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Abstract

The propensity to attribute incentive salience to reward cues, measured by Pavlovian sign-

tracking, is strongly associated with addiction-related traits including cocaine self-administration, 

impulsivity, novelty reactivity, and novelty preference. Despite its critical role in addiction, the 

genetic underpinnings of incentive salience attribution and its relationship to drug addiction are 

unknown. Mouse genetics can be a powerful means to discover genetic mechanisms underlying 

this relationship. However, feasibility of genetic dissection of sign-tracking in mice is unknown as 

only a single study limited to male C57BL/6J mice has rigorously examined this behavior, and 

limited sign-tracking was observed. Highly diverse mouse populations such as the Collaborative 

Cross (CC) and Diversity Outbred population (DO) possess a greater range of behavioral and 

genetic variation than conventional laboratory strains. In the present study, we evaluated sign-

tracking and the related phenotype goal-tracking in mice of both sexes from five inbred CC and 

DO founder strains. Male CAST/EiJ mice exhibited robust sign-tracking; male NOD, male 

C57BL/6J, and female A/J mice also exhibited significant sign-tracking. Male and female mice 

from all strains exhibited significant goal-tracking, and significant strain and sex differences were 

observed. Sign-tracking in males was genetically correlated with exploration of a novel 

environment, and heritability of sign-tracking and goal-tracking ranged from .32 to .41. These data 

highlight the importance of considering genetic diversity when evaluating the occurrence of 

specific behavioral traits in the laboratory mouse and demonstrate that the CC and DO mouse 

populations can be used to discover mechanisms underlying genetic relationships among sign-

tracking and addiction-related behaviors.
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1. Introduction

The propensity to attribute motivational properties (i.e., incentive salience) to stimuli which 

predict reward is a critical component of drug addiction [1]. This phenomenon has been 

extensively studied in male rats using a Pavlovian conditioned approach (PCA) paradigm in 

which subjects learn that a conditioned stimulus, such as the extension of a lever, reliably 

predicts an unconditioned stimulus, such as the delivery of a food pellet [2–4]. Upon lever 

extension, many rats approach the pellet receptacle to await delivery of the reward, termed 

goal tracking (GT). Others, however, approach the lever which signals pellet-delivery, 

termed sign-tracking (ST). The degree to which rats attribute incentive salience to the 

stimulus that signals reward (i.e., manifest the ST phenotype) is strongly predictive of 

multiple addiction-related phenotypes [reviewed in 3] as well as phenotypes which 

predispose individuals to addiction such as impulsivity, novelty reactivity, and novelty 

preference [5–7]. Although the propensity to attribute incentive salience to reward cues is 

believed to be a critical component of drug addiction, the genetic underpinnings of incentive 

salience and its relationship to addiction are unknown. Moreover, the impact of sex on 

incentive salience attribution has been largely unexplored, even in the rat species [8]. As sex 

differences in addiction have been widely observed in humans and animal models [9], sex 

may be a critical variable mediating the genetic relationship between incentive salience 

attribution and addiction.

Mouse genetics is a powerful method for discovering the biological mechanisms driving 

behavioral variation, including relationships between incentive salience and addiction. 

Moreover, recently introduced genetically diverse experimental mouse populations such as 

the Collaborative Cross genetic reference panel (CC) and closely related Diversity Outbred 

population (DO) provide unprecedented opportunities for gene discovery [10]. However, the 

feasibility of using the PCA paradigm to identify the genetic underpinnings of incentive 

salience attribution in mice and the potential impact of sex on this relationship is unknown. 

This is because only a single study has rigorously examined ST and GT in the mouse species 

[11], and this study was limited to male mice from the C57BL/6J (B6) strain. Moreover, 

although Tomie and colleagues (2012) observed significant ST and GT in male B6 mice, the 

ST observed in that study was markedly less robust than the ST observed in many rat 

studies; this observation has led some to suggest that the mouse species as a whole is ill-

suited for gene discovery using the PCA paradigm [12]. An alternative explanation, 

however, is that male mice of the B6 genotype manifest a predominantly GT phenotype, 

whereas other genotype-sex combinations would manifest a predominantly ST phenotype. 

To date, this hypothesis has not been tested.

In the present study, we assessed ST and GT using a PCA task in male (n = 48) and female 

(n = 48) mice from four common inbred strains (C57BL/6J, 129S1/SvImJ, AJ, NOD/ShiLtJ) 

and one wild-derived inbred strain (CAST/EiJ). These strains are members of the eight 

founder strains of the CC and DO genetic mapping populations. To enable dissociation of 

ST and GT from lever and pellet-dispenser approach unrelated to PCA [13], mice were 

tested on either a paired or unpaired version of the task. In the paired version, lever 

extension predicted pellet deliver. In the unpaired version, pellet-delivery was randomized. 
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Heritability of ST and GT as well as the genetic correlation of ST and novelty reactivity 

were also assessed.

2. Materials and methods

2.1 Subjects

Male (n = 48) and female (n = 48) mice from four common inbred strains [C57BL/6J (B6), 

129S1/SvImJ (129), A/J (AJ), NOD/ShiLtJ (NOD)] and one wild-derived inbred strain 

[CAST/EiJ (CAST)] were tested on the PCA task. These strains represent 5 of the 8 founder 

strains of the genetically diverse CC [14] and DO [15] mouse populations which we and 

others have used for high-resolution genetic mapping of complex behavioral traits [16–20]. 

All mice were acquired from The Jackson Laboratory (stock numbers 000664, 002448, 

000646, 001976, and 000928, respectively) and were housed in duplex polycarbonate cages 

and maintained in a climate-controlled room under a standard 12:12 light-dark cycle (lights 

on at 0600 h). Bedding was changed weekly and mice had free access to acidified water 

throughout the study. Mice were provided free access to food (NIH31 5K52 chow, 

LabDiet/PMI Nutrition, St. Louis, MO) until behavioral testing began, at which point they 

were food restricted such that they weighed 85% – 90% of base weight when testing 

commenced each day. Mice were fed immediately following testing. A Nestlet and 

Shepherd Shack were provided in each cage for enrichment. Mice were housed in same sex 

groups of 3 – 5 prior to behavioral testing. Once testing began, mice were housed 

individually to facilitate food restriction. All procedures and protocols were approved by 

The Jackson Laboratory Animal Care and Use Committee and were conducted in 

compliance with the National Institutes of Health Guidelines for the Care and Use of 

Laboratory Animals.

2.2 Apparatus

ST and GT data were collected using 16 Med Associates (St. Albans, Vermont) conditioning 

chambers (ENV-307W) enclosed in sound attenuating cubicles (ENV-022V). The floor of 

each chamber consisted of bars which were completely covered by a single piece of acrylic 

to facilitate cleaning and mouse ambulation. A retractable response lever (ENV-312-2W) 

was mounted to the left front wall 18 mm above the chamber floor and 28 mm away from 

the adjacent wall. A pellet dispenser (ENV-203-20) delivered 20 mg Bio-Serv (Flemington, 

NJ) Dustless Precision Pellets (F0071) into a pellet receptacle (ENV-303W). The receptacle 

was mounted to the right front wall 3 mm above the chamber floor, 28 mm away from the 

adjacent wall, and 125 mm away from the lever. A house light (ENV-315W) with bulb 

(CM1820; Chicago Miniature; Novi, Michigan) was mounted outside and behind the rear 

wall of the chamber. A monochrome micro video camera (Noldus Information Technology; 

Leesburg, VA) was mounted to the ceiling of the sound attenuating cubicle directly above 

the chamber. The camera was connected to a video capture card in a Windows PC (Noldus 

Information Technology) which was used to record mouse behavior during testing. 

Conditioning chambers were controlled by a Med Associates control unit using MED-PC IV 

software. The ST/GT program was written in-house in MEDState notation.
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2.3 Pavlovian conditioned approach testing

Prior to testing, mice were randomly assigned to either a paired or unpaired condition (n = 9 

– 10 per strain in each condition, half males and half females). Mice in the paired condition 

received PCA training in which pellet-delivery was paired predictably with lever extension 

and retraction. Specifically, pellet-delivery and lever-retraction occurred simultaneously 10 s 

following lever extension. Mice in the unpaired condition received identical training with 

the exception that pellet-delivery was randomized relative to lever extension and retraction. 

The house light was illuminated throughout the session. Sessions consisted of 25 trials. Each 

trial was followed by an inter-trial interval (ITI) of random duration ranging from 30 to 150 

s. The lever was extended and retracted at the beginning and end, respectively, of each 10 s 

trial. For mice in the paired group, a pellet was delivered concurrently with lever-retraction. 

For mice in the non-paired group, a pellet was delivered at a random time between the 

beginning of each ITI and the end of the subsequent trial. All mice in the study received 25 

pellets during each session. Mice were tested between 11 AM and 4 PM. Each chamber was 

cleaned using 70% ethanol between testing sessions. The number of lever presses and pellet-

receptacle head entries during the trial and ITI were recorded automatically on each session 

by means of infrared detectors built into the levers and pellet receptacles. Because many 

mice showed evidence of (1) lever contact that did not result in lever depression and (2) 

shallow pellet-receptacle head entry that did not result in an infrared beam break, the entire 

session was recorded for all mice on the final testing day (session 15), and video data were 

subsequently scored to quantify approach to the lever and pellet receptacle during the trial 

and ITI on this session.

2.4 Exploration of a novel open field

Open field testing was performed in a separate cohort of mice (N = 80, 8 males and 8 

females per strain) and was collected as part of a larger QTL mapping study of novelty-, 

anxiety-, depression-, and impulsivity-related traits. These data have been published 

separately [19] and are publicly available from the Mouse Phenome Database at The 

Jackson Laboratory (http://phenome.jax.org/; accession ID: Chesler4). The open-field arena 

(39 × 39 × 39 cm) was composed of white opaque acrylic walls and a dark gray acrylic 

floor, was located in a 10 × 15 foot room, and was illuminated at 43 ± 4 lux. Mice were 

individually placed into the center of the arena and allowed to explore for 20 min. Total 

distance traveled over the 20 min testing session was recorded.

2.5 Dependent variables

Using infrared beam break data, ST rate and GT rate were calculated as number of lever 

presses and pellet-receptacle head-entries, respectively, per second for each trial on all 15 

sessions. GT rate was calculated for both the trial and ITI, but ST could only be calculated 

for trials because the lever was retracted during the ITI. On the final session, ST and GT 

were scored by video analysis and were operationally defined as the duration (s) of lever 

contact and the duration of head entry into the pellet receptacle, respectively. Duration of ST 

and GT were scored for each of the trials and ITIs on the final testing session using the 

Observer XT software package (Noldus Information Technology). During a trial, ST was 

scored whenever contact between the lever and nose or lever and paw was observed. During 
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the ITI, ST was scored when the mouse made nose- or paw-contact with the lever housing 

directly in front of the retracted lever. ST was not scored when incidental contact with the 

lever occurred (e.g., backing into the lever). GT was scored when any part of the nose was 

inside the food receptacle. An ST:GT ratio was calculated on the final session for each 

mouse by dividing the total duration of ST during all trials by the total duration of GT 

during all trials. For open field testing, total distance traveled during the 20 min testing 

session was considered an index of novel environment exploration.

2.6 Statistical analysis

Normality and linearity of dependent measures were assessed by inspection of normal 

probability plots and scatterplots. Z-scores and Mahalanobis distance scores were examined 

to identify univariate and multivariate outliers, respectively. Z-scores in excess of the 

absolute value of 3.29 (outlier at p < .001, two-tailed test) and extreme Mahalanobis distance 

scores (outlier at p < .001, χ2 test) were considered significant outliers. Data which violated 

statistical assumptions were square root or log base 10 transformed using methods 

recommended by Tabachnick and Fidell [21]. Repeated measures analysis of variance 

(ANOVA) or covariance (ANCOVA) was used to assess group differences on ST and GT 

measures. The assumption of homogeneity of variance across groups was assessed using 

Mauchly’s test of sphericity. When this assumption was violated, the Huynh–Feldt 

correction was used. All data will be available in the Mouse Phenome Database (http://

phenome.jax.org).

2.7 Attrition

During the course of testing one male NOD mouse developed symptoms of insulin-

dependent diabetes mellitus, common in this strain, and did not complete the study. Data for 

this mouse was excluded from statistical analysis. All other mice were healthy throughout 

the study.

3. Results

3.1 Acquisition of sign- and goal-tracking across 15 testing sessions

3.1.1 Acquisition of goal-tracking—We performed a 2 × 2 × 2 × 5 × 15 mixed-model 

ANOVA using rate of head entries into the food-receptacle (quantified using IR beam 

breaks) as an index of GT. Between-subjects factors were pairing of lever-extension and 

pellet-delivery (paired, unpaired), lever-extension (extended, retracted), sex, and strain (AJ, 

B6, 129, NOD, CAST). Session (1 – 15) was a within-subjects factor. The between-subjects 

factor “lever extension” allowed for the dissociation of behavior which occurred during 

trials (i.e., lever was extended) and ITIs (i.e., lever was retracted). A statistically significant 

5-way interaction of strain, sex, lever-extension, lever-pellet pairing, and session was 

detected [F (56, 243) = 1.52, p < .05]. To determine the nature of this interaction, we 

examined performance of male and female mice of each strain in the paired and unpaired 

conditions across the 15 testing sessions during the trial and ITI (Fig. 1). With the exception 

of male B6 mice and female CAST mice, male and female mice from all strains in the paired 

group exhibited acquisition of the GT response as indicated by a significantly greater GT 

rate during the trial relative to the ITI (Fig. 1A, I, M, Q, C, G, K, O). By contrast, GT rate 
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during the trial and ITI did not differ in the unpaired group in male (Fig 1B, F, J, N, R) or 

female (Fig 1D, H, L, P, T) mice of any strain.

3.1.2 Acquisition of sign-tracking—We performed a 2 × 2 × 5 × 15 mixed-model 

ANOVA using lever pressing rate (quantified using IR beam breaks) as an index of ST. 

Between-subjects factors were pairing of lever-extension and pellet-delivery, sex, and strain. 

Session was a within-subjects factor. We could not dissociate between lever pressing during 

the trial and ITI because the lever was retracted during the ITI. A statistically significant 4-

way interaction of strain, sex, lever-pellet pairing, and session was detected [F (56, 243) = 

1.47, p < .05]. To determine the nature of this interaction, we examined performance of male 

and female mice of each strain in the paired and unpaired conditions across the 15 testing 

sessions (Fig. 2). Male CAST mice in the paired conditioned exhibited a significantly 

greater ST rate relative to mice in the unpaired condition (Fig. 2I) indicating acquisition of 

the ST response. Male and female mice in other strains did not exhibit statistically 

significant ST behavior when lever pressing rate was used as the index of ST.

3.2 Sign- and goal-tracking duration on the final testing session assessed by video 
analysis

3.2.1 Goal-tracking duration—We performed a 2 × 2 × 2 × 5 × 25 mixed-model 

ANCOVA using GT duration (quantified using video analysis) as the dependent measure. 

Between-subjects factors were pairing of lever-extension and pellet-delivery, lever-

extension, sex, and strain. Trial (1 – 25) was a within-subjects factor, and chamber was a 

covariate. A statistically significant 4-way interaction of strain, lever-extension, lever-pellet 

pairing, and trial was detected [F (96, 1728) = 1.35, p < .05], and the 5-way interaction of 

strain, sex, lever-extension, lever-pellet pairing, and trial approached significance [F (96, 

1728) = 1.25, p = .05]. To determine the nature of these interactions, we examined GT 

duration of male and female mice from each strain in the paired and unpaired conditions 

separately during the final testing session (Fig. 3). Male (Fig. 3A, E, I, M, Q) and female 

(Fig. 3C, G, K, O, S) mice of all strains in the paired group exhibited statistically significant 

GT as indicated by a significantly greater GT duration during trials relative to ITIs. By 

contrast, GT duration during trials and ITIs did not differ in male (Fig 3B, F, J, N, R) or 

female (Fig 3D, H, L, P, T) mice of any strain in the unpaired group.

3.2.2 Sign-tracking duration—We performed a 2 × 2 × 2 × 5 × 25 mixed-model 

ANCOVA using ST duration (quantified using video analysis) as an index of ST. Between-

subjects factors were pairing of lever-extension and pellet-delivery, lever-extension, sex, and 

strain. Trial was a within-subjects factor, and chamber was a covariate. Statistically 

significant 4-way interactions of strain, sex, lever-extension, and lever-pellet pairing [F (4, 

72) = 2.71, p < .05] as well as sex, lever-extension, lever-pellet pairing, and trial [F (24, 

1728) = 1.57, p < .05] were detected. To determine the nature of these interactions, we 

examined ST duration of male and female mice from each strain in the paired and unpaired 

conditions separately (Fig. 4).

ST duration of male CAST mice in the paired condition was significantly greater (p < .05) 

during trials than ITIs (Fig. 4Q), and ST duration during trials was significantly greater (p 
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< .05) in male CAST mice in the paired condition relative to male CAST mice in the 

unpaired condition (Fig. 4R). Collectively, these data indicate robust ST in male CAST 

mice. ST duration of male NOD mice in the paired group was significantly greater (p < .05) 

than ST duration of male NOD mice in the unpaired group (Fig 4M, N). However, ST 

duration of male NOD mice in the paired group was elevated during both the trial and ITI 

(Fig 4M). Collectively, these data indicate that male NOD mice exhibited statistically 

significant ST and continued to approach the food-paired lever even after it was retracted. 

ST duration of male B6 mice (Fig. 4E) and female AJ mice (Fig. 4C) in the paired group 

was significantly greater (p < .05) during trials than ITIs, suggesting some degree of ST in 

these mice. ST duration during trials and ITIs did not differ in male (Fig 4B, F, J, N, R) or 

female (Fig 4D, H, L, P, T) mice of any strain in the unpaired group.

3.2.3 Strain and sex differences in sign- and goal-tracking duration—The range 

of GT duration was greater in males (Fig 5A) than females (Fig 5D). Only male AJ and male 

B6 strains differed significantly (p < .05). The range of ST duration was also greater in 

males (Fig 5B) than females (Fig 5E). ST duration of male CAST mice was significantly 

greater (p < .05) than that of male 129, AJ, and B6 mice (Fig 5B), and ST duration of male 

NOD mice was significantly greater (p < .05) than those of male 129 and AJ mice (Fig 5B). 

ST duration of female AJ mice was significantly greater (p < .05) than that of female 129 

mice (Fig 5E). The range of the ST:GT duration ratio was greater in males (Fig 5C) than 

females (Fig 5F). The ST:GT duration ratio of male CAST mice was significantly greater (p 

< .05) than those of male 129 and AJ mice (Fig 5C). ST:GT duration ratios of female mice 

did not differ significantly (Fig 5F).

3.3 Genetic correlation of sign-tracking and exploratory behavior

We assessed the genetic correlation between sign-tracking and exploration of a novel open 

field independently in male and female mice. A strong and statistically significant genetic 

correlation (r = .94, p < .05) between sign-tracking and distance traveled (cm) during a 

single 20 min session in a novel open field was observed in male mice (Fig 6). To exclude 

the possibility that this relationship was an artifact of strain-dependent differences in 

distance traveled in the conditioning chamber, we examined the genetic correlation between 

distance traveled in the open field and the difference between ST in the paired group and ST 

in the unpaired group: this genetic relationship was also strong and significant (r = .93, p < .

05). We did not observe a genetic correlation between ST and distance traveled in a novel 

open field in females, nor was a genetic correlation observed between GT and distance 

traveled in a novel open field in males or females (Fig S1).

3.4 Heritability of sign-tracking and goal-tracking

Heritability estimates of ST and GT ranged from .32 to .41 (Table 1) and were calculated 

using mice from the paired group. Heritability was defined as the ratio of between-strain 

variance to the total within- plus between-strain variance, excluding variance accounted for 

by cohort and chamber.
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4. Discussion

In the present study, we have demonstrated for the first time robust strain and sex 

differences in Pavlovian ST in the mouse species. Male mice from the CAST (Fig 4Q), 

NOD (Fig 4M), and B6 (Fig 4E) inbred strains and female mice from the AJ inbred strain 

(Fig 4C) exhibited statistically significant ST on the final testing session. Across strains, 

males relative to females exhibited the greatest ST range (Fig 5B vs Fig 5E), and male 

CAST mice exhibited the most robust ST of all sex-strain groups (Fig 4Q). In contrast to the 

robust ST observed in male CAST mice, female CAST mice failed to exhibit statistically 

significant ST (Fig 4S). Males and females from all strains exhibited statistically significant 

GT on the final testing session (Fig 3), and GT was evident in males and females from most 

strains during acquisition sessions (Fig 1). Finally, a strong positive genetic correlation 

between ST and novelty reactivity was observed in male, but not female mice (Fig 6).

4.1 Sign-tracking and goal-tracking: strain and sex differences in five inbred mouse strains

Although past studies have examined Pavlovian conditioning in mice [22–24], only one has 

rigorously examined ST and GT in mice using both a paired condition and an unpaired 

control condition [11]. This design is critical for dissociating PCA from lever and pellet-

dispenser approach due to other factors, such as the propensity to approach or avoid salient 

stimuli, or differences in general activity [13]. Using this strategy, Tomie and colleagues 

(2012) observed significant ST and GT in male mice from the B6 inbred background. 

Findings from the present study confirm the presence of ST in B6 males (Fig. 4E) and, 

considering the absence of ST in B6 females (Fig. 4G), provide novel evidence that ST 

propensity in the B6 strain is sex dependent. In contrast to ST propensity, both male and 

female mice from the B6 strain exhibited statistically significant GT (Fig. 3E, G), and the 

degree of GT propensity was equivalent in males and females. This observation excludes the 

possibility of an impairment in PCA learning and suggests instead that the observed sex 

difference in ST propensity in B6 mice reflects a true difference in the propensity to attribute 

incentive salience to reward paired stimuli.

In addition to confirming the existence of ST in male B6 mice and revealing sex dependence 

of the ST trait in this strain, we provide novel evidence of significant strain differences in ST 

and GT propensity across five of the inbred founder strains of the DO and CC genetic 

mapping populations. Moreover, as in the B6 strain, we show clear sex dependence of ST 

propensity in CAST, NOD, and AJ strains. CAST (Fig 4Q) and NOD (Fig 4M) males 

exhibited strong ST propensity, but females from these two strains did not exhibit significant 

ST (Fig 4S, O). Conversely, females from the AJ strain exhibited significant ST (Fig 4C), 

but male AJ mice did not (Fig 4A). Neither male nor female mice from the 129 strain 

exhibited significant ST (Fig 4I, K). Importantly, as in the B6 strain, both males and females 

from the CAST, NOD, AJ, and 129 strains exhibited significant GT behavior relative to 

unpaired controls (Fig 3).

Manifestation of ST in NOD males was unique in that these mice approached the retracted 

lever during ITIs as well as during trials (Fig 4M). NOD males appeared highly motivated to 

make contact with the lever during ITIs and would persistently and vigorously reach into the 
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lever housing and touch the retracted lever. In contrast, mice from other strains largely 

restricted lever approach to trials (i.e., when the lever was extended).

In the present study, mice were food restricted and individually housed at testing outset. 

Mice were group housed prior to the study and were provided access to enrichment devices 

(i.e., Nestlet and Shepherd Shack) throughout life. In this regard, environmental factors have 

been shown to influence ST propensity in rats [25–28], and specific genotypes may confer 

an elevated risk to develop ST behavior following certain environmental events. 

Consequently, environmental factors should be considered when interpreting findings from 

the present study.

Collectively, these data reveal a spectrum of sex-dependent ST propensity across the CC and 

DO founder strains assessed in the present study (Fig 5), with CAST males exhibiting the 

greatest propensity to exhibit the ST phenotype, and male and female 129 the least. It 

remains possible that mice from the sex-strain subgroups which failed to exhibit significant 

ST possess the capacity, albeit a relatively lower propensity, to manifest ST behavior, and 

that this could be quantified with a larger sample size. Manipulation of task parameters such 

as introducing reward uncertainty [29] or allowing more sessions for mice to develop the ST 

phenotype may also enhance the ability to detect ST without increasing sample size. 

Indexing Pavlovian to instrumental transfer may also facilitate detection of incentive 

salience attribution in mice. Some studies using large numbers of outbred rats (i.e., a large 

number of genotypes) have observed an even broader spectrum of the ST and GT traits [30]. 

Specifically, at the extreme ranges of the STGT spectrum some animals spend the entire 

duration of the trial sign-tracking whereas others spend the entire duration of the trial goal-

tracking. Importantly, the extreme phenotypes observed in these studies are a consequence 

of the vast number of unique allelic combinations which can occur in outbred animals; we 

observe this same phenomenon, referred to as “transgressive segregation”, in DO mice 

relative to their inbred founders [19, 20]. Thus, it is likely that the full spectrum of ST and 

GT would be observed in a larger study of DO mice and that the genes and mechanisms 

driving these behaviors could be identified.

4.2 Genotype-dependent idiosyncrasies in the manifestation of sign-tracking and goal-
tracking

Although attribution of incentive salience to a reward paired stimulus is generally regarded 

as increasing the propensity to approach that stimulus [3], the majority of PCA studies in 

rats have quantified ST not as approach or contact with a reward paired lever, but rather as 

depression of the lever. While convenient, this strategy may result in a somewhat imprecise 

measurement of incentive salience attribution as there is no a priori reason to suggest that an 

animal which is driven to approach a reward paired lever will also be driven to press that 

lever. In this regard, Tomie and colleagues observed that male B6 mice would often 

approach but not depress the reward paired lever [11], and the existence of ST behaviors 

directed towards the lever which are not captured by lever pressing has been documented in 

rat studies [29, 31]

In the present study, only CAST males exhibited unambiguous acquisition of the ST 

response when lever pressing rate was used as the ST index (Fig 2I). Using these data alone, 
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it could be argued that only CAST males exhibited the ST response. However, it seems more 

likely that NOD males, B6 males, and AJ females did acquire the ST response, but that this 

response was best captured on the final session (Fig 4M, E, C) when ST was operationalized 

as duration of lever contact (quantified by video analysis), not during earlier sessions (Fig 

2G, C, B) when ST was operationalized as rate of lever depression (quantified automatically 

by infrared beam breaks). With respect to this, video analysis indicated that the ST response 

in mice was manifested almost exclusively by approaching and exploring the lever with the 

nose, not pressing the lever as would be observed in an operant conditioning paradigm. 

Interestingly, in the present study we observed that this pattern of lever exploration was very 

strain specific, and subtle differences in lever exploration patterns determined whether lever 

depression occurred secondary to lever exploration. For example, male NOD mice would 

vigorously explore all sides of the lever with their nose and would bite the lever while doing 

so. During ITIs when the lever was retracted, NOD males would attempt to reach into the 

housing and access the lever. Although relatively aggressive and frenzied, the lever 

exploration which was characteristic of male NOD mice rarely resulted in lever depression 

and, consequently, was not detected through automated means. Conversely, although male 

CAST mice were relatively less frenzied in their lever exploration (e.g., they did not bite the 

lever and did not attempt to access the lever through the lever housing during ITIs), the lever 

exploration which was characteristic of CAST mice often did result in lever depression due 

to subtle differences in pattern and direction of head movements. We observed similar 

strain-specific ST patterns in male B6 and female AJ mice. Although less common, we also 

observed a similar phenomenon affecting the automated quantification of GT in which mice 

would approach the pellet receptacle and look for a pellet without entering far enough to 

break the infrared beam. Collectively, these observations suggest that due to genotype-

dependent idiosyncrasies in the manifestation of ST and GT, special care must be taken 

when using these behaviors to index incentive salience attribution.

4.3 Genetic correlation of sign-tracking and exploration of a novel environment in male 
mice

We observed in male but not female mice a strong positive genetic correlation between ST 

and distance traveled in a novel open field (i.e., novelty reactivity) (Fig 6). The relationship 

between ST and novelty reactivity was observed when using ST scores of the paired group 

and when using the difference between ST scores of the paired and unpaired groups; this 

observation indicates that the association between ST and novelty-reactivity was not simply 

an artifact of increased activity in the conditioning chamber in the high-ST strains.

The genetic relationship between ST and novelty reactivity has been consistently observed 

in rat lines selectively bred for high novelty reactivity [2, 5]. Interestingly, these lines exhibit 

other addiction-related behaviors including rapid acquisition of intravenous cocaine self-

administration (IVSA) and elevated levels of impulsivity [reviewed in 32], suggesting 

shared genetic mechanisms among these traits. Beckmann and colleagues [6] recently 

examined the phenotypic relationship between ST and novelty-related traits in outbred rats 

and detected a positive relationship between ST and novelty preference. Novelty preference, 

which is phenotypically [33, 34] and genetically [35] dissociable from novelty reactivity in 

rodents, has also been shown to covary positively with ST and cocaine IVSA [6], and we 
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have previously observed a positive association between multiple novelty-related traits and 

cocaine IVSA in male and female DO mice [36]. Moreover, the strain distribution of ST 

propensity observed in the present study is similar to that of holeboard exploration (an index 

of novelty seeking) [35]. Collectively, these findings suggest overlapping neurogenetic 

mechanisms driving ST and other addiction-related traits.

Interestingly, although Beckmann and colleagues [6] detected a relationship between 

novelty and sign-tracking in the form of novelty preference, they did not detect a 

relationship between ST and novelty reactivity. One explanation for this is that the outbred 

rats used in the Beckmann study (Sprague-Dawley) lacked the allelic diversity to manifest a 

relationship between ST and novelty reactivity. In this regard, significant variation in ST and 

GT has been observed in Sprague-Dawley rats originating from different vendors as well as 

from individual colonies operated by the same vendor, and these phenotypic differences are 

likely due to limited genetic diversity stemming from population bottlenecks within these 

colonies [37]. Thus, it is likely that some outbred rat stocks do not possess the allelic 

diversity necessary to exhibit robust relationships among all addiction related traits that 

would be observed in a genetically diverse population such as the DO or CC.

4.4 The Collaborative Cross and Diversity Outbred population as resources for the 
discovery of genes underlying the relationship between sign-tracking and addiction-
related traits

The Collaborative Cross (CC) is a multiparental genetic reference population developed to 

overcome the limitations of existing genetic reference populations including limited genetic 

diversity, inconsistent genetic architecture, and high linkage disequilibrium [14, 38]. The CC 

was founded from eight inbred mouse strains consisting of five classical strains (AJ, 

C57BL/6J, 129S1/SvImJ, NOD/LtJ, NZO/HILtJ) and three wild-derived strains (CAST/EiJ, 

PWK/PhJ, WSB/EiJ). The closely related Diversity Outbred population (DO) was founded 

from incipient CC strains and is maintained using a randomized outbreeding strategy [15, 

20]. The DO segregates the same allelic variants as the CC but in a different genetic 

architecture. Specifically, because DO mice are outbred, each mouse is a unique individual 

containing one of a vast combination of alleles from the eight founder strains. Importantly, 

the eight CC founders represent 89% of the genetic diversity in the mouse genome [39]. 

Consequently, the CC and DO contain substantially more genetic variation than all other 

experimental mouse populations. Collectively, the CC and DO offer several advantages over 

conventional genetic mapping populations including greater genetic diversity, higher-

precision quantitative trait locus (QTL) mapping, reduced linkage disequilibrium, and a 

restoration of the broad and continuous range of behavioral phenotypes which have been 

constrained in classical inbred strains and conventional genetic mapping populations [19].

Mice tested in the present study represent five of the eight CC and DO founder strains, and 

data presented here reveal a spectrum of ST and GT propensity across these strains. 

Heritability estimates of .32 – .41 indicate the feasibility of mapping the ST and GT traits in 

the CC and DO. In this regard, we have recently used the DO to map high-precision QTL for 

several novelty- and anxiety-related traits, many of them with heritability estimates below 

those we observed for ST and GT in the present study [19]. Notably, these QTL had narrow 
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support intervals ranging from 1 to 3 Mb in size containing relatively few genes (half had 

≤21 candidates). Half of these QTLs were associated with wild-derived alleles, 

demonstrating the value of added genetic diversity in the DO and CC.

The strong genetic correlation between novelty reactivity in the open field and ST in male 

CC and DO founders (Fig. 6) suggests that the genetic mechanisms underlying this 

relationship can be mapped in the CC and DO. The association of novelty-related traits and 

ST may be particularly useful in the search for genes and mechanisms underlying drug 

addiction because prior studies in rats have identified strong interrelationships between ST, 

cocaine IVSA, and novelty-related traits [6, 32]. Independent studies examining the 

association of novelty- and addiction-related traits using cocaine IVSA assays with high 

relevance to the addiction construct confirm the relationship between these phenotypes 

[reviewed in 33]. Importantly, we have recently identified a strong positive relationship 

between multiple novelty-related traits and cocaine IVSA in a large sample of DO mice 

[36]. Combined with results from the present study, this suggests that the relationships 

between ST, cocaine IVSA, and novelty-related traits can be mapped in the DO and CC 

populations. This approach enables identification of unknown and perhaps unexpected genes 

and mechanisms responsible for the loss of control over drug taking and drug seeking which, 

ultimately, drive drug addiction.

5. Conclusion

The propensity to attribute incentive salience to reward cues plays a critical role in drug 

addiction, and discovery of the genetic mechanisms driving this relationship could lead to a 

greater understanding of addiction liability. Mouse genetics provides powerful resources to 

study this phenomenon; however, there has been limited evidence that mice exhibit 

sufficiently robust sign-tracking for genetic analysis. In the present study, we have shown 

heritable variation in the propensity to attribute incentive salience to reward cues (i.e., sign-

tracking) in founder strains of the Collaborative Cross and Diversity Outbred population. 

This effect was sex dependent. In males, sign-tracking was strongly genetically correlated 

with novelty reactivity, a trait which has been associated with an addiction-prone phenotype. 

These data highlight the importance of considering genetic diversity when evaluating the 

occurrence of specific behavioral traits in the laboratory mouse. Collectively, these findings 

are consistent with previous studies indicating the utility of the Collaborative Cross and 

Diversity Outbred population for uncovering genes and mechanisms underlying complex 

relationships between addiction and addiction-related traits.
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• We detected Pavlovian conditioned approach in Collaborative Cross and DO 

founders

• Significant strain differences in sign-tracking and goal-tracking were observed

• Strain differences in sign-tracking and goal-tracking interacted with sex

• Sign-tracking and novelty reactivity were genetically correlated in males

• Sign-tracking was robust in some mouse strains

Dickson et al. Page 16

Behav Brain Res. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Development of goal-tracking across sessions in male (M) and female (F) mice from the 
A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, and CAST/EiJ inbred strains
With the exception of male C57BL/6J (E) and female CAST/EiJ mice (S), male (A, I, M, Q) 

and female mice (C, G, K, O) from all strains in the paired group developed the goal-

tracking response as indicated by a significantly greater goal-tracking rate during trials 

relative to inter-trial intervals. In contrast, GT rate during trials and inter-trial intervals did 

not differ in the unpaired group in male (B, F, J, N, R) or female (D, H, L, P, T) mice of any 

strain. Goal-tracking rate was quantified using infrared beam breaks.

* p < .05
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Figure 2. Development of sign-tracking across sessions in male (M) and female (F) mice from the 
A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, and CAST/EiJ inbred strains
Male CAST/EiJ mice in the paired condition developed the sign-tracking response as 

indicated by a significantly greater sign-tracking rate relative to control mice in the unpaired 

condition (I). Sign-tracking rate of male and female mice in other strains did not differ 

significantly from that of unpaired controls (A, B, C, D, E, F, G, H, J). Sign-tracking rate 

was quantified using infrared beam breaks.

* p < .05
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Figure 3. Goal-tracking duration on the final testing session in male (M) and female (F) mice 
from the A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, and CAST/EiJ inbred strains
Male (A, E, I, M, Q) and female (C, G, K, O, S) mice of all strains in the paired group 

exhibited goal-tracking as indicated by a significantly greater goal-tracking duration during 

trials relative to inter-trial intervals. By contrast, goal-tracking duration during trials and 

inter-trial intervals did not differ in male (B, F, J, N, R) or female (D, H, L, P, T) mice of 

any strain in the unpaired condition. Goal-tracking duration on the final session was 

quantified by video analysis.

* p < .05
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Figure 4. Sign-tracking duration on the final testing session in male (M) and female (F) mice 
from the A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, and CAST/EiJ inbred strains
Male CAST/EiJ mice in the paired condition (Q) exhibited robust sign-tracking as indicated 

by a significantly greater sign-tracking duration relative to unpaired controls (R) and during 

trials relative to inter-trial intervals. Male NOD/ShiLtJ mice in the paired condition (M) 

exhibited robust sign-tracking as indicated by a significantly greater sign-tracking duration 

relative to unpaired controls (N). In contrast to male CAST/EiJ mice, male NOD/ShiLtJ 

mice in the paired condition approached and attempted to reach the retracted lever during 

inter-trial intervals as indicated by a significantly greater sign-tracking duration during inter-

trial intervals relative to that of unpaired controls (N). Male C57BL/6J (E) and female A/J 

(C) mice in the paired condition exhibited a significantly greater sign-tracking duration 

during trials relative to inter-trial intervals. This indicates significant but less robust sign-

tracking in male C57BL/6J and female A/J mice relative to male CAST/EiJ and NOD/ShiLtJ 

mice. Mice from other strain-sex subgroups in the paired condition and mice in the unpaired 

condition did not exhibit significant sign-tracking. Sign-tracking duration on the final 

session was quantified by video analysis.

* p < .05, trial vs ITI

† p < .05, paired vs unpaired
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Figure 5. Strain and sex differences in sign- and goal-tracking
The range of goal-tracking duration across strains was greater in males (A) than females (D), 

and only male A/J and male C57BL/6J strains differed significantly. The range of sign-

tracking duration across strains was also greater in males (B) than females (E). In males, 

CAST/EiJ mice exhibited the greatest degree of sign-tracking, and sign-tracking in these 

mice was significantly greater than that of 129S1/SvImJ, A/J, and C57BL/6J mice. In 

females, A/J mice exhibited the greatest degree of sign-tracking, and sign-tracking in these 

mice was significantly greater than that of 129S1/SvImJ mice. Male CAST/EiJ mice 

exhibited the greatest ST:GT duration ratio, and this ratio differed significantly from those 

of male 129S1/SvImJ and A/J mice (C). ST:GT duration ratios of female mice did not differ 

significantly (F).

* p < .05
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Figure 6. Genetic correlation of sign-tracking and distance traveled in a novel open field in male 
A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, and CAST/EiJ inbred mouse strains
A strong genetic correlation (r = .94, p < .05) between sign-tracking and distance traveled 

(cm) during a 20 min session in a novel open field was observed in male, but not female 

mice. Open field data (8 males per strain) were collected from a separate cohort of mice. A 

genetic correlation between goal-tracking and distance traveled in the open field was not 

observed in male or female mice.
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Table 1

Heritability estimates of sign-tracking and goal-tracking duration

Trait

Heritability

Males Females

ST duration (s/trial) 0.35 0.32

GT duration (s/trial) 0.34 0.41
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