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Impulsivity is a heritable trait in
rodents and associated with a
novel quantitative trait locus on
chromosome 1
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Impulsivity describes the tendency to act prematurely without appropriate foresight and is
symptomatic of a number of neuropsychiatric disorders. Although a number of genes for impulsivity
have been identified, no study to date has carried out an unbiased, genome-wide approach to identify
genetic markers associated with impulsivity in experimental animals. Herein we report a linkage study
of a six-generational pedigree of adult rats phenotyped for one dimension of impulsivity, namely
premature responding on the five-choice serial reaction time task, combined with genome wide
sequencing and transcriptome analysis to identify candidate genes associated with the expression of
the impulsivity trait. Premature responding was found to be heritable (h?=13-16%), with significant
linkage (LOD 5.2) identified on chromosome 1. Fine mapping of this locus identified a number of
polymorphic candidate genes, however only one, beta haemoglobin, was differentially expressed

in both the founder strain and F6 generation. These findings provide novel insights into the genetic
substrates and putative neurobiological mechanisms of impulsivity with broader translational relevance
forimpulsivity-related disorders in humans.

Impulsivity describes an individual’s predisposition towards premature, excessively risky, poorly planned and
inappropriate actions and decisions’. Although acting impulsively can occasionally be advantageous, it more
often results in negative outcomes, especially when co-expressed in disorders of personality? and mood?, drug
addiction?, and attention-deficit hyperactivity disorder (ADHD)?®. As such, impulsivity has emerged as a key
dimensional construct in psychiatry with utility as an endophenotype to inform gene discovery and etiological
mechanisms for a variety of disorders®”’.

Impulsivity is a complex, multidimensional trait mediated by distinct psychological and neural mechanisms®.
Several groupings have been proposed to capture the evident heterogeneity of impulsivity; for example, impulsive
action that depends on self-restraint to avoid or stop a response, and impulsive choice involving preferences for
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small, immediate rewards over larger but delayed rewards®-!. Research into the neural mechanisms of impulsiv-
ity has been greatly accelerated by the development of objective, translatable measures of impulsivity in rodents,
humans and other species’. Indeed, convergent studies in humans and experimental animals suggest that interac-
tions of the ventral striatum, including the nucleus accumbens core and shell (NAcbC, NAcbS), with the prefron-
tal cortex (PFC) and hippocampus mediate different forms of impulsivity, with important contributions from the
ascending dopaminergic, serotonergic and noradrenergic systems®.

The personality trait of impulsivity is prevalent in substance use disorders acting as both a determinant and
consequence of drug abuse and addiction'>""*. Findings in humans indicate that impulsivity may be a heritable
risk factor for the development of harmful drug use®, consistent with a substantial genetic etiology of this dis-
order!®!” and the impulsivity trait'®. To investigate further the genetic mechanisms of impulsivity we assessed
the heritability of a single quantitative measure of impulsivity in male and female rats, premature responding
on the 5-choice serial reaction time task (5CSRTT). Premature responding on this task reflects the failure of a
subject to inhibit anticipatory responding to a reward-predictive cue - a form of waiting impulsivity® - and has
been shown to vary considerably in outbred strains of rats'®-?!. Persisently high levels of premature responding
on the 5CSRTT predicts increased escalation of cocaine and nicotine self-administration'*?, an increased risk
for relapse after punishment- induced drug abstinence? and the subsequent emergence of compulsive cocaine
self-administration that persists despite concurrent punishment®.

In the present study we established a six-generational pedigree of animals selectively bred for high and low
levels of impulsivity on the 5CSRTT. We specifically investigated the heritability of this ‘trait-like’ characteristic
prior to carrying out a non-parametric linkage analysis with next generation sequencing to identify and fine map
significant quantitative trait loci. Microarray- based gene expression profiling of brain regions previously impli-
cated in impulsive behavior on the 5CSRTT (i.e. NAcbC, NAcbS, PFC) was subsequently carried out to reveal
differentially-expressed genes with underlying sequence variation within the linkage region.

Results

Impulsivity on the 5-choice serial reaction time task is a heritable trait. Figure 1 presents an over-
view of the breeding schema and behavioral phenotypes expressed in each generation of rat offspring. High
impulsivity was present in 54% of the entire multi-generational pedigree (Fig. 2A). The proportion of HI rats
produced in each litter was significantly greater in litters selectively bred for HI than LI (Fig. 2B; main effect of
breeding F(1,39) = 11.26,p < 0.01) and while there was a trend for a change in this proportion over successive
generations, this was not significant (F(4,39) = 2.466, p=0.07). Further, the average quantitative magnitude of
the impulsivity phenotype (average premature responses) was found to be significantly greater in HI offspring of
parents bred selectively bred for HI compared to LI, while no difference was observed for LI offspring of either
lineage (main effect of breeding F(, 45 = 11.087, p<0.01, main effect of phenotype F(, 55y = 401.885, p < 0.00001,
breeding x phenotype interaction F, o) = 2.879, p <0.05 MANOVA, (Fig. 2C)). When investigating whether
there was a divergence in the quantitative expression of the trait between HI male and females, a significant
interaction was observed between gender and breeding (main effect of breeding F(1,51) = 6.090, p < 0.05; inter-
action F(4,51) = 4.637, p < 0.05, MANOVA), with male offspring of parents bred selectively for HI maintaining
higher levels of premature responding than all other groups (Fig. 2D). Analysis by mid-parental-offspring cor-
relation across the entire pedigree confirmed the heritability of this trait and yielded consistent estimates of 0.13
(p<0.001) and 0.16 (p < 0.001) heritability of both the percentage (Fig. 2E) and absolute (Fig. 2F) number of
premature responses, respectively. These findings were confirmed using the intercept model, with an estimated
heritability of 0.13 (95% CI, 0.06, 0. 21) for percentage premature responding, and 0.10 (95% CI, 0.04, 0.17) for
mean number of premature responses. No difference was observed for heritability estimates when including sex
and breeding as random effects (Table 1).

Premature responding is associated with a region of significant linkage on chromosome 1.
Our study identified 1,536 single nucleotide polymorphisms (SNPs) in generations F1-5 of the established pedi-
gree. Figure 3 presents an overview of the results of the subsequent genome-wide linkage analysis for percentage
premature responding. Using non-parametric linkage analysis to avoid assumptions about the trait distribution
and provide weighting to more extreme individuals, we identified a significant QTL for the percentage of pre-
mature responses on chromosome 1q31-1q34 with a maximum LOD score of 4.07 (p < 0.05, Fig. 3 inset). We
subsequently genotyped the rats of generation six using an additional four heterozygous markers demonstrat-
ing the highest linkage signals in the QTL region while showing no linkage disequilibrium. Adding this to the
linkage analysis increased the strength of the linkage on chromosome 1, giving a maximum LOD score of 5.2
(p <0.05, Fig. 3 inset). We identified 307 genes that were located in the approximately 20 cM-spanning region
(Supplementary Table S1), some of which have previously identified roles in impulsivity and disorders of impulse
control (Supplementary Table S2).

We repeated the genome-wide linkage analysis of the first five generations using the average number of prema-
ture responses as the quantitative trait. This identified a second locus at chromosome 1q31-1q34, which resided
at ~ 213 Mbp (see Supplementary Fig. S1 for linkage results). Importantly, for each quantitative trait (percentage
and absolute premature responding), linkage results were confirmed using different sets of families (obtained by
PedCut and Jenti), suggesting the identified QTL was robust and not dependent on the family structure used in
the linkage analysis. In order to detect sequence variants potentially associated with impulsivity, in addition to the
already analysed SNPs, we carried out whole genome sequencing (WGS) in four extremely-discordant sib-pairs
chosen from the 5% generation. The single nucleotide variants and indel sequence variants detected are shown
in Supplementary Tables S3 and S4. A total of 58 SNPs and 132 indels were identified within the linkage region.
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Figure 1. Summary of the multigenerational pedigree structure and breeding scheme used to enrich
impulsivity in rat offspring. One HI male (far left) was crossed with 9 non-phenotyped females (represented

by open circles). Following phenotyping for impulsivity on the 5CSRTT, high-impulsive male and female rats
were crossed. A low-impulsive line was established by crossing low-impulsive male and female rats. Red denotes
high-impulsivity (mean number of premature responses > 49); blue denotes low-impulsivity (mean number of
premature responses < 48); square boxes denote males; circles denote females.

Differential gene expression within the identified linkage region in highly-impulsive rats. To
identify potential candidate genes within the linkage region we conducted a microarray analysis to investigate
differences in transcript levels between HI and LI from both the outbred base population and animals from the
sixth generation of the pedigree to identify common alterations in transcriptome expression associated with
impulsivity. We investigated transcript expression in the NAcC, NAcS and in the case of sixth generation rats, the
ventromedial PFC, or infralimbic cortex (IL) (Fig. 4A). Of the 148 genes within the linkage region represented
on the array (Supplementary Table S5), several of these genes were found to be differentially-regulated in HI and
LI rats (false discovery rate 10%) based on a non-parametric ranking analysis of the microarray data. A total of
13 transcripts were found to be up-regulated and 16 down-regulated in HI rats of the outbred base population,
while 6 transcripts were up-regulated and 7 down-regulated in the F6 generation of HI rats (Table 2). Of these
differentially-expressed transcripts, two were found to be consistently differentially-regulated in the same direc-
tion, in the same brain region between the two generations examined, Hbb and Nmb (Fig. 4B).

After integration of the differential expression findings with the WGS results, we found that some of the
differentially-expressed genes were also polymorphic (Pde3b, Sv2b, and Hbb; Supplementary Table S3) or had
indels (Sv2b, RIbp1, Farl, Grm5, Pde3b, Usp47, Ppfibp2, Prcl; Supplementary Table S4). Of these genes, only Hbb
was found to be consistently differentially-expressed in both the base and F6 generations so we sought to confirm
its differential expression independently. Quantitative real time PCR from tissue from a separate cohort of phe-
notyped rats confirmed Hbb expression was significantly reduced in the IL cortex (t=2.062, p < 0.05) and NAcS
(t=1.977, p <0.05) but not in the NAcC of HI rats (Fig. 4C).

Discussion

We investigated the heritability and genetic underpinnings of impulsivity in the 5CSRTT, which assesses among
other processes, the capacity of subjects to refrain from responding before the onset of a reward-predictive stimu-
lus®. Animals that respond persistently before the target stimuli, deemed highly-impulsive, subsequently develop
several hallmark features of stimulant addiction compared with low-impulsive subjects!*??-2%. Thus the present
findings carry added significance in informing the etiology of natural variation in premature responding as an
endophenotype associated with individual risk for drug addiction*?* and potentially aspects of shortened delay
gradients in ADHD mediated by an intolerance for delayed rewards®®. Using combined genome-wide linkage and
transcriptome analysis we report that premature responding in the 5CSRTT is a heritable trait associated with
an area of significant linkage on chromosome 1. A number of genes were differentially expressed in low- and
high-impulsive rats with corresponding gene variants identified within the linkage region. Consistent with these
findings, a recent linkage study of the addiction-relevant trait of novelty reactivity, additionally associated with
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Figure 2. Heritability of impulsivity. (A) Percentage of rats expressing either high (HI) and low (LI) impulsivity
across the entire pedigree. 54% of rats were HI, while 46% were LI. (B) The percentage of offspring in each

litter expressing HI was significantly greater in those selectively bred for high (HI x HI) rather than low (LI x
LI) impulsivity (*p < 0.01, main effect of breeding, two-way ANOVA). (C) The quantitative magnitude of the
impulsivity phenotype (average premature responses) was found to be significantly greater in HI offspring

of litters bred selectively for HI (HI x HI) compared to LI (LI x LI), while no difference was observed for LI
offspring of either lineage (*p < 0.01, main effect of breeding, Ap < 0.05, main effect of phenotype, “p < 0.05,
interaction between breeding and phenotype). (D) This effect was moderated by gender, with the average
premature responding of male HI rats from HIxHI pairings significantly greater than female rats within

these litters, as well as male and female rats from LI x LI pairings (*p < 0.05 main effect of breeding, #p < 0.05
breeding x sex interaction). (E,F) Mid parental-offspring correlation heritability estimates (h?) confirmed a
significant heritability of this trait. Shown are (E) percentage premature response means in parents (x-axis) and
offspring (y-axis) and (F) absolute number of premature responses in parents (x-axis) and offspring (y-axis).
Results indicate a 44% significant correlation (p=0.00129 and h*=16% for data shown in (E) and a 43%
significant correlation (p =0.00182) and h?=13% for data shown in (F).

impulsive responding on the 5CSRTT?, also identified areas of significant linkage on chromosome 1%, notably
with overlap within the region identified in the current study, further implicating this region of the genome with
addiction-relevant behaviors.
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Random Effects Heritability Estimate | DIC
Average PR 0.10 5711.77
Average PR + Sex 0.08 5762.312
Average PR + Breeding 0.09 5762.394
Average PR+ Sex + Breeding 0.09 5762.285
Percentage PR 0.13 4589.328
Percentage PR + Sex 0.12 4589.924
Percentage PR + Breeding 0.13 4588.048
Percentage PR + Sex + Breeding 0.12 4588.574

Table 1. Heritability estimates for premature responding incorporating different random effects (sex, breeding,
sex and breeding). No significant difference in heritability was observed when including these variance
components (as calculated using deviance information criterion - DIC).
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Figure 3. Genome-wide linkage for percentage premature responding. Genome-wide linkage results (F1-F5
generations) on 20 autosomal chromosomes. Dashed red lines indicate chromosomal limits. The impulsivity
trait was defined by the percentage number of premature responses on the 5CSRTT (non-parametric linkage).
(Inset) Significant linkage results were observed on chromosome 1 (F1- F5 black line; F1-F6 grey line). The
horizontal red line depicts the genome-wide significant LOD score threshold of 3.3. Note LOD scores on
chromosome 1 increased after the addition of data from the F6 generation.

The heritability estimates we report (13-16%, mid-parental offspring correlate; 10-13% intercept model)
for the impulsivity trait are comparable with estimates for other behavioral and physiological phenotypes in
rodents®?* and while lower than those reported for quantitative measures of impulsivity measured across inbred
mouse® and rat®! strains, as well as humans (i.e. delay discounting®, stop signal reaction time****) nevertheless
support the conclusion that the impulsivity phenotype on the 5CSRTT is heritable and enriched by selective
inbreeding.

The observed heritability of impulsivity is also consistent with other traits shown to confer susceptibil-
ity to addiction-like behaviors in rodents. Thus, anxiety*>*, novelty reactivity**’, novelty preference®® and
incentive salience attribution (sign- vs goal-tracking®) demonstrate moderate rates of heritability in rats and
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Figure 4. Transcript analysis of regions previously implicated in impulsivity demonstrate significant differential
expression between HI and LI rats in both outbred and F6 generations. (A) Regions-of-interest for transcript
analysis — infralimbic cortex (IL), nucleus accumbens core and shell (NAcC, NAcS) (adapted from?®®). (B)
Intersection analysis of differentially-expressed genes between the outbred (F0, red) and F6 generations (blue).
Commonly-differentiated genes and the brain region in which this occurs are listed. (C) Quantitative real time
PCR confirmed a significant reduction in the transcript level of Hbb in the NAcS and IL cortex of HI rats (red
bars) compared with LI rats (blue bars). *p < 0.05.

mice. While there is evidence to suggest the heritability of these susceptibility traits are primarily driven by an
inter-relationship with novelty reactivity (e.g.**), rats impulsive on the 5CSRTT fail to show enhanced measures
of novelty reactivity'>*. Further, impulsivity and novelty reactivity have been shown to predict distinct aspects of
addiction-like behavior?* suggesting the addiction vulnerability phenotype in rats may involve multiple genetic
contributions. Given there was no difference in the proportion of HI vs LI rats across each generation it is unlikely
the heritability of impulsivity was driven by a relationship with an indirect variable such as maternal behaviour?'.

The expression of the impulsivity phenotype, as measured by premature responding in the 5CSRTT, was mod-
erated by sex, with HI male offspring, specifically bred for high impulsivity maintaining quantitative extremes
of their phenotype across multiple generations, with females and males bred for low impulsivity showing lower
levels of impulsivity. This observation aligns with clinical studies demonstrating the influence of gender on impul-
sivity, with greater heritability of this trait in males*2, which in turn may underlie sexual dimorphism observed
in the expression of related neuropsychiatric disorders such as addiction** and ADHD*!. However, no signifi-
cant difference was observed when incorporating the effect of breeding and sex into trait heritability estimates.
Further, no evidence of linkage was observed on either sex chromosome, suggesting that alternative mechanisms
may underlie the observed sex-dependent breeding effects; for example as a result of sex-specific regulatory ele-
ments on autosomal gene expression*® and/or the impact of circulating sex hormones on 5CSRTT performance®.

Since more than 300 genes were present within the identified linkage region, including 126 polymorphic
genes, we utilised a transcriptome analysis to investigate gene expression in key brain regions of the ‘waiting
impulsivity’ network®. This network of corticostriatal structures encompasses parallel and interacting circuits
involving the NAcbC and NAcbS with the infralimbic cortex?, cingulate cortex*, insula® and ventral hippocam-
pus®. Rats expressing the HI phenotype show a reduction in D2/3 receptor availability in the NAcb'?, decreased
grey matter density and ~-amino-butyric acid (GABA) levels and markers of GABA function and dendritic spine
density in the NAcb**2, and structural abnormalities in the insula®.
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False Discovery Rate (associated fold change:
high / low impulsivity)

Gene symbol | Gene description NacC NacS ILC

Up-regulated transcripts in high impulsive rats from the outbred base population

Asparagine-linked glycosylation 8, alpha-1,3-glucosyltransferase

Alg8 homolog (S, cerevisiae) 85.4% (1.05) 6.5% (1.20) —

Atgl6l2 ATG16 autophagy related 16-like 2 (S. cerevisiae) 77.3% (1.03) 1.0% (1.23) —

Dkk3 Dickkopf homolog 3 (Xenopus laevis) 25.0% (1.08) <0.1% (1.41) —
Fam160a2 Family with sequence similarity 160, member A2 79.6% (1.05) 0.1% (1.31) —

Inppll Inositol polyphosphate phosphatase-like 1 92.4% (0.99) 8.2% (1.18) —

Mesdcl Mesoderm development candidate 1 18.7% (1.11) 8.8% (1.17) —

Mespl Mesoderm posterior protein 1 33.2% (1.08) 0.6% (1.24) —

Nmb Neuromedin B 79.4% (0.69) 0.5% (1.10)* —

Nucb2 Nucleobindin 2 36.4% (1.07) 0.7% (1.23) —
RGD1561459 Similar to RIKEN cDNA 1810020D17 100.0% (1.00) 9.6% (1.19) —

Ribp1 Retinaldehyde binding protein 1 100.0% (1.03) 1.2% (1.24) —

Sv2b Synaptic vesicle glycoprotein 2B 4.3% (1.12) 82.6% (0.80) —

Weel Wee 1 homolog (S. pombe) 100.0% (1.00) 9.4% (1.18) —
Down-regulated transcripts in high impulsive rats from the outbred base population

Clpb ClpB caseinolytic peptidase B homolog (E, coli) 98.6% (0.97) 0.4% (0.71) —

Farl Fatty acyl CoA reductase 1 100.0% (0.97) <0.1% (0.58) —

Folhl Folate hydrolase 1 — 0.1% (0.71) —

Grm5 Metabotropic glutamate receptor 5 — 0.1% (0.67) —

Hbb Hemoglobin, beta 8.9% (0.89) 2.3% (0.78)* —

Mesdc2 Mesoderm development candidate 2 84.6% (0.94) 5.4% (0.80) —

Nmb Neuromedin B <0.1% (0.69) | 26.3% (1.10) —

Olfml1 Olfactomedin-like 1 100.0% (0.97) 7.4% (0.82) —

Pak1 p21 protein (Cdc42/Rac)-activated kinase 1 100.0% (0.99) 0.4% (0.72) —

Pde3b Phosphodiesterase 3B, cGMP-inhibited 2.6% (0.92) 27.1% (0.96) —

Picalm Phosphatidylinositol binding clathrin assembly protein 8.9% (0.90) <0.1% (0.62) —

Rnf141 RING finger protein 141 — <0.1% (0.54) —

Serpinhl Serine (or cysteine) peptidase inhibitor, clade H, member 1 11.6% (0.92) 0.5% (0.74) —

Spcs2 Signal peptidase complex subunit 2 homolog (S, cerevisiae) 67.1% (0.94) 1.6% (0.75) —

Sv2b Synaptic vesicle glycoprotein 2b 100.0% (1.12) | 1.2% (0.80) —

Usp47 Ubiquitin specific peptidase 47 100.0% (0.98) | 3.5% (0.79) —
Up-regulated transcripts in high impulsive rats from the inbred F6 population

Nmb Neuromedin-B <0.1% (1.46) <0.1% (1.81)* | 11.9% (1.39)
Nrip3 Nuclear receptor interacting protein 3 8.0% (1.21) 63.7% (1.09) 35.9% (1.10)
Pde3b Phosphodiesterase 3B, cGMP-inhibited 3.8% (1.25) 33.5% (1.14) 15.9% (1.19)
Sv2b Synaptic vesicle glycoprotein 2B 36.9% (1.01) 1.9% (1.24) 5.1% (1.21)
Thrsp Thyroid hormone responsive 100.0% (0.84) 8.2% (1.21) 88.2% (1.03)
Tmé6sfl Transmembrane 6 superfamily member 1 2.2% (1.24) 100.0% (1.00) 100.0% (1.01)
Down-regulated transcripts in high impulsive rats from the inbred F6 population

Cpebl cytoplasmic polyadenylation element binding protein 1 38.1% (0.85) — 6.0% (0.87)
Dkk3 dickkopf homolog 3 4.79% (0.85) 100.0% (1.11) 99.6% (1.11)
Hbb hemoglobin, beta 1.0% (0.84) 6.3% (0.85)* 1.3% (0.95)
LOC689064 beta-globin 0.9% (0.86) 11.8% (0.85) 0.5% (0.95)
Ppfibp2 g;;)ltieiingt}zf;gtseiinnezphosphatase, receptor type, F interacting protein, 100.0% (1.04) 100.0% (0.97) 5.8% (0.77)
Prcl protein regulator of cytokinesis 1 5.9% (0.83) — —

Thrsp thyroid hormone responsive 7.5% (0.84) 100.0% (1.20) 100.0% (1.03)

Table 2. Differentially regulated transcripts in high impulsive rats from the outbred base and F6 inbred
populations. False discovery rates and associated fold change for differentially-expressed genes in the identified
linkage region in the nucleus accumbens core (NAcC), nucleus accumbens shell (NAcS) and infralimbic cortex
(ILC). Bold denotes significantly-altered expression (10% FDR), - denotes not assessed, *differentially expressed
in both base and F6 population.

A number of transcripts located within the linkage region were differentially regulated between high and
low impulsive rats, some of which were also sequence variant. Notably, some of these genes have previously
described roles in impulsivity and associated disorders including: Grm5 (metabotropic glutamate receptor 5)
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shown recently to modulate impulsivity®® and cocaine reinforcement®** and whose deletion is associated with
ADHD?®; Sv2b (Synaptic vesicle glycoprotein 2B) implicated in neurotransmitter release through regulation of
the synaptic release vesicles and exocytosis®”*%; RIbp1 (retinaldehyde binding protein 1) associated with alcohol
preference in mice*.

Of these identified polymorphic candidates, only one gene, Hbb, demonstrated significantly altered gene
expression in both the founder strain and generation six of the pedigree. This finding was additionally confirmed
in an independent cohort of impulsive rats, which showed a significant reduction in the level of this transcript in
the NAcS and IL cortex, potentially implicating a novel role for this gene in impulsivity. Hbb encodes for the beta
chain subunit of the haemoglobin complex and is traditionally considered in the context of oxygen transport in
vertebrate blood erythrocytes®. However, Hbb is also expressed in neurons of invertebrates, rats and humans®!-64
where it is hypothesised to contribute to oxygen homeostasis and mitochondrial respiration®'. It is therefore not
clear whether the observed reduction in Hbb transcript in HI rats represents blood or brain hemoglobin. It is
possible that differences in expression may reflect a regional perfusion deficit. However, transcript levels for other
blood proteins present on the array (e.g. thrombin, alpha-2 macroglobulin) were unaltered between HI and LI
rats, suggesting the reduction in Hbb was more likely a neuronal or glial-derived transcript.

Hbb expression is highest in midbrain dopamine neurons, striatal GABAergic neurons, cortical pyramidal
neurons and glial cells®>%* with reductions in neuronal haemoglobin immunoreactivity reported in Alzheimer’s
and Parkinson’s disease®. Thus, low expression may be one variable contributing to oxidative stress and neuronal
abnormalities in corticostriatal networks related to impulsivity. Since GABAergic medium spiny neurons (MSNs)
are highly susceptible to oxidative stress after transient global cerebral ischemia® with prenatal ischemia leading
to reduced dendritic branching and spine density in MSNs®, we hypothesise that impaired neuronal Hbb func-
tion may increase the vulnerability of MSN to oxidative stress with consequent effects on dendritic spine density
and function in MSNs of the NAcb, potentially as a manifestation of antenatal and developmental hypoxia. This
conclusion could be tested by tissue-specific interference of Hbb in relevant brain regions.

We report a number of transcriptomic alterations associated with impulsive behavior in the 5CSRTT.
However, genetic variation linked to impulsive behavior may also have other functional effects on the genome;
for example, through epigenetic modification and variation in RNA splicing proteins. In addition, since our gene
expression analysis was limited to adult tissue, we cannot discount the possibility that differential expression of
these genes within the QTL affected key stages of neurodevelopment, which in turn affected the function of the
mature ‘waiting impulsivity’ network in adults.

The endpoint of this study was to demonstrate the heritability of the impulsivity trait in rats and to identify
linkage of discrete chromosomal regions with impulsivity, as indexed by premature responding in the 5CSRTT.
Our findings indicate that impulsive responding in the 5CSRTT is a heritable trait and therefore a valid endophe-
notype to investigate the brain mechanisms of premature responding and more broadly waiting impulsivity. Our
integrative approach enabled us to identify a target locus harboring candidate genes relevant to the etiology of
impulsivity, with translational potential to inform our understanding of analogous forms of impulsivity present
in ADHD, drug addiction, depression, and other impulsivity-related disorders®.

Methods

Experimental subjects. Founding male and female adult Lister-hooded rats were purchased from Charles
River (Margate, Kent), aged 2-3 months. Behavioral training commenced 1 week after acclimatisation to the ani-
mal house (for the founding generation) or at 3 months of age for derived animals. Water was available ad libitum
with sufficient food provided to maintain body weights at no less than 90% of free-feeding weights (20 g chow/
day). Rats were housed four per cage, under temperature- and humidity-controlled conditions and a reversed
12-hour light/dark cycle (white lights off/red light on at 07:00h). All regulated procedures conformed to the
Animals (Scientific Procedures) Act of 1986 and approved by the animal welfare ethical review board at the
University of Cambridge.

Behavioral training. The founding cohort of 48 male adult rats was trained daily on the 5CSRTT, as
described previously®. A PC using WhiskerServer software and FiveChoice client® controlled the behavio-
ral chambers (Med Associates Inc, VT, USA). Rats were trained to nose-poke into one of five apertures, for
a food-predictive, light stimulus. Correct responses were rewarded, while incorrect, premature and omitted
responses were punished with a 5s time-out. Daily training sessions consisted of 100 discrete trials or 30 minutes,
which ever was shorter. Each trial was initiated by the entry of the animal into the food magazine. Following an
inter-trial interval (ITI) of 55, a brief light stimulus (0.7 s in duration) was presented randomly in one of the five
apertures. A nose poke into the corresponding aperture was rewarded with delivery of one food pellet (45mg
Noyes dustless pellets, Sandown Scientific, UK). Failure of the animal to respond within 5s (‘omission’) or a nose
poke into the incorrect aperture (‘incorrect’ response) resulted in a 5s time-out, during which time no new tri-
als could be initiated and the house light was extinguished. A nose poke response prior to the onset of the light
stimulus (‘premature’ response) also resulted in a 5s time-out. Daily training sessions continued for 8-12 weeks
(5 daily sessions/week) until performance on the task was stable (response accuracy >75%, omissions <20%).

Impulsivity phenotyping. Screening for impulsivity involved challenging the animals with a series of long
inter-trial interval (LITI) sessions where the waiting interval leading up to the presentation of the light stimulus
increased from 5s to 7s. A single LITT challenge session was employed once a week, on three occasions, with two
baseline sessions (i.e. ITI 5s) on the days leading up to the LITT session and two baseline sessions after the LITI
challenge. LITI sessions consisted of 100 trials and a session duration of 45 min. The LITI challenge ended when
rats had completed 100 trials or when 45 min had elapsed. Rats were ranked for their level of impulsivity based
on the number of premature responses across the three LITT challenge session. Animals making on average >
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49 premature responses across the three challenge sessions were deemed high impulsive (HI), while rats making
on average < 48 premature responses were deemed low impulsive (LI). Impulsivity phenotypes (HI, LI) were
quantified using measures of both percentage premature (number of premature responses/correct + incorrect
+ omission trials) and absolute number of premature responses averaged across the three challenge sessions.
Screening for impulsivity required approximately 5 months from the start of training on the 5CSRTT.

Breeding schema. A six-generation experimental cross was generated (n=629), derived from one male HI
proband from the founder cohort and nine non-phenotyped females, followed by a selective breeding strategy
from generation 1 to 6, according to impulsivity phenotype. The F2 and F3 generations were derived from pairs
of rats of the same impulsivity phenotype but from different litters, to enrich for alelles involved in the expression
of this trait, before selective breeding, where the most extreme male and female individuals from each litter were
mated to establish HI and LI lines respectively and to reduce genetic variability, limiting epistatic effects and the
impact of alelles unrelated to the expression of the impulsivity trait on transcriptome analysis. Individual pairings
are shown in Fig. 1. Breeding-females were no older than 7 months so to lessen the impact of aging on fertility,
while the age of males varied between 7-9 months. Occasionally the same male was crossed with more than one
female. Females were palpated for pregnancy and once confirmed, housed individually. Offspring were weaned at
post-natal day 60 and housed and phenotyped for impulsivity, as described above. Breeding and behavioral phe-
notyping of each generation took on average 10 months. Following the assessment of impulsivity status, animals
that did not continue in the breeding program were terminally anaesthetized by CO,-induced asphyxiation and
their brains and spleens excised and frozen over liquid nitrogen for storage at —80 °C for later analysis.

Linkage analysis and heritability estimates. Genomic DNA was purified from spleen samples
(Maxwell® 16 Instrument, Promega, Hampshire, UK) and diluted to a final concentration >40ng/ul. To attribute
the contribution of variability in impulsivity to genetic factors we estimated trait heritability using the correlation
between the quantitative phenotype of parents and offspring using R/QTL", in generations F2-F6, and con-
firmed using linear variance component models using MCMCglmm package”" in R to account for the in-breeding
within our pedigree, with sex and breeding as random effects. All variance components models were run with a
minimum of 1 x 106 iterations and burn-in periods of 1 x 10* Convergence of each model was tested using the
Heidelberg stationary test. Posterior mean of heritability estimates are reported.

To evaluate the heterogeneity of sequence variation in the Lister-hooded strain genome and to select poly-
morphic markers to be genotyped in the linkage study, we carried out pilot genome-wide genotyping (1-million
SNPs panel, Aftymetrix, High Wycombe, UK) on six rats (three males and three females) randomly chosen from
different families of the colony, from generations two, three and four of the experimental cross. We selected
~118,000 markers according to their Polymorphism Information Content (0.37 < PIC <0.77) and NO CALL
ratio (<0.3) and submitted them to Illumina (San Deigo, USA) for assay development evaluation. We then used
the final Illumina genotyping score >0.5, position and distance (at least 1.5 Mbp distance between consecutive
markers), to define a final data set of 1,536 SNPs that were used to genotype generations 1-5 of the experimental
cross using the custom Illumina GoldenGate Bead Array.

Genotype calling was performed using Alchemy’?, an algorithm designed for SNP calling in highly homozy-
gous populations. It produces posterior probabilities for AA, AB and BB genotypes: P(AA); P(AB); and P(BB),
even if the assay-failure probability P(NC) is high. In that case the correct P(call) is the second highest posterior
probability. To call reliable genotypes we applied a quality call score threshold of 0.8 and defined P(call) <0.8 as
a “no call’.

Linkage analysis was carried out in MERLIN”® using variance component (VC) and non-parametric linkage
(NPL) so to avoid confounds associated with the inbred nature of our pedigree (e.g.”*). Further to this, and given
MERLIN is not suitable for very large and complex pedigree structures, the original pedigree was divided into
smaller families (max-bit-size = 24), using two different algorithms, PedCut” and Jenti’, so to replicate our
linkage findings. Mendelian inconsistencies were checked with Pedcheck’” and zeroed (5%). Hardy Weinberg
Equilibrium (HWE) were tested with Pedstats’® and markers with HWE p < 0.0001 were removed (n=56). A
total of 894 autosomal polymorphic SNPs were selected for the final linkage analysis (Supplementary Table S6).

Following identification of a significant quantitative trait locus (QTL) from family data from generation 1 to 5,
we generated an additional cross (F6) and carried out an additional linkage analysis adding data from this genera-
tion to the families (n =76), to confirm segregation of the locus with impulsivity. An additional four heterozygous
markers (Supplementary Table S7) were chosen from those giving the highest linkage signals in the QTL region
and showing no linkage disequilibrium (LD). LD was calculated in R and markers were genotyped with custom
TagMan SNP genotyping assays.

Whole genome sequencing. To fine map the QTL region of interest and analyze a denser polymorphic-loci
map between HI and LI rats, we sequenced the genome of four extremely-discordant sib-pairs from generation 5,
with high throughput sequencing. Illumina paired-end reads were mapped to the reference Brown Norway (BN)
genome RGSC-3.47 using the read alignment software Burrows-Wheeler Aligner (BWA-0.5.8¢)** with default
parameters. Genomic variants, which included single nucleotide (SNV) and short insertion/deletions (indels)
(1-15bp), were detected using the Genome Analysis Toolkit (GATK version 1.0.6001)%"%2 with default param-
eters. Before calling variants, data were pre-processed by masking of clonal reads using Picard tools (https://
sourceforge.net/projects/picard/), realignment of reads around potential indels, and recalibration of base quality
scores using GATK®.. To exclude potential false positives, variant quality was recalibrated for both SNVs and
indels. Polymorphic SNVs and indels where alleles in at least one rat differed from the reference BN rat genome
were then extracted from the variant data.
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Gene expression analysis. Brains from HI and LI rats derived from sixth generation animals and an addi-
tional cohort of the original outbred base population (HI, n = 6; LI, n =6 for each cohort) were sectioned into
120 um coronal slices using a Leica CM 3000 Cryostat (Leica, Wetzlar, Germany) at —20°C. Based upon previ-
ous studies implicating the infralimbic cortex (IL), nucleus accumbens core (NAcbC) and shell (NAcbS) in the
expression of impulsivity on the SCSRTT®, these regions were bilaterally microdissected using biopsy needles
(Stoelting, Wood Dale, IL, USA) for RNA extraction and subsequent transcriptome analysis.

RNA isolation and purification for transcriptome analysis. One-ml of TRIzol reagent (Life
Technologies, Darmstadt, Germany) was added to each of the punched tissue samples. The resulting suspensions
were homogenized by 20 passages through a 22 gauge needle. Chloroform was added and the RNA isolated by
phase separation after centrifugation. The RNA-containing upper phases were carefully removed and purified
with an RNeasy MinElute Cleanup Kit (Qiagen, Hilden, Germany) and Genomic DNA eliminated with a DNase
step (Qiagen). RNA yield and purity were assessed with a NanoDrop 1000 spectrophotometer (Peqlab, Erlangen,
Germany) and samples having optical density 260/280 measurements in the range of 1.8 to 2.2 were kept for
further analysis. RNA integrity was determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA); only samples with RNA integrity values above 8 were used.

Affymetrix GeneChips. RNA samples were subjected to microarray gene expression profiling. One-hundred
ng of total RNA was amplified and labelled using the GeneChip 3’IVT Express Kit (Affymetrix, High Wycombe,
UK) according to the manufacturer’s protocol. Labelled RNA was hybridized on GeneChip Rat Genome 230 2.0
Arrays according to protocol and scanned using an Affymetrix GeneChip Scanner 3000 run with Affymetrix
GeneChip Command Console Software (AGCC) at the microarray core facility at the University Hospital
Mannheim. The obtained cell intensity (CEL) files were quality assessed using the array analysis Affymetrix qual-
ity control pipeline (www.arrayanalysis.org) in R 14.2 software environment. Probe sets were summarized accord-
ing to updated Entrez Gene definitions, version 14, and data subsequently quantile-normalised using the robust
multi-array average function of the Affymetrix package from the Bioconductor project®*. Genes with expression
values below 80 were excluded to avoid confounding array background noise.

Statistical analysis and data mining of microarrays. The gene expression data were filtered to remove
low-expression and poorly annotated genes, which resulted in a set of 8000 genes for subsequent statistical anal-
yses. Differential expression analysis was carried out using the “RankProd” function in R, which is based on the
calculation of non-parametric rank products and accounts for multiple testing by calculating the percentage of
false predictions and is equivalent to the false discovery rate®.

Quantitative PCR. We identified one gene within the linkage region that was polymorphic and showed
consistent changes in gene expression in both the founder and F6 strains. To confirm the findings of the array, we
assessed transcript levels for this gene, Hbb, using quantitative real time polymerase chain reaction (QRT-PCR)
from a separate cohort of outbred Lister Hooded rats (n =6 HI, n=6 LI). Total RNA was prepared from tissue
biopsies specifically from the NAcS, NAcC and IL cortex as described previously by use of an RNAeasy Total RNA
kit (Qiagen, Manchester, UK) and reverse transcribed using the RT?2 first strand kit (Qiagen) according to the
manufacturer’s protocol. RT-PCR amplification was performed using a QFX96 PCR detection system (Biorad,
Watford, UK) with the use of RT2 SYBER Green Master Mix (Qiagen) with RT2 qPCR primer assay for each
gene of interest (Qiagen). ACTB, HPRT, and TBP were used as housekeeping genes and samples run in triplicate.
Relative gene expression was calculated using the delta Ct method.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
request.

Received: 20 December 2019; Accepted: 1 April 2020;
Published online: 21 April 2020

References

1. Daruna, J. & Barnes, P. in The impulsive client: theory, research and treatment (eds WG McCown, JL Johnson, & MB Shure)
(American Psychological Association 1993).

2. Perry, J. C. & Korner, A. C. Impulsive phenomena, the impulsive character (der Triebhafte Charakter) and DSM personality
disorders. Journal of personality disorders 25, 586-606, https://doi.org/10.1521/pedi.2011.25.5.586 (2011).

3. Lombardo, L. E. et al. Trait impulsivity as an endophenotype for bipolar I disorder. Bipolar disorders 14, 565-570, https://doi.
org/10.1111/j.1399-5618.2012.01035.x (2012).

4. Ersche, K. D, Turton, A. J., Pradhan, S., Bullmore, E. T. & Robbins, T. W. Drug addiction endophenotypes: impulsive versus
sensation-seeking personality traits. Biological psychiatry 68, 770-773, https://doi.org/10.1016/j.biopsych.2010.06.015 (2010).

5. Avila, C., Cuenca, I, Felix, V., Parcet, M. A. & Miranda, A. Measuring impulsivity in school-aged boys and examining its relationship
with ADHD and ODD ratings. Journal of abnormal child psychology 32, 295-304 (2004).

6. Bevilacqua, L. & Goldman, D. Genetics of impulsive behaviour. Philosophical transactions of the Royal Society of London. Series B,
Biological sciences 368, 20120380, https://doi.org/10.1098/rstb.2012.0380 (2013).

7. Voon, V. & Dalley, J. W. Translatable and Back-Translatable Measurement of Impulsivity and Compulsivity: Convergent and
Divergent Processes. Curr Top Behav Neurosci 28, 53-91, https://doi.org/10.1007/7854_2015_5013 (2016).

8. Dalley, J. W. & Robbins, T. W. Fractionating impulsivity: neuropsychiatric implications. Nature reviews. Neuroscience 18, 158-171,
https://doi.org/10.1038/nrn.2017.8 (2017).

9. Evenden, . L. Varieties of impulsivity. Psychopharmacology (Berl) 146, 348-361 (1999).

10. Dalley, J. W., Everitt, B. J. & Robbins, T. W. Impulsivity, compulsivity, and top-down cognitive control. Neuron 69, 680-694, https://

doi.org/10.1016/j.neuron.2011.01.020 (2011).

SCIENTIFIC REPORTS |

(2020) 10:6684 | https://doi.org/10.1038/s41598-020-63646-9


https://doi.org/10.1038/s41598-020-63646-9
http://www.arrayanalysis.org
https://doi.org/10.1521/pedi.2011.25.5.586
https://doi.org/10.1111/j.1399-5618.2012.01035.x
https://doi.org/10.1111/j.1399-5618.2012.01035.x
https://doi.org/10.1016/j.biopsych.2010.06.015
https://doi.org/10.1098/rstb.2012.0380
https://doi.org/10.1007/7854_2015_5013
https://doi.org/10.1038/nrn.2017.8
https://doi.org/10.1016/j.neuron.2011.01.020
https://doi.org/10.1016/j.neuron.2011.01.020

www.nature.com/scientificreports/

1

—

12.

13.

14.

15.

16.

17.

18.
19.

20.

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34,

35.

36.

37.

38.

39.

40.

4

—_

42.

43.

44.

45.

46.

. Winstanley, C. A., Theobald, D. E., Dalley, J. W., Cardinal, R. N. & Robbins, T. W. Double dissociation between serotonergic and

dopaminergic modulation of medial prefrontal and orbitofrontal cortex during a test of impulsive choice. Cereb Cortex 16, 106-114,
https://doi.org/10.1093/cercor/bhi088 (2006).

Sher, K. J., Bartholow, B. D. & Wood, M. D. Personality and substance use disorders: a prospective study. Journal of consulting and
clinical psychology 68, 818-829 (2000).

Moeller, E G. et al. Increased impulsivity in cocaine dependent subjects independent of antisocial personality disorder and
aggression. Drug and alcohol dependence 68, 105-111 (2002).

Everitt, B. J. et al. Review. Neural mechanisms underlying the vulnerability to develop compulsive drug-seeking habits and addiction.
Philos Trans R Soc Lond B Biol Sci 363, 3125-3135, https://doi.org/10.1098/rstb.2008.0089 (2008).

de Wit, H. Impulsivity as a determinant and consequence of drug use: a review of underlying processes. Addict Biol 14, 22-31,
https://doi.org/10.1111/j.1369-1600.2008.00129.x (2009).

Kreek, M. J., Nielsen, D. A., Butelman, E. R. & LaForge, K. S. Genetic influences on impulsivity, risk taking, stress responsivity and
vulnerability to drug abuse and addiction. Nature neuroscience 8, 1450-1457, https://doi.org/10.1038/nn1583 (2005).

Uhl, G. R. Molecular genetics of addiction vulnerability. NeuroRx: the journal of the American Society for Experimental.
NeuroTherapeutics 3, 295-301, https://doi.org/10.1016/j.nurx.2006.05.006 (2006).

Jupp, B. & Dalley, J. W. in Animal models of behaviour genetics (eds J.C. Gewirtz & Y Kim) 63-100 (Springer, 2016).

Dalley, J. W. et al. Nucleus accumbens D2/3 receptors predict trait impulsivity and cocaine reinforcement. Science 315, 1267-1270,
https://doi.org/10.1126/science.1137073 (2007).

Blondeau, C. & Dellu-Hagedorn, F. Dimensional analysis of ADHD subtypes in rats. Biological psychiatry 61, 1340-1350, https://doi.
org/10.1016/j.biopsych.2006.06.030 (2007).

. Puumala, T. et al. Behavioral and pharmacological studies on the validation of a new animal model for attention deficit hyperactivity

disorder. Neurobiology of learning and memory 66, 198-211 (1996).

Diergaarde, L. et al. Impulsive choice and impulsive action predict vulnerability to distinct stages of nicotine seeking in rats. Biol
Psychiatry 63, 301-308, https://doi.org/10.1016/j.biopsych.2007.07.011 (2008).

Economidou, D., Pelloux, Y., Robbins, T. W,, Dalley, J. W. & Everitt, B. ]. High impulsivity predicts relapse to cocaine-seeking after
punishment-induced abstinence. Biol Psychiatry 65, 851-856, https://doi.org/10.1016/j.biopsych.2008.12.008 (2009).

Belin, D., Mar, A. C,, Dalley, ]. W,, Robbins, T. W. & Everitt, B. ]. High impulsivity predicts the switch to compulsive cocaine-taking.
Science 320, 1352-1355, https://doi.org/10.1126/science.1158136 (2008).

Sanchez-Roige, S., Stephens, D. N. & Duka, T. Heightened Impulsivity: Associated with Family History of Alcohol Misuse, and a
Consequence of Alcohol Intake. Alcoholism, clinical and experimental research 40, 2208-2217, https://doi.org/10.1111/acer.13184
(2016).

Castellanos, F. X. & Tannock, R. Neuroscience of attention-deficit/hyperactivity disorder: the search for endophenotypes. Nature
reviews. Neuroscience 3, 617-628, https://doi.org/10.1038/nrn896 (2002).

Ferland, J. M. et al. Greater sensitivity to novelty in rats is associated with increased motor impulsivity following repeated exposure
to a stimulating environment: implications for the etiology of impulse control deficits. Eur ] Neurosci 40, 3746-3756, https://doi.
org/10.1111/¢jn.12748 (2014).

Zhou, Z. et al. Exploratory locomotion, a predictor of addiction vulnerability, is oligogenic in rats selected for this phenotype.
Proceedings of the National Academy of Sciences of the United States of America 116, 13107-13115, https://doi.org/10.1073/
pnas.1820410116 (2019).

Flint, J., Valdar, W., Shifman, S. & Mott, R. Strategies for mapping and cloning quantitative trait genes in rodents. Nature reviews.
Genetics 6,271-286, https://doi.org/10.1038/nrg1576 (2005).

Isles, A. R, Humby, T., Walters, E. & Wilkinson, L. S. Common genetic effects on variation in impulsivity and activity in mice. The
Journal of neuroscience: the official journal of the Society for Neuroscience 24, 6733-6740, https://doi.org/10.1523/
JNEUROSCI.1650-04.2004 (2004).

. Richards, J. B. et al. Strong genetic influences on measures of behavioral-regulation among inbred rat strains. Genes, brain, and

behavior 12, 490-502, https://doi.org/10.1111/gbb.12050 (2013).

Anokhin, A. P, Grant, J. D., Mulligan, R. C. & Heath, A. C. The genetics of impulsivity: evidence for the heritability of delay
discounting. Biological psychiatry 77, 887-894, https://doi.org/10.1016/j.biopsych.2014.10.022 (2015).

Crosbie, J. et al. Response inhibition and ADHD traits: correlates and heritability in a community sample. Journal of abnormal child
psychology 41, 497-507, https://doi.org/10.1007/s10802-012-9693-9 (2013).

Schachar, R. ], Forget-Dubois, N., Dionne, G., Boivin, M. & Robaey, P. Heritability of response inhibition in children. Journal of the
International Neuropsychological Society: JINS 17, 238-247, https://doi.org/10.1017/5S1355617710001463 (2011).

Cohen, H., Geva, A. B., Matar, M. A., Zohar, J. & Kaplan, Z. Post-traumatic stress behavioural responses in inbred mouse strains: can
genetic predisposition explain phenotypic vulnerability? The international journal of neuropsychopharmacology 11, 331-349, https://
doi.org/10.1017/S1461145707007912 (2008).

Miller, B. H., Schultz, L. E., Gulati, A., Su, A. I. & Pletcher, M. T. Phenotypic characterization of a genetically diverse panel of mice
for behavioral despair and anxiety. PloS one 5, 14458, https://doi.org/10.1371/journal.pone.0014458 (2010).

Meyer, A. C. et al. Genetics of novelty seeking, amphetamine self-administration and reinstatement using inbred rats. Genes, brain,
and behavior 9, 790-798, https://doi.org/10.1111/j.1601-183X.2010.00616.x (2010).

Kliethermes, C. L. & Crabbe, J. C. Genetic independence of mouse measures of some aspects of novelty seeking. Proceedings of the
National Academy of Sciences of the United States of America 103, 5018-5023, https://doi.org/10.1073/pnas.0509724103 (2006).
Dickson, P. E. et al. Sex and strain influence attribution of incentive salience to reward cues in mice. Behav Brain Res 292, 305-315,
https://doi.org/10.1016/j.bbr.2015.05.039 (2015).

Molander, A. C. et al. High impulsivity predicting vulnerability to cocaine addiction in rats: some relationship with novelty
preference but not novelty reactivity, anxiety or stress. Psychopharmacology (Berl) 215, 721-731, https://doi.org/10.1007/s00213-
011-2167-x (2011).

. Lovic, V., Palombo, D. J. & Fleming, A. S. Impulsive rats are less maternal. Developmental psychobiology 53, 1322, https://doi.

org/10.1002/dev.20481 (2011).

Bezdjian, S., Baker, L. A. & Tuvblad, C. Genetic and environmental influences on impulsivity: a meta-analysis of twin, family and
adoption studies. Clinical psychology review 31, 1209-1223, https://doi.org/10.1016/j.cpr.2011.07.005 (2011).

Lev-Ran, S., Le Strat, Y., Imtiaz, S., Rehm, J. & Le Foll, B. Gender differences in prevalence of substance use disorders among
individuals with lifetime exposure to substances: results from a large representative sample. The American journal on addictions 22,
7-13, https://doi.org/10.1111/j.1521-0391.2013.00321.x (2013).

Gaub, M. & Carlson, C. L. Gender differences in ADHD: a meta-analysis and critical review. Journal of the American Academy of
Child and Adolescent Psychiatry 36, 1036-1045, https://doi.org/10.1097/00004583-199708000-00011 (1997).

Trent, S. & Davies, W. The influence of sex-linked genetic mechanisms on attention and impulsivity. Biological psychology 89, 1-13,
https://doi.org/10.1016/j.biopsycho.2011.09.011 (2012).

Jentsch, J. D. & Taylor, J. R. Sex-related differences in spatial divided attention and motor impulsivity in rats. Behavioral neuroscience
117, 76-83 (2003).

SCIENTIFIC REPORTS |

(2020) 10:6684 | https://doi.org/10.1038/s41598-020-63646-9


https://doi.org/10.1038/s41598-020-63646-9
https://doi.org/10.1093/cercor/bhi088
https://doi.org/10.1098/rstb.2008.0089
https://doi.org/10.1111/j.1369-1600.2008.00129.x
https://doi.org/10.1038/nn1583
https://doi.org/10.1016/j.nurx.2006.05.006
https://doi.org/10.1126/science.1137073
https://doi.org/10.1016/j.biopsych.2006.06.030
https://doi.org/10.1016/j.biopsych.2006.06.030
https://doi.org/10.1016/j.biopsych.2007.07.011
https://doi.org/10.1016/j.biopsych.2008.12.008
https://doi.org/10.1126/science.1158136
https://doi.org/10.1111/acer.13184
https://doi.org/10.1038/nrn896
https://doi.org/10.1111/ejn.12748
https://doi.org/10.1111/ejn.12748
https://doi.org/10.1073/pnas.1820410116
https://doi.org/10.1073/pnas.1820410116
https://doi.org/10.1038/nrg1576
https://doi.org/10.1523/JNEUROSCI.1650-04.2004
https://doi.org/10.1523/JNEUROSCI.1650-04.2004
https://doi.org/10.1111/gbb.12050
https://doi.org/10.1016/j.biopsych.2014.10.022
https://doi.org/10.1007/s10802-012-9693-9
https://doi.org/10.1017/S1355617710001463
https://doi.org/10.1017/S1461145707007912
https://doi.org/10.1017/S1461145707007912
https://doi.org/10.1371/journal.pone.0014458
https://doi.org/10.1111/j.1601-183X.2010.00616.x
https://doi.org/10.1073/pnas.0509724103
https://doi.org/10.1016/j.bbr.2015.05.039
https://doi.org/10.1007/s00213-011-2167-x
https://doi.org/10.1007/s00213-011-2167-x
https://doi.org/10.1002/dev.20481
https://doi.org/10.1002/dev.20481
https://doi.org/10.1016/j.cpr.2011.07.005
https://doi.org/10.1111/j.1521-0391.2013.00321.x
https://doi.org/10.1097/00004583-199708000-00011
https://doi.org/10.1016/j.biopsycho.2011.09.011

www.nature.com/scientificreports/

47.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

8

—

82.

83.

Chudasama, Y. et al. Dissociable aspects of performance on the 5-choice serial reaction time task following lesions of the dorsal
anterior cingulate, infralimbic and orbitofrontal cortex in the rat: differential effects on selectivity, impulsivity and compulsivity.
Behav Brain Res 146, 105-119 (2003).

Muir, J. L., Everitt, B. J. & Robbins, T. W. The cerebral cortex of the rat and visual attentional function: dissociable effects of
mediofrontal, cingulate, anterior dorsolateral, and parietal cortex lesions on a five-choice serial reaction time task. Cereb Cortex 6,
470-481 (1996).

Belin-Rauscent, A. et al. Impulsivity is predicted by the thinness of the insular cortex in rats. Mol Psychiatry 21, 445, https://doi.
org/10.1038/mp.2016.32 (2016).

Abela, A. R. & Chudasama, Y. Dissociable contributions of the ventral hippocampus and orbitofrontal cortex to decision-making
with a delayed or uncertain outcome. The European journal of neuroscience 37, 640-647, https://doi.org/10.1111/ejn.12071 (2013).

. Caprioli, D. et al. Gamma aminobutyric acidergic and neuronal structural markers in the nucleus accumbens core underlie trait-like

impulsive behavior. Biol Psychiatry 75, 115-123, https://doi.org/10.1016/j.biopsych.2013.07.013 (2014).

Sawiak, S. J. et al. In vivo gamma-aminobutyric acid measurement in rats with spectral editing at 4.7T. ] Magn Reson Imaging 43,
1308-1312, https://doi.org/10.1002/jmri.25093 (2016).

Isherwood, S. N., Pekcec, A., Nicholson, J. R., Robbins, T. W. & Dalley, J. W. Dissociable effects of mGIuR5 allosteric modulation on
distinct forms of impulsivity in rats: interaction with NMDA receptor antagonism. Psychopharmacology 232, 3327-3344, https://doi.
org/10.1007/500213-015-3984-0 (2015).

Kenny, P. J., Boutrel, B., Gasparini, E, Koob, G. E & Markou, A. Metabotropic glutamate 5 receptor blockade may attenuate cocaine
self-administration by decreasing brain reward function in rats. Psychopharmacology (Berl) 179, 247-254, https://doi.org/10.1007/
$00213-004-2069-2 (2005).

Markou, A. Accruing preclinical evidence about metabotropic glutamate 5 receptor antagonists as treatments for drug dependence
highlights the irreplaceable contributions of animal studies to the discovery of new medications for human disorders.
Neuropsychopharmacology: official publication of the American College of Neuropsychopharmacology 34, 817-819, https://doi.
org/10.1038/npp.2008.218 (2009).

Elia, J. et al. Genome-wide copy number variation study associates metabotropic glutamate receptor gene networks with attention
deficit hyperactivity disorder. Nature genetics 44, 78-84, https://doi.org/10.1038/ng.1013 (2011).

Janz, R., Hofmann, K. & Sudhof, T. C. SVOP, an evolutionarily conserved synaptic vesicle protein, suggests novel transport functions
of synaptic vesicles. The Journal of neuroscience: the official journal of the Society for Neuroscience 18, 9269-9281 (1998).

Xu, T. & Bajjalieh, S. M. SV2 modulates the size of the readily releasable pool of secretory vesicles. Nature cell biology 3, 691-698,
https://doi.org/10.1038/35087000 (2001).

Treadwell, J. A. Integrative strategies to identify candidate genes in rodent models of human alcoholism. Genome 49, 1-7, https://
doi.org/10.1139/g05-083 (2006).

Finch, C. A. & Lenfant, C. Oxygen transport in man. The New England journal of medicine 286, 407-415, https://doi.org/10.1056/
NEJM197202242860806 (1972).

. Kraus, D. W. & Colacino, J. M. Extended Oxygen Delivery from the Nerve Hemoglobin of Tellina alternata (Bivalvia). Science 232,

90-92, https://doi.org/10.1126/science.232.4746.90 (1986).

Richter, E, Meurers, B. H., Zhu, C., Medvedeva, V. P. & Chesselet, M. F. Neurons express hemoglobin alpha- and beta-chains in rat
and human brains. The Journal of comparative neurology 515, 538-547, https://doi.org/10.1002/cne.22062 (2009).

Biagioli, M. et al. Unexpected expression of alpha- and beta-globin in mesencephalic dopaminergic neurons and glial cells.
Proceedings of the National Academy of Sciences of the United States of America 106, 15454-15459, https://doi.org/10.1073/
pnas.0813216106 (2009).

Russo, R. et al. Hemoglobin is present as a canonical alpha2beta2 tetramer in dopaminergic neurons. Biochimica et biophysica acta
1834, 1939-1943, https://doi.org/10.1016/j.bbapap.2013.05.005 (2013).

Ferrer, L. et al. Neuronal hemoglobin is reduced in Alzheimer’s disease, argyrophilic grain disease, Parkinson’s disease, and dementia
with Lewy bodies. Journal of Alzheimer’ disease: JAD 23, 537-550, https://doi.org/10.3233/JAD-2010-101485 (2011).

Yoshioka, H. et al. Consistent injury to medium spiny neurons and white matter in the mouse striatum after prolonged transient
global cerebral ischemia. Journal of neurotrauma 28, 649-660, https://doi.org/10.1089/neu.2010.1662 (2011).

McClendon, E. et al. Prenatal cerebral ischemia triggers dysmaturation of caudate projection neurons. Annals of neurology 75,
508-524, https://doi.org/10.1002/ana.24100 (2014).

Bari, A., Dalley, J. W. & Robbins, T. W. The application of the 5-choice serial reaction time task for the assessment of visual attentional
processes and impulse control in rats. Nat Protoc 3, 759-767, https://doi.org/10.1038/nprot.2008.41 (2008).

Cardinal, R. N. & Aitken, M. R. Whisker: a client-server high-performance multimedia research control system. Behav Res Methods
42,1059-1071, https://doi.org/10.3758/BRM.42.4.1059 (2010).

Broman, K. W,, Wu, H., Sen, S. & Churchill, G. A. R/qtl: QTL mapping in experimental crosses. Bioinformatics 19, 889-890 (2003).
Hadfield, J. MCMC methods for multi-response generalized linear mixed models: the MCMCglmm R package. Journal of Statistic
Software 33, 1-22 (2010).

Wright, M. H. et al. ALCHEMY: a reliable method for automated SNP genotype calling for small batch sizes and highly homozygous
populations. Bioinformatics 26, 2952-2960, https://doi.org/10.1093/bioinformatics/btq533 (2010).

Abecasis, G. R., Cherny, S. S., Cookson, W. O. & Cardon, L. R. Merlin-rapid analysis of dense genetic maps using sparse gene flow
trees. Nature genetics 30, 97-101, https://doi.org/10.1038/ng786 (2002).

Riaz, N. et al. Genomewide significant linkage to stuttering on chromosome 12. American journal of human genetics 76, 647-651,
https://doi.org/10.1086/429226 (2005).

Liu, E, Kirichenko, A., Axenovich, T. I, van Duijn, C. M. & Aulchenko, Y. S. An approach for cutting large and complex pedigrees
for linkage analysis. European journal of human genetics: EJHG 16, 854-860, https://doi.org/10.1038/ejhg.2008.24 (2008).

Falchi, M. & Fuchsberger, C. Jenti: an efficient tool for mining complex inbred genealogies. Bioinformatics 24, 724-726, https://doi.
org/10.1093/bioinformatics/btmé17 (2008).

O’Connell, J. R. & Weeks, D. E. PedCheck: a program for identification of genotype incompatibilities in linkage analysis. American
journal of human genetics 63, 259-266, https://doi.org/10.1086/301904 (1998).

Wigginton, J. E. & Abecasis, G. R. PEDSTATS: descriptive statistics, graphics and quality assessment for gene mapping data.
Bioinformatics 21, 3445-3447, https://doi.org/10.1093/bioinformatics/bti529 (2005).

Gibbs, R. A. et al. Genome sequence of the Brown Norway rat yields insights into mammalian evolution. Nature 428, 493-521,
https://doi.org/10.1038/nature02426 (2004).

Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754-1760, https://
doi.org/10.1093/bioinformatics/btp324 (2009).

. DePristo, M. A. et al. A framework for variation discovery and genotyping using next-generation DNA sequencing data. Nature

genetics 43, 491-498, https://doi.org/10.1038/ng.806 (2011).

McKenna, A. et al. The Genome Analysis Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data.
Genome research 20, 1297-1303, https://doi.org/10.1101/gr.107524.110 (2010).

Eagle, D. M. & Baunez, C. Is there an inhibitory-response-control system in the rat? Evidence from anatomical and pharmacological
studies of behavioral inhibition. Neuroscience and biobehavioral reviews 34, 50-72, https://doi.org/10.1016/j.neubiorev.2009.07.003
(2010).

SCIENTIFIC REPORTS |

(2020) 10:6684 | https://doi.org/10.1038/s41598-020-63646-9


https://doi.org/10.1038/s41598-020-63646-9
https://doi.org/10.1038/mp.2016.32
https://doi.org/10.1038/mp.2016.32
https://doi.org/10.1111/ejn.12071
https://doi.org/10.1016/j.biopsych.2013.07.013
https://doi.org/10.1002/jmri.25093
https://doi.org/10.1007/s00213-015-3984-0
https://doi.org/10.1007/s00213-015-3984-0
https://doi.org/10.1007/s00213-004-2069-2
https://doi.org/10.1007/s00213-004-2069-2
https://doi.org/10.1038/npp.2008.218
https://doi.org/10.1038/npp.2008.218
https://doi.org/10.1038/ng.1013
https://doi.org/10.1038/35087000
https://doi.org/10.1139/g05-083
https://doi.org/10.1139/g05-083
https://doi.org/10.1056/NEJM197202242860806
https://doi.org/10.1056/NEJM197202242860806
https://doi.org/10.1126/science.232.4746.90
https://doi.org/10.1002/cne.22062
https://doi.org/10.1073/pnas.0813216106
https://doi.org/10.1073/pnas.0813216106
https://doi.org/10.1016/j.bbapap.2013.05.005
https://doi.org/10.3233/JAD-2010-101485
https://doi.org/10.1089/neu.2010.1662
https://doi.org/10.1002/ana.24100
https://doi.org/10.1038/nprot.2008.41
https://doi.org/10.3758/BRM.42.4.1059
https://doi.org/10.1093/bioinformatics/btq533
https://doi.org/10.1038/ng786
https://doi.org/10.1086/429226
https://doi.org/10.1038/ejhg.2008.24
https://doi.org/10.1093/bioinformatics/btm617
https://doi.org/10.1093/bioinformatics/btm617
https://doi.org/10.1086/301904
https://doi.org/10.1093/bioinformatics/bti529
https://doi.org/10.1038/nature02426
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1038/ng.806
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1016/j.neubiorev.2009.07.003

www.nature.com/scientificreports/

84. Gautier, L., Moller, M., Friis-Hansen, L. & Knudsen, S. Alternative mapping of probes to genes for Affymetrix chips. BMC
bioinformatics 5, 111, https://doi.org/10.1186/1471-2105-5-111 (2004).

85. Breitling, R., Armengaud, P., Amtmann, A. & Herzyk, P. Rank products: a simple, yet powerful, new method to detect differentially
regulated genes in replicated microarray experiments. FEBS letters 573, 83-92, https://doi.org/10.1016/j.febslet.2004.07.055 (2004).

86. Paxinos, G. & Watson, C. The rat brain in stereotaxic coordinates / George Paxinos, Charles Watson. (Elsevier, 2007).

Acknowledgements

This research was funded by the Medical Research Council (G0802729) and a grant from the European
Community’s Sixth Framework Programme (‘IMAGEN’ LSHM-CT-2007-037286). This paper reflects only the
author’s views, and the Community is not liable for any use that may be made of the information contained
therein. The Behavioural and Clinical Neuroscience Institute (BCNI) at Cambridge University is supported by
a core award from the Medical Research Council (G1000183) and the Wellcome Trust (093875/Z/10/Z). B] was
supported by an AXA Trust Research Fellowship. MM was supported by Ministerio de Ciencia, Innovacién y
Universidades (Spanish Government) and FEDER funds (Grant numbers: PSI2015-70037-R and PGC2018-
099117-B-C21).

Author contributions

Bianca Jupp: heritability estimates; analysed the transcriptome data; interpreted the final datasets; wrote and
edited the manuscript. Silvia Pitzoi: genome-wide linkage analysis; curated and interpreted the final gene
datasets; wrote and edited the manuscript. Enrico Petretto: co-principal investigator; heritability estimates;
genome-wide linkage analysis; curated and interpreted the final gene datasets; edited the manuscript. Adam
C. Mar: programming and software development; established the multigenerational pedigree; behavioural
phenotyping; harvested tissue for gene expression. Yolanda Pena Oliver: behavioural phenotyping; data archiving;
harvested tissue for gene expression. Emily R. Jordan: behavioural phenotyping; data archiving. Stephanie Taylor:
transcriptome analyses; data interpretation. Santosh S. Atanur: analysis of polymorphic markers. Prashant
K. Srivastava: genome-wide linkage analysis; curated and interpreted the final gene datasets. Kathrin Saar:
transcriptome analysis; data interpretation. Norbert Hubner: transcriptome analysis; conceptual and intellectual
oversight; edited the manuscript. Wolfgang H. Sommer: transcriptome analysis; conceptual and intellectual
oversight; edited the manuscript. Oliver Staehlin: transcriptome analysis; edited the manuscript. Rainer Spanagel:
co-principal investigator of IMAGEN; transcriptome analysis; conceptual and intellectual oversight; edited the
manuscript. Emma S. Robinson: established the multigenerational pedigree; behavioural phenotyping; data
archiving; harvested tissue for gene expression. Gunter Schumann: principal investigator of IMAGEN; conceptual
and intellectual oversight; edited the manuscript. Margarita Moreno: behavioural phenotyping; data archiving;
harvested tissue for archiving. Barry J. Everitt: co-principal investigator; edited the manuscript. Trevor W.
Robbins: co-principal investigator; edited the manuscript. Timothy J. Aitman: co-principal investigator; genome-
wide linkage analysis; heritability estimates; edited the manuscript. Jeffrey W. Dalley: principal investigator;
formulation of overarching scientific objectives and research methodology; wrote and edited the manuscript.

Competing interests

T.W.R. consults for Cambridge Cognition, Lundbeck and Mundipharma, and is currently in receipt of a research
grant from Shionogi. JWD has received funding from Boehringer Ingelheim and GlaxoSmithKline. All other
authors declare no conflict of interest.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63646-9.

Correspondence and requests for materials should be addressed to J.W.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:6684 | https://doi.org/10.1038/s41598-020-63646-9


https://doi.org/10.1038/s41598-020-63646-9
https://doi.org/10.1186/1471-2105-5-111
https://doi.org/10.1016/j.febslet.2004.07.055
https://doi.org/10.1038/s41598-020-63646-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Impulsivity is a heritable trait in rodents and associated with a novel quantitative trait locus on chromosome 1

	Results

	Impulsivity on the 5-choice serial reaction time task is a heritable trait. 
	Premature responding is associated with a region of significant linkage on chromosome 1. 
	Differential gene expression within the identified linkage region in highly-impulsive rats. 

	Discussion

	Methods

	Experimental subjects. 
	Behavioral training. 
	Impulsivity phenotyping. 
	Breeding schema. 
	Linkage analysis and heritability estimates. 
	Whole genome sequencing. 
	Gene expression analysis. 
	RNA isolation and purification for transcriptome analysis. 
	Affymetrix GeneChips. 
	Statistical analysis and data mining of microarrays. 
	Quantitative PCR. 

	Acknowledgements

	﻿Figure 1 Summary of the multigenerational pedigree structure and breeding scheme used to enrich impulsivity in rat offspring.
	Figure 2 Heritability of impulsivity.
	Figure 3 Genome-wide linkage for percentage premature responding.
	Figure 4 Transcript analysis of regions previously implicated in impulsivity demonstrate significant differential expression between HI and LI rats in both outbred and F6 generations.
	Table 1 Heritability estimates for premature responding incorporating different random effects (sex, breeding, sex and breeding).
	Table 2 Differentially regulated transcripts in high impulsive rats from the outbred base and F6 inbred populations.




