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Rats selectively bred based on high or low reactivity to a novel environment were characterized for other behavioral and neurobiological

traits thought to be relevant to addiction vulnerability. The two lines of animals, which differ in their propensity to self-administer drugs,

also differ in the value they attribute to cues associated with reward, in impulsive behavior, and in their dopamine system. When a cue

was paired with food or cocaine reward bred high-responder rats (bHRs) learned to approach the cue, whereas bred low-responder rats

(bLRs) learned to approach the location of food delivery, suggesting that bHRs but not bLRs attributed incentive value to the cue.

Moreover, although less impulsive on a measure of ‘impulsive choice’, bHRs were more impulsive on a measure of ‘impulsive action’F
ie, they had difficulty withholding an action to receive a reward, indicative of ‘behavioral disinhibition’. The dopamine agonist quinpirole

caused greater psychomotor activation in bHRs relative to bLRs, suggesting dopamine supersensitivity. Indeed, relative to bLRs, bHRs also

had a greater proportion of dopamine D2high receptors, the functionally active form of the receptor, in the striatum, in spite of lower D2

mRNA levels and comparable total D2 binding. In addition, fast-scan cyclic voltammetry revealed that bHRs had more spontaneous

dopamine ‘release events’ in the core of the nucleus accumbens than bLRs. Thus, bHRs exhibit parallels to ‘externalizing disorders’ in

humans, representing a genetic animal model of addiction vulnerability associated with a propensity to attribute incentive salience to

reward-related cues, behavioral disinhibition, and increased dopaminergic ‘tone.’
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INTRODUCTION

In humans substance abuse and addiction are often
associated with a host of other behavioral syndromes
collectively labeled ‘externalizing disorders’, which include
impulsive and conduct disorders, in contrast to ‘internaliz-
ing disorders’, which include mood disorders (Kendler et al,
1997; Krueger et al, 2007). In addition to impulsivity, other
traits that have been associated with addiction liability
include novelty-seeking, sensation-seeking, and risk-taking
behavior. These personality traits are often more broadly
considered to reflect ‘behavioral undercontrol’ or ‘beha-
vioral disinhibition’ (Dawe et al, 2004; Ball, 2005), and there
is evidence linking such traits expressed early in childhood

to the development of addiction in adulthood (eg, Masse
and Tremblay, 1997; Ayduk et al, 2000). Although
constitutive differences in emotional reactivity may influ-
ence how individuals respond to various environmental
stimuli, there is still much to learn about the relationship
between genetic endowment, environmental factors, and the
neurobiological mechanisms that increase addiction vulner-
ability. Moreover, few animal models have addressed the
antecedents of drug abuse vulnerability by linking genetic,
neural, and behavioral elements. In this study, we used a
selective-breeding strategy to demonstrate that genetic
endowment not only alters reactivity to a novel environ-
ment, but also the tendency to attribute incentive value to
reward-related cues, the ability to inhibit actions, and the
dopamine systemFin ways that may be associated with
substance abuse resilience or vulnerability.

Rats were selectively bred on the basis of locomotor
reactivity to a novel environment. Selective breeding
produced a line of bred high-responder (bHR) rats that
show high levels of locomotor activity in response to
placement into a novel environment, and a line of bred
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low-responder (bLR) rats that are relatively inhibited in a
novel environment (Stead et al, 2006). In outbred HR/LR
rats, this trait has been associated with increased propensity
to self-administer drugs (Piazza et al, 1989) and an increase
in the amount of drug intake (Piazza et al, 2000). Consistent
with studies in outbred HR/LR rats (Piazza et al, 1989;
Kabbaj et al, 2000), bHRs acquire cocaine self-administra-
tion more rapidly than bLR rats (Davis et al, 2008), they
exhibit a greater corticosterone response to a mild stressor,
and they express lower levels of glucocorticoid receptor
mRNA in the hippocampus (Clinton et al, 2008). Im-
portantly, our studies demonstrate that the phenotype is
genetic in nature and highly predictable from one genera-
tion to the next (Stead et al, 2006). By the tenth generation
of breeding, we could predict with over 95% certainty the
classification of our animals as high or low responders
based on their selectively bred line (see Supplementary
Figure 1). With each generation of breeding, the phenotypic
differences in reactivity to novelty have become more
pronounced, and the variability has continued to decrease
(see Supplementary Figure 1). Moreover, selective breeding
has amplified many of the differences seen in outbred
animals, and uncovered additional facets of their behavioral
phenotype that appear directly relevant to the enhanced
differences in drug abuse susceptibility.

In this study, bHR and bLR rats were used to examine an
array of behavioral traits and neurobiological character-
istics associated with addiction vulnerability. Locomotor
response to novelty was assessed in all rats to confirm the
selectively bred phenotype. In addition, we studied the
incentive motivational properties of cues associated with
both food and drug (cocaine) reward using a Pavlovian
conditional approach procedure. Furthermore, performance
on three different tests of ‘impulsivity’ was assessed:
delay-discounting and probabilistic-choice tasks to assess
so-called ‘impulsive choice’, and a differential reinforce-
ment of low rates of responding (DRL) task to assess
‘impulsive action’ or behavioral disinhibition. A number of
addiction-related behaviors are believed to at least be
partially regulated by the mesotelencephalic dopamine
system (eg, Di Chiara, 1998; Cardinal and Everitt, 2004;
Wise, 2004; Berridge, 2006), so we probed this system
by quantifying the psychomotor response to quinpirole (a
D2/D3 agonist; Levant et al, 1993) and by measuring ‘basal’
dopamine D2 receptor mRNA levels in bHR and bLR rats
using in situ hybridization, total dopamine D2 receptor
binding in the striatum, and the proportion of D2high

receptors, the functionally active form of the D2 receptor
(see Seeman et al, 2005). Finally, we also used fast-scan
cyclic voltammetry (FSCV) to quantify phasic dopamine
release events (transients) in the nucleus accumbens core
(Aragona et al, 2008). We hypothesized that, relative to bLR
rats, bHR rats would attribute more incentive value to
reward-related cues, appear more impulsive, and be more
responsive to dopaminergic drugs as a reflection of altered
dopaminergic regulation.

MATERIALS AND METHODS

Detailed methods can be found in the Supplementary
Material and cited references.

Subjects

A total of 260 male Sprague–Dawley rats from our selective
breeding colony (Stead et al, 2006) were used. Procedures
were approved by the University Committee on the Use and
Care of Animals. Unless otherwise indicated, rats were pair-
housed and kept on a 12 h light/12 h dark cycle (lights on
0600 hours) with controlled temperature and humidity.
Food and water were available ad libitum.

Locomotor response to novelty. Each generation of rats was
screened for locomotor activity around 60 days of age (see
Stead et al, 2006; Clinton et al, 2007). Novelty-induced
locomotor data were also obtained for bHRs and bLRs from
the S17 generation using an automated behavioral analysis
system (CleverSys, Reston, VA; Flagel and Robinson, 2007).

Pavlovian conditional approach.
FoodFunconditional stimulus: Goal- and cue-directed

Pavlovian approach responses were assessed in rats from
generations S13–S16 using equipment and procedures
described previously (Flagel et al, 2007, 2009). Each
Pavlovian training session consisted of 25 trials, in which
an illuminated lever (conditional stimulus, CS) was inserted
into the chamber for 8 s, followed immediately by the
delivery of a 45-mg food pellet (unconditional stimulus, US)
into the food cup (the ‘goal’), on a random interval 90 s
schedule. Note that no response was required for the rat to
receive reward. Rats in the ‘random’ groups received
pseudorandom CS and US presentations. The following
events were recorded using Med Associates software: (1)
number of lever contacts, (2) latency to the first lever
contact, (3) number of food cup entries during CS
presentation, (4) latency to the first food cup entry
following CS presentation, and (5) number of food cup
entries during the inter-trial interval (ITI).

CocaineFunconditional stimulus: The propensity to
approach a cocaine-paired cue was examined using rats
from the S13 generation. After catheters were implanted
(Weeks, 1972; Crombag et al, 2000), Pavlovian training was
conducted in standard Med Associates chambers. A plastic
translucent insert that formed a short corridor around the
location of the lever was equipped with photocells to allow
for the automated recording of lever approaches (see
Uslaner et al, 2008). Each Pavlovian training session
consisted of six trials (CS–US pairings) occurring on a
randomly varying interval with a mean of 900 s. Each trial
consisted of the 8 s lever-CS presentation paired with the
non-contingent intravenous injection of 0.5 mg/kg cocaine
(US). Rats were tested for 12 sessions. The number of
approaches and the latency to approach the lever-CS was
recorded. The probability to approach the lever-CS was
calculated as the number of trials with approach/the total
number of trials.

Impulsive behavior.
Delay-discounting task: Impulsive choice was examined

in rats from the S13 generation using a delay-discounting
task. Procedures were adapted from Evenden and Ryan
(1996) and Winstanley et al (2006). Test chambers had two
retractable levers on either side of the central food cup and
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a white cue light was located above the food cup. Following
pre-training (see Supplementary Material), rats were
exposed to sessions consisting of five blocks of 12 trials.
For each block, the first six trials were forced-choice trials,
in which only one lever (either the ‘immediate’ or ‘delay’)
was extended. The last six trials were free-choice trials, in
which rats were able to choose between the immediate and
delay levers. Responses on the immediate lever resulted in
immediate delivery of one food pellet and responses on the
delay lever resulted in delivery of four food pellets at a
specified delay interval. For the first 18 test sessions, the
delay associated with each trial block was 0, 10, 20, 40, and
60 s. However, because rats rarely chose the delay lever over
the immediate lever at the longer intervals, the delays were
changed from session 19 onward to 0, 3, 6, 12, and 24 s. The
number of omitted or aborted trials, the number of initiated
trials, the number of successful trials, and the number of
responses on either the immediate or delay lever were
recorded.

Probabilistic-choice task: bHR and bLR rats from the S17
generation were tested using a probabilistic-choice task
similar to that described by Cardinal and Howes (2005). For
this task, responses on one lever (small/certain) resulted in
the delivery of one food pellet and responses on the other
lever (large/uncertain) resulted in the delivery of four food
pellets only if a given probability was met. Each test session
consisted of five blocks of 16 trials. For each block, the first
eight trials were forced-choice trials, in which only one lever
was extended pseudorandomly. The last eight trials of each
block were free-choice trials, in which both levers were
extended and the rat was able to choose between the large/
uncertain vs the small/certain lever. For the first seven test
sessions the probability associated with the large/uncertain
lever for each trial block was 1, 0.5, 0.25, 0.125, and 0.0625.
However, because rats rarely chose the large/uncertain lever
over the small/certain lever at the lower probabilities, the
probabilities were changed from session 8 onward to 1, 0.75,
0.50, 0.375, and 0.25. The number of omitted or aborted
trials, the number of initiated trials, the number of
successful trials, and the number of responses on either
the large/uncertain or small/certain lever were recorded.

DRL: The same rats used for the delay-discounting task
were also used for the DRL task (adapted from Uslaner and
Robinson (2006)). Test chambers were arranged such that
there was just one lever located to either the right or left
(counterbalanced) of the food cup and the lever remained
extended for the duration of the sessions. Each 45 min
session began with illumination of the house light and lever
presentation. Rats were initially tested on a DRL-5-s
schedule, in which a lever press resulted in illumination of
the lever and pellet delivery only if at least 5 s had elapsed
since the previous press. Following 5 days of training at
DRL-5-s, the schedule was changed to DRL-10-s for 5 days,
then to DRL-20-s for 5 days, and the last 5 days at DRL-30-s.
The total number of lever presses and the total number of
reinforcers (ie, successful lever presses) were recorded.

Response to quinpirole. Rats from the S17 generation
received three doses of quinpirole (counterbalanced; 0.1,
0.3, and 1.0 mg/kg, i.p.) or three injections of vehicle (0.9%

NaCL, i.p.). Behavior was videotaped during habituation
and the post-injection period, and Clever Sys (Reston, VA)
Drug Scan software was used to analyze video-recorded
behavior (Flagel and Robinson, 2007; Flagel et al, 2008).

Dopamine regulation in bHR and bLR rats.
Dopamine D2 receptor mRNA expression: Bred rats

from the S14 generation were killed under basal conditions
(without any previous manipulation) and dopamine D2
receptor mRNA expression was quantified in the nucleus
accumbens (bregma levels 1.7–1.0) and caudate putamen
(bregma levels 1.7–0.7) using in situ hybridization histo-
chemistry (Kabbaj et al, 2000; Flagel et al, 2007).

Dopamine D2 receptor binding: Dopamine D2 receptor
binding was measured by the competition of dopamine with
[3H]domperidone (Seeman et al, 2003). Brains were
collected from bHRs and bLRs from the S17 generation
under basal conditions, and the dorsal striatum (caudate-
putamen) was dissected and rapidly frozen. This tissue was
later homogenized and used for the competitive binding
assay, as described by Seeman et al (2003). At low
concentrations, dopamine inhibited the binding of
[3H]domperidone between 1 and 100 nM dopamine, and
the second phase of inhibition occurred above 100 nM
dopamine. These two phases correspond to the high-affinity
state of the dopamine D2 receptor, D2high, and the low
affinity state of the dopamine D2 receptor, respectively. The
demarcation between the two phases (Seeman et al, 2005;
Briand et al, 2008) clearly and readily permitted the
measurement of the D2high component as a percent of the
total amount of specific [3H]domperidone binding, as
defined by the presence of 10 mM S-sulpiride.

Transient dopamine events: bHRs and bLRs from the
S18 generation were transported to the University of
Washington (Seattle, Washington) and FSCV was used to
examine the frequency of spontaneous dopamine transients
in the core of the nucleus accumbens (see Supplementary
Figure 2) of awake rats, using chronically implanted carbon-
fiber microelectrodes (Sandberg et al, 2008). Procedures
were adapted from Phillips et al (2003). Recordings were
made in standard Med Associate chambers and food-evoked
dopamine release was obtained by delivering an unexpected
food pellet at the outset of each recording session.
Spontaneous dopamine transients were determined by
analyzing the final 2 min of each 1-h recording session,
during which a food pellet was initially delivered. Peak
food-evoked dopamine release was determined by examin-
ing a 4 s window after pellet delivery.

General Statistics

Linear mixed-effects models (Verbeke and Molenberghs,
2000) were used to analyze the behavioral data. The
covariance structure was explored and modeled appro-
priately for each dependent variable and when significant
main effects or interactions were detected, Bonferroni post
hoc comparisons were carried out. Independent t-tests
were used to examine phenotypic differences in acquisition
of behavior for the delay-discounting task and for the
neurobiological data.
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RESULTS

Locomotor Response to Novelty

To confirm the phenotype of the selectively bred offspring,
all rats from the breeding colony were screened for their
locomotor response to novelty around day 60 of life, before
any other testing. All rats used in the present experiments
were from generations S13 to S18 (the specific generation
used for each experiment is indicated in the Materials and
methods and the Results section). Locomotor activity scores
for the bHR and bLR rats used here are given in Table 1 for
each generation. Even when using a subset of the selectively
bred population, the novelty-induced locomotor scores
were similar across generations and displayed little variance
(see Table 1).

Selectively bred rats from the S17 generation (bHR n¼ 34;
bLR n¼ 33) were tested a second time around 90 days of
age for their locomotor response to a novel environment
using a video-based system that allowed for a more detailed
analysis of locomotor activity, including distance traveled
(Figure 1a) and the speed of each bout of locomotion
(Figure 1b). Behavior was quantified in 10-min blocks over
a 2 h period after placement into the test chamber (Figure 1).
Analyses using a linear mixed-effects model revealed a
significant overall effect of phenotype for distance traveled
(Figure 1a; F(1,65)¼ 15.21, Po0.0001) as well as an effect of
time (F(10,65)¼ 35.37, Po0.0001) and a phenotype� time
interaction (F(10,65)¼ 4.93, Po0.0001). bHRs traveled a

greater distance than bLRs for the first 70 min after being
placed in the novel chamber (Figure 1a). In addition, the
average speed of each bout of locomotion was also greater
in bHRs relative to bLRs (effect of phenotype, F(1,65)¼ 18.50,
Po0.0001; effect of time, F(10,65)¼ 23.35, Po0.0001; pheno-
type� time interaction F(10,65)¼ 3.10, P¼ 0.003), and this
difference persisted throughout the 2 h test session
(Figure 1b). Thus, bHRs locomoted the same distance as
bLRs during the last 50 min of the test session, but
differences in the speed of travel persisted throughout the
test session (Figure 1b; bHR vs bLR, Po0.03 from 0 to
110 min).

Pavlovian Conditional Approach

Food US. The effect of Pavlovian training using food as the
US (ie, pairing a lever-CS with food delivery) was examined
in four independent experiments using bHR and bLR rats
from generations S13–S16. The results were qualitatively
and statistically similar across generations, and therefore,
for the sake of simplicity, the data for each replication were
pooled in Figure 2 (bHR n¼ 43; bLR n¼ 43). For detailed
statistics on these measures see Supplementary Table 1.
Figure 2 shows that in bHR rats CS–US pairing led to the
development of a conditional response (CR) directed
toward the lever-CS, ie, a ‘sign-tracking’ CR (Figure 2a-c).
Thus, with training, bHRs exhibited a greater probability of
approaching the lever-CS (Figure 2a), vigorously engaged
the lever (Figure 2b), and did so with increasing rapidity
(Figure 2c). In contrast, with training bLRs did not develop
a sign-tracking CR, but during CS presentation their
behavior was directed toward the food cup or goal; ie, they
learned a ‘goal-tracking’ CR (Figure 2d-f). With training,
bLRs came to approach the food cup during the CS period
with increasing probability (Figure 2d), and increasing
vigor (Figure 2e), and they did so more and more rapidly
(Figure 2f). For all of these measures, there was a significant
effect of phenotype (Po0.0001), a significant effect of
session (Pp0.02), and a phenotype� session interaction
(Pp0.001). The fact that these CRs were acquired as a
function of training in both bHR and bLR rats is indicated
by a significant effect of session for all measures of sign-
tracking in bHRs (Po0.0001, Figure 2a-c) and of goal
tracking in bLRs (Pp0.0001, Figure 2d-f). Furthermore, the

Table 1 Locomotor Activity Scores Across Generations for the
bHR/bLR Rats Included in Each Experiment

Generation bHR bLR

S13 948±21 (n¼ 21) 259±21 (n¼ 21)

S14 1080±32 (n¼ 14) 237±22 (n¼ 19)

S15 1006±21 (n¼ 12) 266±16 (n¼ 12)

S16 1175±39 (n¼ 20) 230±21 (n¼ 20)

S17 981±17 (n¼ 56) 141±8 (n¼ 55)

S18 764±34 (n¼ 5) 101±23 (n¼ 5)

This table represents the average locomotor activity score±SEM for the rats
used from each generation for the current set of studies.
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development of both the sign-tracking and the goal-tracking
CR was dependent upon the association between the CS and
US, because rats that received random (unpaired) CS–US
presentations did not develop either CR (session 1 vs
session 7, PX0.10 for each phenotype on all measures;
Figure 2a-f).

To better assess the rate of learning in bHR and bLR rats,
we directly compared each of the three measures using
analyses of variance, in which session was treated as a
continuous variable. There were no significant differences
between bHR and bLR rats in learning their respective CR,
as indicated by nonsignificant group by session interactions
for: (1) approach behavior; ie, comparing approach to the
lever for bHRs vs approach to the food cup for bLRs
(F(1,589)¼ 0.26, P¼ 0.61); (2) number of contacts with the
lever-CS vs the food cup (F(1,589)¼ 2.08, P¼ 0.15); or (3) the
latency to approach the lever-CS vs the food cup
(F(1,589)¼ 2.32, P¼ 0.13). This analysis suggests that bHR
and bLR rats not only learned their respective CRs, but they
also did so at a comparable rate.

Finally, in one additional analysis we compared the
difference in the probability of approaching the lever-CS vs
the food cup during the CS period across training sessions
(ie, lever–food cup difference; Figure 3; see also Boakes,
1977; Flagel et al, 2009). The data presented in Figure 3
support the large bHR/bLR differences shown in Figure 2.
For rats that received paired CS–US presentations there was
a significant effect of phenotype (F(1,83)¼ 102.94,
Po0.0001), a significant effect of session (F(6,83)¼ 2.93,
P¼ 0.01), and a phenotype� session interaction
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Figure 3 Difference in the probability of approach to the lever vs the
food cup in selectively bred rats from generations S13–S16 (same as
Figure 2; n¼ 43/phenotype for paired groups, bHRFblack circles;
bLRFopen circles; n¼ 11/phenotype for random groups, bHRFdark
gray; bLRFlight gray). Data are expressed as the mean + SEM probability
of approach to the lever minus the probability of approach to the food cup.
If the rat came into contact with the lever-CS on all 25 trials in a session and
never made an entry into the food cup, it received a probability score of + 1.
In contrast, a rat that on all trials made only food cup entries received a
score of �1. A score of zero (indicated by the dashed line) indicates that
neither approach to the lever-CS nor approach to the food cup was
dominant. bHR-paired rats developed a preference for CS-lever approach
and bLR-paired rats exhibited a preference for goal-directed approach. The
random groups did not develop a strong preference for either the lever-CS
or the food cup.
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(F(6,83)¼ 12.43, Po0.0001). To determine whether bHR or
bLR rats exhibited a preference for the lever or the food cup,
respectively, one sample t-tests (with the hypothesized value
of 0) were conducted. By the second training session, bHR-
paired rats developed a clear preference for the lever-CS
(score significantly 40 for sessions 2–7, Pp0.005) and
bLR-paired rats showed a preference for the food cup
during all seven training sessions (score significantlyo0,
Pp0.003). Figure 3 also shows that rats in the random
groups tended to approach the food cup, but these animals
did not show evidence of acquiring this response as a
function of training (session 1 vs session 7, PX0.12 for each
phenotype). It is likely that the preference for the food cup
for bLR-paired rats and the random groups during the first
training session was a result of ‘pre-training’, because all of
the animals were required to retrieve pellets from the food
cup during two pretraining sessions.

Taken together, these data indicate that bHR rats are
primarily ‘sign-trackers’ (Hearst and Jenkins, 1974) because
their CR consists of approach toward and engagement with
the cue, or ‘sign’, that predicts reward delivery. On the other
hand, bLR rats are primarily ‘goal trackers’ (Boakes, 1977)
because upon CS presentation their CR consists of approach
toward and engagement with the food cup (the ‘goal’; see
video files in Supplementary Material). In previous
publications (Flagel et al, 2006, 2009; Robinson and Flagel,
2009), we have characterized outbred rats as sign trackers vs
goal trackers according to their CR (ie, the number of ‘lever
presses’). Sign trackers were defined as the one-third of
animals that came to preferentially approach and vigorously
engage the reward-predictive cue (ie, ‘lever press’ score in
the top 33%) and goal trackers as the one-third of animals
that very rarely approached the reward-predictive CS, but
instead learned to quickly go to the food cup (ie, ‘lever
press’ score in the bottom 33%). If the same criteria are
applied for selectively bred rats from generations S13–S16,
100% of ‘sign trackers’ are bHR rats and 98% of ‘goal
trackers’ are bLR rats. Thus, using the selectively bred lines,
we can predict with almost 100% certainty whether an

individual rat will be a sign tracker or a goal tracker. These
findings are especially interesting because in outbred rats
we found that the novelty-seeking trait and the sign-tracker/
goal-tracker traits are not correlated (Robinson and Flagel,
2009). It is possible, therefore, that these are independent
traits, even in these selectively bred lines. To determine the
extent to which they are genetically related will require
additional studies, for example, by generating replicate or
hybrid lines.

Cocaine US. Figure 4 shows the effect of pairing presenta-
tion of a lever-CS with an intravenous injection of cocaine
(US) in bHR (n¼ 8) and bLR (n¼ 8) rats. With training,
bHR rats developed a sign-tracking CR to the cocaine-
paired CS, whereas bLR rats did not. It is important to note
that with a drug US there is no measurable goal-tracking
responseFthat is, there is no specific location associated
with delivery of the cocaine. Moreover, when cocaine is
used as the US, animals rarely contact the lever-CS (as they
do with a food US). Instead, the sign-tracking CR consists of
orientation to the lever followed by approach and explora-
tion (often sniffing) in the immediate vicinity of the lever,
similar to that described when rewarding electrical brain
stimulation is used as the US (see Peterson et al, 1972;
Uslaner et al, 2006). Thus, CS-directed approach behavior is
illustrated in Figure 4 as the probability that a rat
approached the lever during the CS period in a given trial
block (Figure 4a), the number of approaches the rat made
toward the lever (Figure 4b) and the latency with which the
rat approached the lever (Figure 4c). For detailed statistics
on these measures, see Supplementary Table 2. Relative to
bLRs, with training bHRs increased their probability of
approaching the lever-CS (Figure 4a), approached the lever-
CS more frequently (Figure 4b), and approached it with
increasing rapidity (Figure 4c). For all of these measures
there was a significant effect of phenotype (Pp0.01), a
significant effect of trial block (P¼ 0.001), and a phenoty-
pe� trial block interaction (Pp0.03). The fact that bHRs
learned this CR is indicated by a significant effect of trial
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block when this group was analyzed independently for all
measures (Pp0.01). In contrast, for bLRs, the effect of trial
block was not significant for any measure, indicating that
they did not acquire this CR. Thus, bHRs learned to
approach a CS paired with i.v. cocaine delivery, whereas
bLRs did not.

Finally, Figure 4b also shows that the phenotypic
difference in approach to the cocaine-paired cue was not
due to group differences in general exploratory behavior.
Specifically, Figure 4b illustrates the number of approaches
to the lever-CS during CS presentation and during the ITIs.
Behavior during the ITIs was converted into 8-s time bins to
compare ‘nonspecific’ activity during the ITIs to that during
the 8-s CS periods. There were no bHR/bLR differences
during the ITI or during the baseline period (ie, trial
block ‘0’), indicating that, in this situation, the phenotypic
differences emerged a result of Pavlovian training.

Impulsive Behavior

Delay-discounting task. Figure 5a shows the performance
of bHR (n¼ 13) and bLR (n¼ 13) rats on the delay-
discounting task averaged across the last five test sessions
(days 26–30). Lever press data (obtained during the free-
choice trials) were converted into the percent of trials in
which an animal chose the delayed reward by dividing the
number of presses on the delay lever by the total number of
lever presses for a given data block (maximum 6) and
multiplying by 100. bHRs chose the larger delayed reward
significantly more often than bLRs (effect of phenotype,
F(1,25)¼ 9.95, P¼ 0.004).

It is important to note that bHR rats acquired the
behavior during the forced-choice training phase of this
task at a faster rate than bLR rats (average number of days
to meet criterion: bHRs¼ 7.1±1.7, bLRs¼ 14.6±2.3;
t(24)¼�2.7, P¼ 0.01). We believe that these phenotypic
differences are related to differences in performanceF

perhaps due to the differences in general activity levels-
Frather than in learning per se. Regardless, it is unlikely
that these differences during training affected performance
during the test sessionsFespecially since the data that were
analyzed and reported were collected after weeks of
exposure to the delay-discounting task. When performance
deficits were examined during the test sessions (days 26–
30), bHR and bLR rats did not significantly differ on the
total number of trials initiated (average bHR¼ 56.6±1.8,
bLR¼ 51.9±1.8; effect of phenotype, F(1,24)¼ 3.39, P¼
0.08), the number of trials completed (average
bHR¼ 53.4±1.9, bLR¼ 49.4±1.9; effect of phenotype,
F(1,23)¼ 2.28, P¼ 0.16), or the number of trials omitted
(average bHR¼ 3.4±1.8, bLR¼ 8.2±1.8; effect of pheno-
type, F(1,24)¼ 3.39, P¼ 0.08). Moreover, both phenotypes
exhibited a similar response to the different delays (effect of
delay F(4,63)¼ 41.53, Po0.0001; phenotype� delay, F(4,63)¼
1.75, P¼ 0.15).

Probabilistic-choice task. Figure 5b shows the performance
of bHR (n¼ 18) and bLR (n¼ 12) rats on the probabilistic-
choice task averaged across the last five test sessions (days
20–24). Lever press data (obtained during the free-choice
trials) were converted into the percent of trials in which an
animal chose the larger probabilistic reward by dividing the
number of presses on the probabilistic lever by the total
number of lever presses for a given data block and
multiplying by 100. Interestingly, bHR and bLR rats
performed almost identically on this task (ie, effect of
phenotype, NS; phenotype� probability, NS). Moreover,
bHRs and bLRs seemed equally capable of learning the
probabilistic-choice task as there was an overall effect of
probability (F(4,26)¼ 12.69, Po0.0001).

DRL. Figure 6 illustrates behavioral parameters indicative of
‘impulsive action’, as measured by the ability to withhold
responding on a DRL task. On this task, bHRs (n¼ 13)
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Figure 5 Performance on measures of ‘impulsive choice’. (a) Performance on the delay-discounting task averaged across the last five test sessions (days
26–30) for bHR (n¼ 13, black circles) and bLR (n¼ 13, open circles) rats. Data represent the mean + SEM for the percent of trials on which the larger
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0.375, and 0.125. bHR and bLR rats did not significantly differ on this task, but both groups showed a decrease in their choice for the larger reward with
decreasing probabilities.
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performed more lever presses (Figure 6a: effect of
phenotype, F(1,24)¼ 15, P¼ 0.001; effect of delay,
F(3,24)¼ 36.75, Po0.0001; phenotype� delay, F(3,24)¼ 4.57,
P¼ 0.01) at all delay intervals, but received fewer reinfor-
cers relative to bLRs (n¼ 13) at the two highest delay
intervals (Figure 6b: effect of phenotype, F(1,24)¼ 1.82,
P¼ 0.19; effect of delay, F(3,24)¼ 191.51, Po0.0001; pheno-
type� delay, F(3,24)¼ 3.97, P¼ 0.02). These results are better
illustrated in Figure 6c, which shows ‘effective lever presses’,
or the percent of lever presses that resulted in reward
delivery. bLRs exhibited more effective lever presses than
bHRs at all delay intervals (effect of phenotype,
F(1,24)¼ 25.29, Po0.0001; effect of delay, F(3,24)¼ 76.65,
Po0.0001; phenotype� delay, F(3,24)¼ 2.4, P¼ 0.09). The
significant effect of delay for all of these measures suggests
that both bHR and bLR rats are sensitive to the effect of
delay, but it is more difficult for bHRs to withhold
responding.

The same animals from the S13 generation were used for
the delay-discounting task and the DRL task, so to insure
there was no order effect we repeated just the DRL
experiment using bHR and bLR rats from the S14
generation. When S14 rats were tested on the DRL task,
we used nosepokes as the operant response rather than
lever presses. Regardless, the data obtained using S14 rats
(data not shown) were similar to those shown in Figure 6,
supporting our conclusion that bHR rats have difficulty
withholding actions relative to bLR rats.

Response to Quinpirole

The behavioral response to quinpirole, a direct agonist at
D2/D3 dopamine receptors (Levant et al, 1993), was
assessed in bHR (n¼ 10–12/group) and bLR (n¼ 12/group)
rats. Initial analysis of the time course of the behavioral
effects indicated that the peak response fell between 25 and
55 min following injection, and therefore statistical analyses
were conducted using data from this 30-min period. The
effect of a saline injection was assessed in an independent
group of animals and therefore these data were not included
in the dose-effect analyses. However, independent t-tests
were performed to determine whether the response at a
specific dose significantly differed from that of the saline
controls.

Figure 7 illustrates the dose–response functions for
locomotor distance and the frequency of head movements
following quinpirole administration. There was a significant
effect of phenotype for quinpirole-induced locomotor
activity (F(1,23)¼ 9.99; P¼ 0.01) and this effect was most
pronounced at the lowest dose examined (Figure 7a). bHR
rats exhibited a large increase in locomotor activity in
response to 0.1 mg/kg of quinpirole relative to bLR rats and
it was only at this lowest dose that bHR rats significantly
differed from bHR saline control rats (P¼ 0.005). bLRs did
not differ significantly from their saline control counter-
parts at any dose, but there was a trend level effect at
0.3 mg/kg (P¼ 0.09). There was also a trend for a
phenotype� dose interaction (F(2,39)¼ 2.67, P¼ 0.08), but
no overall effect of dose. These results were likely affected
by the large amount of variance for the bHRs at 0.3 mg/kg,
which was largely due to one animal that showed an
unusually large locomotor response. Nevertheless, these
data show that bHRs are more sensitive to a low dose of
quinpirole than bLRs.
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The frequency of head movements was determined by
dividing the total number of lateral head movements by the
time spent in place, providing an index of the vigor of drug-
induced head movements when the animals are not engaged
in other competing behaviors, such as locomotion (Flagel
and Robinson, 2007; Flagel et al, 2008). There was no
significant effect of phenotype for the frequency of head
movements in response to quinpirole (Figure 7b), but there
was a significant effect of dose (F(2,47)¼ 7.07, P¼ 0.002) and
a phenotype� dose interaction (F(2,47)¼ 7.40, P¼ 0.002).
Similar to locomotor activity, the bHR/bLR differences were
most pronounced at the lowest dose examined (P¼ 0.001),
which produced a greater increase in the frequency of head
movements in bHRs than bLRs. For this measure bHR rats
significantly differed from bHR saline rats at all three doses
examined (Pp0.01), and bLR rats differed from bLR saline
rats only in response to the two highest doses examined
(Po0.002). Comparison of these responses revealed very
different dose-effect functions for bHRs vs bLRs. bLR rats
exhibited an inverted U-shaped function, whereas bHR rats
appeared to have reached their maximum response at the
lowest dose tested. These data support the locomotor
distance data, suggesting that bHRs are more sensitive to
quinpirole than bLRs.

Dopamine Regulation in bHR and bLR Rats

Dopamine D2 receptor mRNA expression. In situ hybridi-
zation was performed on brains obtained from bHR (n¼ 5)
and bLR (n¼ 7) rats under ‘basal’ conditions; ie, the
animals were not subjected to any manipulation. Dopamine
D2 receptor mRNA levels were significantly lower in bHRs
than bLRs in the nucleus accumbens (Figure 8a, P¼ 0.04),
although this reached only a trend level of significance in
the caudate-putamen (Figure 8b; P¼ 0.09).

Dopamine D2 receptor binding. The total amount of
dopamine D2 receptor binding and the proportion of D2high

receptors were examined in the dorsal striatum (caudate-
putamen) of bHR (n¼ 5) and bLR (n¼ 5) rats. As a relative
measure of total D2 receptor density, the total number of
receptors occupied by [3H]domperidone was calculated
(reflecting 81% of the total number of D2 receptors). The
proportion of D2high receptors was then determined by
calculating the percentage of total binding representing the
D2high receptors. There were no group differences in the
total number of D2 receptors (Figure 8c, P¼ 0.33).
However, relative to bLRs, bHRs had a significantly greater
proportion (E30% more) of D2high receptors in the dorsal
striatum (Figure 8d, t(8)¼ 5.17, P¼ 0.0009).

Phasic dopamine activity. Fast-scan cyclic voltammetry
was used to evaluate spontaneous and food-evoked phasic
dopamine release in the core of the nucleus accumbens of
bHR (n¼ 5) and bLR (n¼ 5) rats. The core of the nucleus
accumbens was targeted because it has been implicated in a
number of the behaviors reported here (for review see
Everitt et al, 2008). The chemical identity of spontaneous
and food-evoked events was assessed by statistically
comparing the obtained signal to a template generated by
electrical stimulation of the dopamine-containing cell
bodies of the ventral tegmental area (Roitman et al, 2004).

Evoked changes in signal were attributed to dopamine if the
associated cyclic voltammogram was closely correlated with
that of stimulated release (r240.75). bHR rats showed
significantly more spontaneous phasic dopamine events
(transients) than bLR rats (Figure 9a, t(8)¼ 8.01, Po0.001).
In contrast, there was no difference between phenotypes in
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the peak amplitude of dopamine release in response to the
unconditional presentation of a food pellet (Figure 9b).

DISCUSSION

Two lines of rats were selectively bred for 13–18 generations
based solely on whether they showed a high or low
locomotor response after placement into a novel environ-
ment. We report here the extent to which these selectively
bred lines differ on a number of other traits relevant to
addiction vulnerability. Our studies highlight a complex
array of phenotypic differences, including the tendency to
attribute incentive salience to food- and cocaine-associated
cues, impulsive behavior, and dopaminergic regulation.

The Attribution of Incentive Salience to Reward-Related
Cues

It is thought that reward-related cues acquire the ability to
maintain and instigate behavior in part because they
acquire incentive motivational properties through Pavlo-
vian learning, and cues associated with drugs may be
attributed with pathological levels of incentive salience
(Stewart et al, 1984; Robinson and Berridge, 1993; Everitt
and Robbins, 2005; Tomie et al, 2008; Flagel et al, 2009).
One property of stimuli attributed with incentive salience is
that they become attractive, eliciting approach toward them.
Using food as the US, we found that bHRs developed a sign-
tracking CR, exhibiting approach and consummatory
behavior directed toward the lever-CS. bLRs also acquired
a CR, but it was not directed toward the CS, but to the
location of reward delivery (ie, they learned a goal-tracking
CR; see videos in Supplementary Material). Furthermore,
when cocaine was used as the US only bHR animals
developed a sign-tracking CR. Thus, a cue associated with
either food or cocaine became attractive in bHR, but not
bLR rats. This suggests that bHR animals, but not bLR
animals, tend to attribute incentive salience to discrete
stimuli predictive of reward (see Robinson and Flagel,
2009). This idea is supported by the finding that in outbred
animals that show a sign-tracking CR the CS is also a more
effective conditional reinforcer than it is for animals that
show a goal-tracking CR (Robinson and Flagel, 2009), and
we have found a similar difference between the bHR and
bLR lines (unpublished data).

These findings are especially interesting because in
outbred rats we found that the novelty-seeking trait and
the sign-tracker/goal-tracker traits are not significantly
correlated (Robinson and Flagel, 2009), suggesting that
these two traits may be dissociable. It appears that the sign-
tracker/goal-tracker trait was co-selected over the course of
breeding for the novelty-seeking trait; however, to deter-
mine the extent to which the HR/LR and sign-tracker/
goal-tracker traits are genetically related will require
additional studies, for example, the generation of replicate
or hybrid lines.

Impulsivity

It has been suggested that robust sign-tracking behavior
may reflect a lack of inhibitory control over behavior
(Tomie, 1996; Tomie et al, 1998), which is one attribute of

impulsivity. It is interesting, therefore, to compare differ-
ences in the selected lines in sign-tracking behavior with
differences on various tests of ‘impulsivity’. Of course, the
concept of ‘impulsivity’ is multidimensional and it is
thought that there are several distinct forms of so-called
impulsive behavior (Evenden, 1999; Chamberlain and
Sahakian, 2007). The preclinical drug abuse literature has
focused primarily on two facets of impulsivity (Olmstead,
2006; Perry and Carroll, 2008)F‘impulsive choice’
(ie, impulsive decision making) and ‘impulsive action’
(ie, impaired inhibition). ‘Impulsive choice’ was examined
here using a delay-discounting procedure and a probabil-
istic-choice or risk-based decision-making task. Similar
tasks have been used in clinical research and impairments
on these tasks have been associated with externalizing
disorders including substance abuse (eg, see Ersche et al,
2008; Bobova et al, 2009; de Wit, 2009).

Interestingly, bHRs were less impulsive than bLRs on the
delay-discounting task, but there were no group differences
on the probabilistic-choice task. Although we expected to
see phenotypic differences in performance on these tasks,
there is a growing body of literature suggesting that the
underlying processes that mediate delay-discounting are
dissociable from those that mediate the discounting of
probabilistic rewards (for discussion see St Onge and
Floresco, 2009). For example, a recent study suggests that
the dopamine D2 receptor mediates risk-based decision
making on the probabilistic-choice task (St Onge and
Floresco, 2009), but activity at this receptor has not been
shown to affect delay-discounting (van Gaalen et al, 2006).
In light of these findings, it is somewhat surprising that we
did not see a difference between bHR and bLR rats on the
probabilistic-choice task. However, we speculate that
behavior on these tasks would be differentially affected in
bHR vs bLR rats with the administration of dopaminergic
drugs; further studies are underway to address this issue.

When ‘impulsive action’ was assessed using a DRL task,
bHRs were more impulsiveFthey were less able to with-
hold responding to receive reward. These latter results are
consistent with those recently reported in outbred HR/LR
rats (Stoffel and Cunningham, 2008). However, another
recent report using outbred rats and a different measure of
impulsivity (ie, 5-CSRTT) suggests that impulsive behavior
is not associated with the reactivity to novelty trait, and that
it is ‘impulsivity’ rather than reactivity to a novel
environment that is most relevant to compulsive drug use
(Belin et al, 2008).

The fact that the different measures of impulsivity used
here were dissociable is consistent with a number of other
studies on impulsive action vs impulsive choice (Seiden
et al, 1979; Bradshaw and Szabadi, 1992; Cardinal et al,
2001; Uslaner et al, 2006). It is not clear why manipulations
(selective breeding in this case) that increase impulsive
action may sometimes also decrease impulsive choice, but a
few hypotheses have been suggested (see Uslaner and
Robinson, 2006). One possibility is that the internal
pacemaker responsible for the timing of events is differen-
tially regulated for bHRs vs bLRs, therefore altering
performance on the delay-discounting and DRL tasks
without affecting behavior on the probabilistic-choice task.
However, close examination of the data suggests that both
phenotypes are influenced by delay in a comparable way,
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making such an explanation unlikely. Alternatively, group
differences in the attribution of incentive salience to stimuli
may also affect performance on the ‘impulsivity tasks.’
bHRs may be less able to withhold responding on the DRL
task because the manipulandum is imbued with greater
incentive value, thus more readily instigating an action
(Tomie, 1996). Likewise, relative to bLRs, bHRs may prefer
larger but delayed rewards because the incentive value of
the large reward is disproportionately enhanced relative to
the small reward. Indeed, a lesion of the subthalamic
nucleus (STN) produces a pattern of behavior very similar
to that shown here for bHRs. Relative to control animals,
rats with an STN lesion more readily acquire cocaine self-
administration behavior, show more robust sign-tracking
behavior to both food- and cocaine-associated cues, have
difficulty withholding actions on a DRL task, but are more
likely to wait for a larger but delayed reward on a delay-
discounting task (Uslaner et al, 2005, 2008; Uslaner and
Robinson, 2006)Fsimilar to bHRs. Uslaner et al (2008)
suggested that this pattern of behavior may all be a
consequence of an increased tendency to attribute incentive
salience to reward-related cues after STN lesions. If this is
the case, it would be interesting to compare STN function in
bHR and bLR rats.

Dopamine

This study revealed a number of differences in the
dopamine system of bHRs vs bLRs. Relative to bLRs, bHRs
are more sensitive to the psychomotor-activating effects of
the D2/D3 agonist, quinpirole. Moreover, bHRs have a
greater proportion D2high receptors (Seeman et al, 2005)
in the dorsal striatum even though they have lower levels of
D2 mRNA and do not differ on measures of total D2
receptor binding. At first glance these findings may seem
incongruent, but they may actually help explain a long-
standing paradox. Outbred HR rats are known to exhibit
increased responsiveness to dopaminergic drugs including
psychostimulants, but have lower levels of D2 mRNA and
dopamine receptor binding relative to LR rats (Hooks et al,
1994). Our current findings suggest that an increased
proportion of D2high receptors in bHRs may account for
the behavioral hypersensitivity following treatment with
quinpirole. In agreement, many treatments that elicit a
functional supersensitivity to dopamine (eg, amphetamine
sensitization, cocaine self-administration) produce a large
increase in the proportion of D2high receptors in the
striatum, even if they produce no change or a decrease in
the total number of D2 receptors (Seeman et al, 2005, 2007;
Briand et al, 2008). Reduced striatal D2 receptors have been
reported in cocaine addicts (Volkow et al, 1993; Martinez
et al, 2004), in non-human primates allowed to self-
administer cocaine (Nader et al, 2006), and in rats with
an impulsivity trait known to predict high rates of cocaine
self-administration (Dalley et al, 2007). In all of these
imaging studies, however, the ligands used could not
discriminate between the low- and high-affinity D2 receptor
states. Thus, much of this seemingly disparate literature
could potentially be explained by an increase in the
proportion of D2high receptors.

We also found that bHRs exhibit a greater number of
spontaneous dopamine release events compared with bLRs,

using FSCV to detect phasic dopamine activity in the core of
the nucleus accumbens. Interestingly, there were no bHR/
bLR differences in food-evoked dopamine release, suggest-
ing that both phenotypes are equally responsive to the
receipt of reward using this measure. These findings are
consistent with a number of electrophysiological and
dialysis studies using outbred HR/LR rats (Piazza et al,
1991; Hooks et al, 1992; Marinelli and White, 2000).
Additional studies are underway to further investigate
reward- and cue-evoked dopamine transients in the bHR/
bLR lines.

In summary, bHRs exhibit a number of characteristics
related to addiction vulnerability and ‘externalizing dis-
orders’ in humans. We had previously reported their
increased propensity to risk-taking behavior (Stead et al,
2006; Clinton et al, 2008) and to drug self-administration
(Davis et al, 2008). In this study we show that relative to
bLR rats, bHR rats also exhibit (1) a greater tendency to
attribute incentive salience to cues predictive of both food
and cocaine; (2) poor inhibitory control over behavior
(ie, increased impulsive action); and (3) a hypersensitive
dopamine system. Importantly, these studies also establish
that this cluster of traits is highly heritable. Beyond
involvement of the dopaminergic system, the specific genes
and neural circuits responsible for these different traits
related to substance abuse liability remain to be elucidated.
However, the development and characterization of a genetic
animal model for behavioral undercontrol represents a key
step in defining the biological causes of increased propen-
sity to externalizing disorders, including addiction, and in
identifying biomarkers and molecular targets for their
treatment.
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