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Abstract

Many personality traits are influenced by genetic factors. Rodents

models provide an efficient system for analyzing genetic contribution to

these traits. Using 1,246 adolescent heterogeneous stock (HS) male and

female rats, we conducted a genome-wide association study (GWAS) of

behaviors measured in an open field, including locomotion, novel object

interaction, and social interaction. We identified 30 genome-wide signifi-

cant quantitative trait loci (QTL). Using multiple criteria, including the

presence of high impact genomic variants and co-localization of cis-eQTL,

1

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464872doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464872
http://creativecommons.org/licenses/by/4.0/


we identified 13 candidate genes (Adarb2, Ankrd26, Cacna1c, Clock, Crhr1,

Ctu2, Cyp26b1, Eva1a, Fam114a1, Kcnj9, Mlf2, Rab27b, Sec11a) for these

traits. Most of these genes have been implicated by human GWAS of

various psychiatric traits. For example, Cacna1c, a gene known to be criti-

cal for social behavior in rodents and implicated in human schizophrenia

and bipolar disorder, is a candidate gene for distance to the social zone.

In addition, the QTL region for total distance to the novel object zone,

on Chr1 at 144 Mb, is syntenic to a hotspot on human Chr15 (82.5-90.8

Mb) that contains 14 genes associated with psychiatric or substance abuse

traits. Although some of the genes identified by this study appear to

replicate findings from prior human GWAS, others likely represent novel

findings that can be the catalyst for future molecular and genetic insights

into human psychiatric diseases. Together, these findings provide strong

support for the use of the HS population to study psychiatric disorders.

Keywords: GWAS, outbred, anxiety, open field, novelty-seeking, so-

cial interaction, heterogeneous stock, rats

1 Introduction

Many personality traits are predictors of vulnerability to addiction [1]. For

example, individuals with symptoms of anxiety are more likely to be smokers

[2, 3], and novelty seeking is positively correlated with both smoking onset [4]

and cocaine abuse [5]. In addition, the social environment plays a critical role

in the development and treatment of addiction [6]. Many of these phenomena

can be modeled using rodents to unveil their neural, genetic, and molecular

mechanisms [7, 8, 9, 10].

The open-field test (OFT) is a widely used behavioral test for measuring anxiety-

like and exploratory behavior in rodents [11, 12, 13, 14]. A rodent is typically

placed in an open chamber surrounded by tall walls. Video recording of the

rodent’s locomotor movements is then analyzed. In general, rats spend most of

the testing session walking along the wall (i.e. thigmotaxis). Increased time spent

in the center of the area or decreased latency to enter the center are interpreted

as indications of lower anxiety. The OFT is widely used to model anxiety and is

sensitive to the anxiolytic-like effects of classical benzodiazepines, and 5-HT1A

receptor agonists [11]. The novel object interaction test (NOIT) is usually

conducted in an open arena where a novel object is placed in the center. The
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time spent and distance traveled around the object zone are used as indicators

of preference for novelty. Novel object interaction has been considered as an

important predictor in addiction-like traits [15, 16] and high novelty preference

increases the propensity for addictive drug-seeking behavior [17, 18, 9]. There

are multiple different methods for conducting social interaction test (SIT) in

rats [19, 20, 21]. In general, an unfamiliar stimulus rat and the rats to be tested

are placed in the same arena. While manual scoring of social interaction often

allows both rats to be freely moving, experiments using automated video analysis

often limit the movement of the stimulus rat and calculate the time spend and

distance traveled by the test rat around the stimulus rat.

The heterogeneous stock (HS) rats were originally derived from interbreeding

eight inbred strains [22] and have been maintained as outbred for more than

90 generations. HS rats have been successfully used in several high-resolution

genome-wide association studies (GWAS) [23, 24, 25, 26]. Here we report the

results on associations of genomic loci with measures obtained from OFT, NOIT

and SIT. These analyses were based on an expanded data set that contained

about twice the sample size of that reported previously [27]. These data were

collected as part of a larger GWAS on socially acquired nicotine intravenous

self-administration, which will be the subject of a separate publication.

2 Materials and Methods

2.1 Animals

The N/NIH heterogeneous stock (HS) rat (RRID:RGD2314009), was created

at the NIH in 1984 by interbreeding the following eight inbred founder strains:

ACI/N, BN/SsN, BUF/N, F344/N, M520/N, MR/N, WKY/N and WN/N [22].

The HS rats used in this study were sent from The Medical College of Wisconsin

to the University of Tennessee Health Science Center (UTHSC) at 3–6 weeks

of age. A total of 16 batches of HS rats were transferred between October 27,

2014 and September 20, 2018. Each batch consisted of 25 males and 25 females

that were used as breeders. After a two-week quarantine period, rats were

transferred to a reversed 12h light-dark cycle (lights off at 9:00 AM) housing

room. Breeding pairs were assigned according to an algorithm that maximized

the genetic diversity of the offspring. Litters were culled to a maximum of

8 pups to ensure a consistent nutritional environment. Rats were weaned on

3

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464872doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464872
http://creativecommons.org/licenses/by/4.0/


PND 21. An RFID was inserted subcutaneously when rats were weaned. Two

male and two female rats per litter were used for behavioral studies. Teklad

Irradiated LM-485 Mouse/Rat Diet and water were provided ad libitum. All rats

were group-housed with 2-4 same-sex peers throughout the experiments to avoid

social isolation. All procedures were conducted in accordance with the NIH

Guidelines concerning the Care and Use of Laboratory Animals, as approved by

the Institutional Animal Care and Use Committee of the University of Tennessee

Health Science Center.

2.2 Study Design

All HS rats (626 males and 620 females in total from 16 batches) were adolescents

when tests began. Their age was 31.8± 2.6 (mean ± STD) on the day of the

OFT. Each HS rat was tested in all three behavioral tests, one test per day, in

the following sequence: OFT, NOIT, and SIT. All tests were conducted in the

dark phase of the light cycle (9 AM – 4 PM) and were conducted in the same

open field and recorded using the same video capture system.

2.3 Behavioral testing procedure

2.3.1 Open field test

Two OFT arenas were constructed using black acrylic glass, measuring 100cm(L)×
100cm(W )×50cm(H), which were placed side by side. The floors were covered by

wood boards painted with either black or white acrylic paint (ART-Alternatives,

ASTM D-4236, Emeryville, CA, USA) to contrast the coat of the animals (i.e. a

black board was used for rats with white fur). The test chambers were illumi-

nated by a long-range, 850-nm infrared light (LIR850-70, LDP LLC, Carlstadt,

NJ) located 160 cm above the center of the two test chambers. No source of

visible light was present during behavioral testing, with the exception of a flat

panel monitor (Dell 1908FP). A digital camera (Panasonic WV-BP334) fitted

with an 830 nm infrared filter (X-Nite830-M37, LTP LLC, Carlstadt, NJ) and

located next to the infrared light source was used to record the behavior of the

rats. All rats were released at the same corner of the test chamber, and data

were collected for 1 h.
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2.3.2 Novel object interaction test

This test was conducted the day after the OFT in the same arena. A cylindrical

rat cage constructed using 24 aluminum rods (30 cm in length) spaced 1.7 cm

apart was used as the novel object. The bottom and top of the cage (15 cm in

diameter) were manufactured using a 3D printer from polylactic acid. The design

can be downloaded from https://github.com/chen42/RatSocialInteractionTest.

The novel object was placed in the center of the arena before testing. The test

duration was 20 min and was recorded using the same camera as that used in

the OFT.

2.3.3 Social interaction test

This test was conducted the day after the NOIT. This test compares the pref-

erence of a subject rat for a stimulus rat restricted in a cylindrical cage (i.e.

the novel object used in the NOIT) against an empty cylindrical cage. The

test arena was reduced to 100cm(L) × 60cm(W ) × 50cm(H) by using a black

board placed vertically in the arena. Two cylindrical cages described above

were placed ˜30 cm away from the walls on opposite sides (i.e., similar to the

arrangement commonly used in the three-chamber test). A randomly selected

stimulus Sprague-Dawley rat of the same sex and similar weight as the HS test

rat was placed into one of the cylindrical cages (kept the same throughout the

experiment) 5 min before the HS subject rat was placed into the arena. The

stimulus and subject rats were never housed together and thus were unfamiliar

to each other. No social isolation was conducted on either rat. Each stimulus

rat was used no more than once per day. The test duration was 20 min and was

recorded using the same camera as that used in the OFT.

2.3.4 Analysis of video data

Ethovision XT video tracking system (Version 4.0, Noldus Information Technol-

ogy, The Netherlands) was used to analyze the videos recorded in all behavioral

tests. After identifying the arena and calibrating the size of the arena, specific

zones in the arena were outlined. For OFT and NOIT, one center zone, which

was a circular region with a diameter of 20 cm, was used. For the SIT, one

object zone and one social zone, both were circular regions with diameters of 20

cm, corresponding to the two cylindrical cages respectively, were specified. The

extracted data included the total distance traveled in the arena, the duration
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and the frequency the test rat was present in specific zones, the distance of the

subject to the zones, and the latency of the test rat entering the zones. The

center of the subject rat was used for all calculations. Phenotypic correlations

were determined using the Pearson test.

2.4 Pre-processing of phenotype data

For genetic analysis, each trait was quantile-normalized separately for males

and females; this approach is similar to using sex as a covariate. Other relevant

covariates (including age, batch number, and dissector) were identified for each

trait, and covariate effects were regressed out if they were significant and if they

explained more than 2% of the variance. Residuals were then quantile-normalized

again, after which the data for each sex were pooled prior to further analysis.

This approach removed mean differences due to sex; further, it did not attempt

to model gene-by-sex interactions.

2.5 Genotyping and estimates of heritability

Genotypes were determined using genotyping-by-sequencing (GBS), as described

previously [28]. This produced 3,513,494 SNPs with an estimated error rate

<1%. Variants for X- and Y-chromosomes were not called. We used this set

of SNPs for GWAS, genetic correlations, and heritability estimates. We used

GCTA-GREML [29] analysis to estimate proportion of variance attributable to

SNPs.

2.6 Genetic Mapping

GWAS analysis employed a linear mixed model, as implemented in the software

GCTA [30], using a genetic relatedness matrix (GRM) to account for the complex

family relationships within the HS population and the Leave One Chromosome

Out (LOCO) method to avoid proximal contamination [31, 32]. Significance

thresholds were calculated using permutation. Because all traits were quantile

normalized, we used the same threshold for all traits [33]. To identify QTLs,

we scanned each chromosome to determine if there was at least one SNP that

exceeded the permutation-derived threshold of −log10(p) > 5.6, which was

supported by a second SNP within 0.5 Mb that had a p-value that was within

2− log10(p) units of the index SNP.

Other QTLs on the same chromosome were tested to ensure that they were
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independent of the first. To establish independence, we used the top SNP from

the first QTL as a covariate and performed a second GWAS of the chromsome

in question. If the resulting GWAS had an additional SNP with a p-value that

exceeded our permutation-derived threshold, it was considered to be a second,

independent locus. This process was repeated (including all previously significant

SNPs as covariates), until no more QTLs were detected on a given chromosome.

Linkage disequilibrium (LD) intervals for the identified QTL were determined by

identifying those markers that had a high correlation coefficient with the peak

marker (r2 = 0.6).

3 Results

3.1 Sex differences

We found that many of the traits measured in OFT, NOIT, and SIT are different

between males and females (Table S1). In OFT, with the exception of latency of

entering the center zone, all traits have statistically significant sex differences.

In addition, four out of six traits in NOIT and seven out of eleven traits in

SIT are different between males and females. The range of effect size (Cohen’s

d) for statistically significant differences is (0.14, 0.31). Our genetic analysis

quantile-normalized each trait separately for males and females. This approach

removed mean differences due to sex and allowed us to combine males and

females in the same analysis to increase the power of GWAS,

3.2 Phenotypic correlations

We calculated Pearson correlation between the 23 traits (Figure 1). We found 197

correlations with un-adjusted p values less than 0.05. Most of these correlations

have relatively low Person coefficient (mean is 0.23, median is 0.18). However,

due to the large sample size, most of these correlations are highly significant

(median −log10(p) is 7.8). In general, correlations of traits obtained from the

same behavioral test are among the strongest. For example, frequency of visiting

the center and duration of staying in the center are positively correlated in OFT

(r=0.76), and duration in the social zone and distance to the social zone in the

SIT are negatively correlated (r=-0.76). Most of these correlations are expected

from the definitions of these variables.

Among the correlations of variables derived from two different behavioral tests,
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correlations for measures of distance traveled are among the highest (range of

Pearson r: 0.39 – 0.47, e.g. Figure 6 A, B). Distance traveled in the OFT is

also correlated with duration of center time in the NOIT (e.g. Figure 6 C).

Interestingly, the frequencies of visiting the center of the area in the NOIT is

correlated with the frequency of visiting the social zone in the SIT (Figure 6

D). In contrast, OFT center frequency is negatively correlated with NOIT mean

distance to center in NOIT (Figure 6 E), and distance to object zone in SIT is

negatively correlated with center frequency in NOIT (Figure 6 F).

3.3 Heritability

SNP heritability estimates (h2) for traits are provided in Table 1. In all the

three behavioral tests, total travel distance has the highest heritability. In OFT,

all heritability estimates are between 0.28 – 0.38, with the exception of that

for latency of entering the center zone (h2 = 0.08). Heritability estimates for

variables from the NOIT are slightly lower than that of the OFT; most of them

are in the range of 0.21 – 0.29, with the exception of that for the latency of

entering the center zone (h2 = 0.10). Heritability estimates for various measures

of the SIT are in the range of 0.10 – 0.28. Interestingly, heritability estimates

for measures on the social zone are consistently greater than those for the object

zone.

3.4 Identification of multiple GWAS hits

In Table 2, we present single nucleotide polymorphisms (SNPs) that are signifi-

cantly associated with the phenotypes. The genome-wide statistical significance

of the association is determined by −log10P values which ranges from 5.609

to 8.268. The p-values correspond to these are 2.46 × 10−6 and 0.5 × 10−8,

respectively. For OFT, there are 9 significant loci for 5 traits. We did not find a

significant QTL for Duration in center zone (h2 = 0.284± 0.045). We identified

two loci for Frequency of entering center zone and Total travel distance, 3 loci

for Total distance to center zone. We found 4 NOIT traits have significant loci.

Among them, Total distance to center zone has 3 loci and Mean distance to

center zone has 2 loci. We did not find any significant loci for Frequency of

entering center zone (h2 = 0.209± 0.041) and Latency of entering center zone

(h2 = 0.100± 0.034). For SIT, we identified significant loci for all traits except

Latency of entering object zone which has heritability of h2 = 0.082± 0.032. We

found 2 loci for the traits Latency of entering social zone, Mean distance to social
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zone Total distance to social zone and Total travel distance. All genome-wide

significant loci are shown in Figure 2. Genetic mapping of individual traits

are shown as Manhattan plots as Supplementary Figures S1–S23. Regional

association plots for representative traits are shown in Fig 3– these traits are

shown in Supplementary Figures 3–5 for OIT, NOIT, and SIT, respectively.

3.5 Pleiotropic loci

To determine if traits that mapped to the same location are pleiotropic, we

considered the minor allele frequency (MAF), and the SDP of the index SNP

among the 8 founder strains that were used to create the HS. Using these criteria,

we did not observe any pleiotropic loci between the traits analyzed in different

tests. However, we did identify pleiotropic loci between the traits of the same

behavior test. Most of these traits are highly correlated, as shown in Figure 1.

With the exception of three sets of QTL (Table S3), all others share the same

top SNP (Table S2).

3.6 Candidate gene identification

The number of genes within the identified QTL ranges from 1 to 127 (mean:

30.1, median: 19. Table 2). There is only one region that contains a single gene:

Adarb2 within chr17:58Mb for latency of entering social zone in SIT. However,

it is also possible that the causal allele is a regulatory variant that is located in

this interval but regulates a gene outside of the identified interval.

All other loci contained more than one gene. To identify candidate genes, we

combined several criteria: 1) the presence of moderate or high impact variants

located within the gene, as predicted by SnpEff [34]. We also require these

variants are in high LD with the top SNP. We identified 149 coding variants

within 30 QTL, 8 of which were predicted to have a high impact (Supplementary

Table S4). 2) the presence of a significant cis-eQTL in one or more of the

five brain regions in a dataset containing 88 navie adult HS rats[35], 3) has a

human ortholog that has been reported to be associated with psychiatric diseases

(including drug abuse). When multiple candidates are present using the above

criteria, we remove the gene with very low expression levels across all five regions

in the RNA-seq data set (e.g., FPKM < 0.5) and select the candidate with the

strongest support for the literature. Combining these criteria with a literature

search conducted using GeneCup [36], we identified plausible candidate genes

9

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464872doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464872
http://creativecommons.org/licenses/by/4.0/


within 13 loci (Table 3).

In addition, for total distance to the novel object zone, the QTL region on chr1

(144 Mb, size: 4.1 Mb, Figure S34) contains 69 gene with human orthologs.

We found 14 of these genes have been reported in human GWAS to be asso-

ciated with psychiatric conditions or addiction with genome-wide significance

(ACAN, ADAMTSL3, ALPK3, CPEB1, FES, FURIN, LINC00933, MIR9-3HG,

MRPL46, NMB, POLG-DT, SEC11A, ZNF592, ZSCAN2, Table S5). Three

additional genes with sub-threshold significance in human GWAS are also in-

cluded. These genes are all located in a syntenic region on human chromosome

15 (82.5-90.8 Mb). Although based on the criteria described above, Sec11a is the

best candidate gene (Table 3), it is possible that this region contains multiple

genes that are associated with the trait.

4 Discussion

As part of a GWAS on intravenous nicotine self-administration in adolescent HS

rats that we are conducting [27, 37], we collected several behavioral phenotypes

related to anxiety, novelty exploration, and social interaction. We have previously

reported that these behavioral traits contribute to the variation in nicotine intake

[27]. We report here GWAS results of three behavioral traits: OFT, NOIT, and

SIT, which were all conducted in the same open field. We identified 24 QTL for

30 traits. Using a set criteria outlined above, we identified 13 candidate genes.

OFT, NOIT, and SIT are widely used behavioral assays in rodents. With over

1,200 rats, ours represent some of the largest data collected using these assays.

Similar to our interim report on this data set [27], we found a large number of

correlations with relatively low coefficients (e.g., r < 0.4) but with high statistical

significance. It is likely that these correlated traits are controlled by the same

behavioral processes and thus are influenced by the same genetic factors. In

fact, our genetic analysis did find several pleiotropic sites (Table S3). Almost all

pleiotropic loci are reported for traits measured in the same behavior assay. It is

likely that further increasing sample size will provide greater statistical power to

detect pleiotropic effect across different behavioral assays.

Many of the candidate genes in this study have been associated with psychiatric or

drug abuse traits in humans. For example, we identified Cyp26b1, a retinoic acid

degrading enzyme, as a candidate gene for the frequency of entering the center
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zone and total distance to the center zone in OFT; both of which are measures

of anxiety-like behaviors. Cyp26b1 has been associated with Schizophrenia in

several human GWAS [38, 39]. Anxiety symptoms are common in schizophrenia

patients [40, 41]. Cyp26b1 is is expressed in parvalbumin-positive interneurons

[42]. Most interestingly, knockdown Cyp26b1 in the nucleus accumbens shell

decreased anxiety-like behavior [43].

The Crhr1 gene, which encodes corticotrophin release hormone receptor 1, is a

candidate gene for total travel distance in the OFT. Crhr1 is involved in anxiety-

like behavior in OFT in rats [44, 45]. In mice, conditional knockout approach

showed that Crhr1 in the forebrain underlies the effect of early life stress on

total travel distance in the OFT [46], which provides a direct confirmation for

the association we report here.

Among the candidate genes for NOIT, Eva1a, a candidate gene for the duration

in the center zone, is supported by strong cis-eQTL and a missense variant.

Eva1a has no literature support and thus could lead to the discovery of new

mechanisms for novelty seeking-like behavior. Sec11a, a candidate gene for total

distance in the center zone, is associated with depression and schizophrenia

[47, 39, 48]. Mlf2, a candidate gene for total distance to center zone in NOIT, is

associated with smoking in humans [49] and has very high expression levels in

the accumbens (Table 3).

For the SIT, we identified Cacna1c, encoding the Cav1.2 subunit of the L-type

Ca2+ channel, as a candidate gene for distance to the social zone. Cacna1c

has been associated with schizophrenia [50] and bipolar disorder [51] in human

GWAS. Both schizophrenia and bipolar disorders are associated with impair-

ments in a range of social deficits [52, 53]. In animal studies, Sprague-Dawley

rats with heterozygotic deletion of the Cacna1c gene (homozygotic mutation is

lethal) showed many deficits in social behavior. These included reduced levels of

ultrasonic vocalizations during rough-and-tumble play, as well as social approach

behavior elicited by playback of ultrasonic vocalizations [54, 55]. In mice, a

knockdown of Cacna1c in the nucleus accumbens significantly increased suscepti-

bility to social stress [56]. Knocking down of Cacna1c in the prefrontal cortex of

adult mice also recapitulated many of the social deficits [57]. Importantly, some

of the behavioral effects of Cacna1c appear to interact with genetic background

[58].

Among the other candidate genes for the SIT traits, Rab27b is involved in
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the presynaptic mechanism of long-term potentiation [59] as well as myelin

biogenesis in oligodendrocytes [60]. Ankrd26 is expressed in the arcuate and

ventromedial nuclei and in the ependyma[61]. Kcnj9 is involved in neurite

outgrowth [62]. Ctu2 is involved in post-translational modification of tRNAs

[63]. Adarb2 has been associated with home cage activity [64] and unipolar

depression [65]. The Clock gene is involved in the maintenance of locomotor

rhythms [66]. Mutations of the CLOCK gene have been implicated in many

psychiatric disorders [67]. Although these candidates are well supported by

multiple lines of evidence, additional work is needed to confirm their causal

relationship to the corresponding behavioral traits.

The total distance to the novel object zone is associated with chr1:144080083

(allele frequency: 0.91, −log10(p) = 5.969, size of interval: 4.1 Mb, Figure S34).

This SNP is also associated with the duration rats stayed in the novel object zone,

although the p value did not reach genome-wide significance (-logP=4.63). This

region contains 69 known genes. Its syntenic region on human Chr15 (82.5-90.8

Mb) is a hotspot for human pyschiatric diseases, containing 30 SNPs and 14

genes (ACAN, ADAMTSL3, ALPK3, CPEB1, FES, FURIN, LINC00933, MIR9-

3HG, MRPL46, NMB, POLG-DT, SEC11A, ZNF592, ZSCAN2 ) associated

with generalized anxiety disorder, schizophrenia, bipolar disorder, obsessive

compulsive disorder, attentions deficit hyperactivity disorder, autism spectrum

disorder, and unipolar depression, smoking behavior, etc. These results are

reported in 21 publications (Table S5). Using the criteria described above, we

identified Sec11a as the best candidate gene (Table 3). However, given the large

number of genetic variants reported in human GWAS that are associated with

psychiatric conditions within this syntenic region, it is very likely that this region

contains multiple genes that are associated with novelty seeking-like behavior.

We include overlapping with human psychiatric GWAS results as part of the

criteria in prioritizing candidate genes. It is possible that this approach could

introduce bias and prevent us from making novel discoveries. For example,

two (Cyp26b1 and Crhr1 ) of the three candidate genes for OFT have been

associated with schizophrenia, rather than anxiety. However, many genetic

variants are pleiotropic for multiple psychiatric diseases [68]. For example,

polygenic risk scores for schizophrenia have been associated with many other

psychiatric diseases, such as anxiety disorder [69] or major depressive disorder

[70], or cognitive performance [71]. Together with other evidence, we believe

considering human psychiatric GWAS findings when identifying candidate genes
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in our study, even when the behavior trait in rats does not map directly to the

psychiatric disease, is still valid and will likely increase the transnational value

of our findings.

The presence of cis-eQTL in the brain is one of the strongest pieces of evidence

that we use to prioritizes candidate genes. Nine of the 13 candidate genes we

identified have cis-eQTL. Two of the strongest candidate genes in our results,

Cacna1c for social behavior and Crhr1 for anxiety-like behavior, are both

supported by prior studies on similar traits using knockout mice. However, we

did not find significant cis-eQTL of these two genes in our dataset. This could

imply either our cis-eQTL dataset lack sufficient power or that genetic regulation

of the traits does not directly involve gene expression in the brain regions that

we have eQTL data. In addition, several QTL regions contain multiple cis-eQTL.

It is possible this is due to strong LD within the region.

The HS rat population has already been successfully used in genetic mapping

studies of physiological or behavioral traits [72, 73, 26]. Prior study mapped

several anxiety-like traits using zero maze [23]. Several GWAS using HS to

study behavioral regulation [74], response to cocaine cues [75], cocaine self-

administration [76], nicotine self-administration [37, 27], or oxycodone self-

administration are underway. Our study add to the literature 30 QTLs and

13 candidate genes for psychiatric related behavioral traits. While some of the

candidate genes are well supported by knockout studies in mice and human

GWAS, others likely represent novel findings that can be the catalyst for future

molecular and genetic insights on psychiatric diseases.
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N. Matoba, G. McMahon, A. Mulas, V. Orrù, T. Palviainen, A. Pandit, GW.
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C. Schafer-Nielsen, F. Döring, E. Wischmeyer, and M. Schachner. Func-

22

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464872doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464872
http://creativecommons.org/licenses/by/4.0/


tional consequences of the interactions among the neural cell adhesion

molecule ncam, the receptor tyrosine kinase trkb, and the inwardly rectify-

ing k+ channel kir3.3. J Biol Chem, 285(37):28968–28979, 2010. PMCID:

PMC2937924, PMID: 20610389.

[63] Erratum. Hum Mutat, 42(2):219, 2021. PMID: 33559988.

[64] J. Nicod, RW. Davies, N. Cai, C. Hassett, L. Goodstadt, C. Cosgrove, BK.

Yee, V. Lionikaite, RE. McIntyre, CA. Remme, EM. Lodder, JS. Gregory,

T. Hough, R. Joynson, H. Phelps, B. Nell, C. Rowe, J. Wood, A. Walling,

N. Bopp, A. Bhomra, P. Hernandez-Pliego, J. Callebert, RM. Aspden, NP.

Talbot, PA. Robbins, M. Harrison, M. Fray, JM. Launay, YM. Pinto, DA.

Blizard, CR. Bezzina, DJ. Adams, P. Franken, T. Weaver, S. Wells, SD.

Brown, PK. Potter, P. Klenerman, A. Lionikas, R. Mott, and J. Flint.

Genome-wide association of multiple complex traits in outbred mice by

ultra-low-coverage sequencing. Nat Genet, 48(8):912–918, 2016. PMCID:

PMC4966644, PMID: 27376238.

[65] DM. Howard, MJ. Adams, TK. Clarke, JD. Hafferty, J. Gibson, M. Shirali,

JRI. Coleman, SP. Hagenaars, J. Ward, EM. Wigmore, C. Alloza, X. Shen,

MC. Barbu, EY. Xu, HC. Whalley, RE. Marioni, DJ. Porteous, G. Davies, IJ.

Deary, G. Hemani, K. Berger, H. Teismann, R. Rawal, V. Arolt, BT. Baune,

U. Dannlowski, K. Domschke, C. Tian, DA. Hinds, M. Trzaskowski, EM.

Byrne, S. Ripke, DJ. Smith, PF. Sullivan, NR. Wray, G. Breen, CM. Lewis,

and AM. McIntosh. Genome-wide meta-analysis of depression identifies 102

independent variants and highlights the importance of the prefrontal brain

regions. Nat Neurosci, 22(3):343–352, 2019. PMCID: PMC6522363, PMID:

30718901.

[66] NM. Ludin, A. Orts-Sebastian, JF. Cheeseman, J. Chong, AF. Merry,

D. Cumin, S. Yamazaki, MDM. Pawley, and GR. Warman. General anaes-

thesia shifts the murine circadian clock in a time-dependant fashion. Clocks

Sleep, 3(1):87–97, 2021. PMCID: PMC7930986, PMID: 33530488.

[67] JB. Schuch, JP. Genro, CR. Bastos, G. Ghisleni, and L. Tovo-Rodrigues.

The role of clock gene in psychiatric disorders: Evidence from human and

animal research. Am J Med Genet B Neuropsychiatr Genet, 177(2):181–198,

2018. PMID: 28902457.

[68] JW. Smoller, OA. Andreassen, HJ. Edenberg, SV. Faraone, SJ. Glatt, and

23

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464872doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464872
http://creativecommons.org/licenses/by/4.0/


KS. Kendler. Psychiatric genetics and the structure of psychopathology. Mol

Psychiatry, 24(3):409–420, 2019. PMCID: PMC6684352, PMID: 29317742.

[69] HJ. Jones, E. Stergiakouli, KE. Tansey, L. Hubbard, J. Heron, M. Can-

non, P. Holmans, G. Lewis, DE. Linden, PB. Jones, G. Davey Smith, MC.

O’Donovan, MJ. Owen, JT. Walters, and S. Zammit. Phenotypic manifes-

tation of genetic risk for schizophrenia during adolescence in the general

population. JAMA Psychiatry, 73(3):221–228, 2016. PMCID: PMC5024747,

PMID: 26818099.

[70] Cross-Disorder Group of the Psychiatric Genomics Consortium. Identifi-

cation of risk loci with shared effects on five major psychiatric disorders:

a genome-wide analysis. Lancet, 381(9875):1371–1379, 2013. PMCID:

PMC3714010, PMID: 23453885.

[71] A. Hatzimanolis, P. Bhatnagar, A. Moes, R. Wang, P. Roussos, P. Bitsios,

CN. Stefanis, AE. Pulver, DE. Arking, N. Smyrnis, NC. Stefanis, and

D. Avramopoulos. Common genetic variation and schizophrenia polygenic

risk influence neurocognitive performance in young adulthood. Am J Med

Genet B Neuropsychiatr Genet, (5):392–401, 2015. PMCID: PMC5008149,

PMID: 25963331.

[72] LC. Solberg Woods and AA. Palmer. Using heterogeneous stocks for fine-

mapping genetically complex traits. Methods Mol Biol, 2018:233–247, 2019.

PMID: 31228160.

[73] LC. Woods and R. Mott. Heterogeneous stock populations for analysis of

complex traits. Methods Mol Biol, 1488:31–44, 2017. PMCID: PMC5869698,

PMID: 27933519.

[74] CP. King, AA. Palmer, LC. Woods, LW. Hawk, JB. Richards, and PJ.

Meyer. Premature responding is associated with approach to a food cue

in male and female heterogeneous stock rats. Psychopharmacology (Berl),

233(13):2593–2605, 2016. PMCID: PMC5025873, PMID: 27146401.

[75] CP. King, JA. Tripi, AR. Hughson, AP. Horvath, AC. Lamparelli, KL. Holl,

AS. Chitre, O. Polesskaya, K. Ishiwari, LC. Solberg Woods, AA. Palmer,

TE. Robinson, SB. Flagel, and PJ. Meyer. Sensitivity to food and cocaine

cues are independent traits in a large sample of heterogeneous stock rats.

Sci Rep, 11(1):2223, 2021. PMCID: PMC7838206, PMID: 33500444.

24

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464872doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464872
http://creativecommons.org/licenses/by/4.0/


[76] S. Sedighim, LL. Carrette, M. Venniro, Y. Shaham, G. de Guglielmo, and

O. George. Individual differences in addiction-like behaviors and choice be-

tween cocaine versus food in heterogeneous stock rats. Psychopharmacology

(Berl), 2021. PMID: 34415376.

[77] J. Gelernter, HR. Kranzler, R. Sherva, L. Almasy, R. Koesterer, AH. Smith,

R. Anton, UW. Preuss, M. Ridinger, D. Rujescu, N. Wodarz, P. Zill,

H. Zhao, and LA. Farrer. Genome-wide association study of alcohol de-

pendence:significant findings in african- and european-americans including

novel risk loci. Mol Psychiatry, 19(1):41–49, 2014. PMCID: PMC4165335,

PMID: 24166409.

[78] M. Boucquey, E. De Plaen, M. Locker, A. Poliard, S. Mouillet-Richard,

T. Boon, and O. Kellermann. Noxp20 and noxp70, two new markers of

early neuronal differentiation, detected in teratocarcinoma-derived neu-

roectodermic precursor cells. J Neurochem, 99(2):657–669, 2006. PMID:

17029606.

[79] TB. Bigdeli, AH. Fanous, Y. Li, N. Rajeevan, F. Sayward, G. Genovese,

R. Gupta, K. Radhakrishnan, AK. Malhotra, N. Sun, Q. Lu, Y. Hu, B. Li,

Q. Chen, S. Mane, P. Miller, KH. Cheung, RE. Gur, TA. Greenwood,

DL. Braff, ED. Achtyes, PF. Buckley, MA. Escamilla, D. Lehrer, DP.

Malaspina, SA. McCarroll, MH. Rapaport, MP. Vawter, MT. Pato, CN.

Pato, H. Zhao, TR. Kosten, M. Brophy, S. Pyarajan, Y. Shi, TJ. O’Leary,

T. Gleason, R. Przygodzki, S. Muralidhar, JM. Gaziano, GD. Huang,

J. Concato, LJ. Siever, M. Aslan, and PD. Harvey. Genome-wide association

studies of schizophrenia and bipolar disorder in a diverse cohort of us

veterans. Schizophr Bull, 47(2):517–529, 2021. PMCID: PMC7965063,

PMID: 33169155.

[80] M. Lam, WD. Hill, JW. Trampush, J. Yu, E. Knowles, G. Davies, E. Stahl,

L. Huckins, DC. Liewald, S. Djurovic, I. Melle, K. Sundet, A. Christo-

forou, I. Reinvang, P. DeRosse, AJ. Lundervold, VM. Steen, T. Espeseth,
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Table 1: Heritability of open field (OFT), novel object (NOIT) and social
interaction (SIT) tests

Test Trait Heritability ± SE

OFT Duration in center zone 0.284± 0.045
Frequency of entering center zone 0.323± 0.044
Latency of entering center zone 0.083± 0.034
Mean distance to center zone 0.295± 0.043
Total distance to center zone 0.300± 0.043
Total travel distance 0.379± 0.044

NOIT Duration in center zone 0.247± 0.043
Frequency of entering center zone 0.209± 0.041
Latency of entering center zone 0.100± 0.034
Mean distance to center zone 0.249± 0.042
Total distance to center zone 0.221± 0.041
Total travel distance 0.287± 0.044

SIT Duration in object zone 0.161± 0.037
Duration in social zone 0.275± 0.040
Frequency of entering object zone 0.177± 0.036
Frequency of entering social zone 0.215± 0.036
Latency of entering object zone 0.082± 0.032
Latency of entering social zone 0.142± 0.034
Mean distance to object zone 0.165± 0.038
Mean distance to social zone 0.265± 0.041
Total distance to object zone 0.153± 0.037
Total distance to social zone 0.265± 0.041
Total travel distance 0.281± 0.040
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Figure 1: Heatmap showing the correlations between behavioral traits. The
color scheme represents the direction of the correlation, whereas the intensity
of the colors and the size of the circles are proportional to coefficients of the
correlation. The cross signs indicates that the correlation of the two traits is not
statistically significant (p > 0.05)
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Figure 2: Association of approximately 3 million SNPs with behavioral traits
measured in OFT, NOIT, or SIT. The red horizontal line denotes the p value
for reaching genome-wide significance. The downward arrows denote the SNPs
with the largest -log10(P) for each genome-wide significant association.

Figure 3: Regional association plot for frequency of entering center zone in OFT
at chr1:24043699
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Figure 4: Regional association plot for mean distance to center zone in NOIT at
chr6:119975012
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Figure 5: Regional association plot for latency of entering social zone in SIT at
chr17:58611795
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Figure 6: Selected scatter plots for correlation between behavioral tests shown
in Figure 1.
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Table S3: Pleiotropic effects.

Top SNP Trait −log10P

chr1:144080083 NOIT distance to center, total 5.969
NOIT center duration 4.633
NOIT distance to center, mean 5.143

chr4:58009499 OFT distance to center, total 7.254
OFT distance to center, mean 7.469
OFT total travel distance 4.191

chr4:112234344 NOIT center duration 6.028
NOIT distance to center, mean 6.598
NOIT distance to center, total 5.975

chr4:118013062 OFT center frequency 5.777
OFT distance to center, total 6.099
OFT center duration 5.373
OFT distance to center, mean 5.001

chr4:150582701 SIT distance to social zone, mean 5.884
SIT distance to social zone, total 5.788
SIT in social zone duration 4.324

chr4:151128675 SIT in social zone duration 5.820
SIT distance to social zone mean 4.351
SIT distance to social zone, total 4.366

chr4:156801420 NOIT distance to center, total 5.622
NOIT distance to center, mean 4.543

chr6:119975012 NOIT distance to center, mean 5.692
NOIT center frequency 4.275
NOIT distance to center, total 5.542
NOIT total travel distance 5.270

chr6:120117521 NOIT total travel distance 5.640
NOIT center frequency 4.330
NOIT distance to center, mean 5.021
NOIT distance to center, total 4.961

chr11:33359859 OFT total travel distance 8.268
OFT center duration 4.125
OFT center frequency 4.895

chr14:44904830 OFT distance to center, total 5.741
OFT center frequency 4.189
OFT distance to center, mean 5.096

chr14:41727329 SIT total travel distance 5.627
NOIT total travel distance 4.291

chr19:20666789 SIT distance to object zone, mean 6.746
SIT distance to object zone, total 6.613

chr19:20667417 SIT distance to object zone, total 6.619
SIT distance to object zone, mean 6.732

chr19:55339863 SIT distance to social zone, mean 6.661
SIT distance to social zone, total 6.643
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Figure S1: OFT GWAS: Duration in center zone, mean

Figure S2: OFT GWAS: Mean distance to center zone

Figure S3: OFT GWAS: Total distance to center zone
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Figure S4: OFT GWAS: Total travel distance

Figure S5: NOIT GWAS: Duration in center zone

Figure S6: NOIT GWAS: Frequency of entering center zone
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Figure S7: NOIT GWAS: Latency of entering center zone

Figure S8: NOIT GWAS: Mean distance to center zone

Figure S9: NOIT GWAS: Total distance to center zone

63

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464872doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464872
http://creativecommons.org/licenses/by/4.0/


Figure S10: NOIT GWAS: Total travel distance

Figure S11: NOIT GWAS: Frequency of entering center zone, mean

Figure S12: SIT GWAS: Duration in object zone
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Figure S13: SIT GWAS: Duration in social zone

Figure S14: SIT GWAS: Frequency of entering object zone

Figure S15: SIT GWAS: Frequency of entering social zone
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Figure S16: SIT GWAS: Latency of entering object zone

Figure S17: SIT GWAS: Latency of entering center zone, mean

Figure S18: SIT GWAS: Latency of entering social zone
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Figure S19: SIT GWAS: Mean distance to object zone

Figure S20: SIT GWAS: Mean distance to social zone

Figure S21: SIT GWAS: Total distance to object zone
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Figure S22: SIT GWAS: Total distance to social zone

Figure S23: SIT GWAS: Total travel distance
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Figure S24: Regional association plot for OFT: Frequency of entering center
zone at chr4:118013062
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Figure S25: Regional association plot for OFT: Latency of entering center zone
at chr8:120910798
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Figure S26: Regional association plot for OFT: Mean distance to center zone at
chr4:58009499
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Figure S27: Regional association plot for OFT: Total distance to center zone at
chr4:58009499
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Figure S28: Regional association plot for OFT: Total distance to center zone at
chr4:118013062
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Figure S29: Regional association plot for OFT: Total distance to center zone at
chr14:44904830
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Figure S30: Regional association plot for OFT: Total travel distance at
chr10:94549701
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Figure S31: Regional association plot for OFT: Total travel distance at
chr11:33359859
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Figure S32: Regional association plot for NOIT: Duration in center zone at
chr4:112234344
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Figure S33: Regional association plot for NOIT: Mean distance to center zone
at chr4:112234344
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Figure S34: Regional association plot for NOIT: Total distance to center zone at
chr1:144080083
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Figure S35: Regional association plot for NOIT: Total distance to center zone at
chr4:112234344
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Figure S36: Regional association plot for NOIT: Total distance to center zone at
chr4:156801420
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Figure S37: Regional association plot for NOIT: Total travel distance at
chr6:120117521
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Figure S38: Regional association plot for SIT: Duration in object zone at
chr18:65869186
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Figure S39: Regional association plot for SIT: Duration in social zone at
chr4:151128675
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Figure S40: Regional association plot for SIT: Frequency of entering object zone
at chr13:90335374
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Figure S41: Regional association plot for SIT: Frequency of entering social zone
at chr1:239076581
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Figure S42: Regional association plot for SIT: Latency of entering social zone at
chr10:52831274
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Figure S43: Regional association plot for SIT: Mean distance to object zone at
chr19:20666789
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Figure S44: Regional association plot for SIT: Mean distance to social zone at
chr19:55339863
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Figure S45: Regional association plot for SIT: Mean distance to social zone at
chr4:150582701
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Figure S46: Regional association plot for SIT: Total distance to object zone at
chr19:20667417
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Figure S47: Regional association plot for SIT: Total distance to social zone at
chr19:55339863
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Figure S48: Regional association plot for SIT: Total distance to social zone at
chr4:150582701
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Figure S49: Regional association plot for SIT: Total travel distance at
chr14:34908176
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Figure S50: Regional association plot for SIT: Total travel distance at
chr14:41727329
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