEURO.0023-23.2023
https://doi.org/10.1007/s00213-018-4829-4
https://doi.org/10.1007/s00213-018-4829-4
https://doi.org/10.1016/j.pbb.2014.08.012
https://doi.org/10.1007/s00213-012-2892-9
https://doi.org/10.1007/s00213-012-2892-9
https://doi.org/10.1186/1471-213X-13-9
https://doi.org/10.1016/j.biopsych.2014.08.025
https://doi.org/10.1038/s41588-018-0307-5
https://doi.org/10.1007/s00213-016-4476-6
https://doi.org/10.1007/s00213-016-4476-6
https://doi.org/10.1007/s00213-017-4773-8
https://doi.org/10.1038/npp.2012.37
https://doi.org/10.1523/ENEURO.0033-21.2021
https://doi.org/10.1523/ENEURO.0033-21.2021
https://doi.org/10.1007/s00213-016-4306-x
https://doi.org/10.1007/s00213-016-4306-x
https://doi.org/10.1016/j.bbr.2014.10.036
https://doi.org/10.1523/JNEUROSCI.0736-16.2016
https://doi.org/10.1101/2023.09.18.558279
https://doi.org/10.1016/j.celrep.2023.112873

	Genetic Loci Influencing Cue-Reactivity in Heterogeneous Stock Rats
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Subjects
	2.2   |   Procedure and Apparatus
	2.3   |   Behavioral Measures
	2.4   |   Selection of Measures
	2.5   |   Tissue Collection and Genotyping
	2.6   |   Statistical Analysis
	2.6.1   |   Phenotypic and Genetic Correlations, Heritability Estimates
	2.6.2   |   Genome-Wide Association Analysis


	3   |   Results
	3.1   |   Genetic Correlations
	3.2   |   PavCA and CRf Show Modest Heritability
	3.3   |   Identification of Multiple GWAS Hits
	3.4   |   Sex Differences
	3.5   |   Candidate Gene Identification
	3.6   |   eQTLs
	3.7   |   Phenome-Wide Association Study (PheWAS) Analysis

	4   |   Discussion
	4.1   |   Sex Differences
	4.2   |   Tenm4 and Mir708
	4.3   |   Genes With Coding Polymorphisms
	4.4   |   Expression-QTL Genes
	4.5   |   Phenome-Wide Associations for Drug Response and Behavioral Regulation
	4.6   |   Limitations and Future Directions

	5   |   Conclusion
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


