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Abstract

Stimulus-reward learning has been heavily linked to the reward-prediction error learning
hypothesis and dopaminergic function. However, some evidence suggests dopaminergic function
may not strictly underlie reward-prediction error learning, but may be specific to incentive salience
attribution. Utilizing a Pavlovian conditioned approach procedure consisting of two stimuli that
were equally reward-predictive (both undergoing reward-prediction error learning) but functionally
distinct in regard to incentive salience (levers that elicited sign-tracking and tones that elicited
goal-tracking), we tested the differential role of D1 and D2 dopamine receptors and nucleus
accumbens dopamine in the acquisition of sign- and goal-tracking behavior and their associated
conditioned reinforcing value within individuals. Overall, the results revealed that both D1 and D2
inhibition disrupted performance of sign- and goal-tracking. However, D1 inhibition specifically
prevented the acquisition of sign-tracking to a lever, instead promoting goal-tracking and
decreasing its conditioned reinforcing value, while neither D1 nor D2 signaling was required for
goal-tracking in response to a tone. Likewise, nucleus accumbens dopaminergic lesions disrupted
acquisition of sign-tracking to a lever, while leaving goal-tracking in response to a tone unaffected.
Collectively, these results are the first evidence of an intraindividual dissociation of dopaminergic
function in incentive salience attribution from reward-prediction error learning, indicating that
incentive salience, reward-prediction error, and their associated dopaminergic signaling exist
within individuals and are stimulus-specific. Thus, individual differences in incentive salience
attribution may be reflective of a differential balance in dopaminergic function that may bias
toward the attribution of incentive salience, relative to reward-prediction error learning only.
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1. Introduction

One of the underlying mechanisms proposed to drive the learning of stimulus-reinforcer
associations is reward-prediction error, where learning is driven by the magnitude of
discrepancy between outcome “expectations” and experienced outcomes (Rescorla and
Wagner, 1972; Mackintosh, 1975; Schultz et al. 1997; Sutton and Barto, 1998). In addition
to describing associative phenomena at the behavioral level (Miller et al. 1995; Shultz,
2007), reward-prediction error models have also been used successfully to describe the
neurobiological changes that occur during stimulus-reward learning. For example, over
repeated pairings of the conditioned stimulus (CS) and unconditioned stimulus (US) there is
a shift in dopamine neuron activation from the delivery of a US to presentation of the CS
(Montague et al. 1996; Schultz, 1998; Schultz, 2006; Schultz, 2007). Since the seminal
discovery of dopaminergic signaling changes during CS-US acquisition, reward-prediction
error models have been more generally applied to various types of reward-based learning
phenomena in both human and non-human animals (Schultz et al. 1998; O’Doherty, 2004;
Pessiglione et al. 2006), giving rise to the hypothesis that dopamine signaling carries the
reward-prediction error signal during learning.

While reward-prediction error describes how the learning of a CS-US relationship might
take place, there are instances where a CS appears to operate beyond its predictive function.
For example, there is evidence that a CS can be attributed with “incentive salience”, defined
as some form of motivational value that makes the CS “wanted” (Robinson and Berridge,
2008). One common paradigm used to study the attribution of incentive salience or the value
attributed to a CS is a Pavlovian conditioned approach (PCA) task, where a single lever
reliably predicts non-contingent food delivery. Under these conditions, two distinct
conditioned response (CR) topographies can be measured in response to the lever CS, sign-
tracking (approach and interaction with the stimulus; Brown and Jenkins, 1968; Hearst and
Jenkins, 1974) and goal-tracking (approach to the location of reward delivery; Boakes,
1977). Although both CRs are dependent on the learned relation between the lever CS and
food (Robinson and Flagel, 2009), there is evidence that some individuals have a
predisposition to display sign-tracking behavior, while others have a predisposition to
display goal-tracking behavior (Robinson et al. 2014). According to the reward-prediction
error hypothesis, since both sign- and goal-tracking are learned CRs, the lever should serve
as an equally effective CS for all individuals, despite the difference in the type of CR that is
elicited. Despite being equally effective CSs, a food-associated lever acts as a more robust
conditioned reinforcer in individuals that have a propensity to sign-track to the lever CS
versus those that goal-track in response to it (Robinson and Flagel, 2009; Meyer et al. 2014);
furthermore, stimuli that elicit sign-tracking behavior also serve as more robust conditioned
reinforcers relative to stimuli that elicit goal-tracking behavior within individuals (Meyer et
al. 2014; Beckmann and Chow 2015). Collectively, the results suggest that while both sign-
and goal-tracking responses are indicative of a learned CS-US relationship, sign-tracking
responses are also reflective of the attribution of incentive value.

Interestingly, Flagel and colleagues (2011) demonstrated that dopamine appears to
preferentially contribute to the attribution of incentive value to a CS. For example, animals
selectively bred to preferentially display sign-tracking behavior and outbred animals with a
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predisposition to sign-track both show an increase in nucleus accumbens core dopamine
release during the presentation of the single lever CS, relative to animals that were
selectively bred to preferentially display goal-tracking behavior and outbred animals with a
predisposition to goal-track. Moreover, the “shift” of phasic dopamine release from the US
to the CS during acquisition, as predicted by the reward-prediction error hypothesis, was
only observed when the lever elicited sign-tracking. Additionally, the attribution of incentive
value can be attenuated by nonspecific dopamine antagonism (e.g., flupenthixol) via
systemic injections or microinjections into the nucleus accumbens core, where sign-tracking
behavior is more readily attenuated during and after PCA training relative to goal-tracking
(Flagel et al. 2011; Saunders and Robinson, 2012). Relatedly, excitotoxic or 6-
hydroxdopamine (6-OHDA) lesions of the nucleus accumbens can attenuate sign-tracking to
a CS as well (Parkinson et al. 2002; Chang et al. 2012; Chang and Holland, 2013).
Collectively, these studies suggest that dopamine may not be underlying the reward-
prediction error signal, but may be more reflective of incentive value attribution to reward-
predictive stimuli (Berridge, 2007; Flagel et al. 2011; Saunders and Robinson, 2012; Dayan
and Berridge, 2014; Robinson et al. 2014).

However, using a single-lever PCA procedure to isolate and compare the neurobehavioral
systems that drive sign- and goal-tracking relies heavily upon the post-acquisition
identification of CRs to the CS (Meyer et al. 2014), making it difficult to determine how
different dopamine manipulations might differentially engage the neurobehavioral systems
that underlie sign- and goal-tracking during acquisition. To better dissociate the acquisition
of incentive value attribution from reward-prediction error learning, we utilized a 2-CS PCA
procedure, where two different but equally-predictive and equally learned conditioned-
stimuli (lever and tone) are used to preferentially elicit sign- and goal-tracking within an
animal (Beckmann and Chow, 2015). Using a 2-CS PCA procedure, it has been
demonstrated that a lever CS associated with sign-tracking engages an incentive value
attribution process and a tone CS associated with goal-tracking engages a more general
prediction error learning process within individuals (Beckmann and Chow, 2015). We
reasoned that the 2-CS procedure would better dissociate the role of D1 and D2 dopamine
receptor function and nucleus accumbens dopamine function in the attribution of incentive
value from general prediction error learning by directly comparing the effects of systemic
pretreatments of SCH- and eticlopride and nucleus accumbens 6-OHDA lesions on sign-
tracking to a lever versus goal-tracking in response to a tone within individuals. More
importantly, according to the reward-prediction error hypothesis, because sign-tracking to
the lever and goal-tracking in response to the tone are both equally learned responses, both
CRs should depend on reward-prediction error and be equally affected by dopaminergic
manipulation. However, if dopamine were more specifically involved in incentive value
attribution, we hypothesized that dopaminergic receptor antagonism and nucleus accumbens
dopamine depletion would preferentially affect sign-tracking to the lever CS, leaving goal-
tracking in the presence of the tone CS relatively unaffected.
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2. Materials and Methods

2.1 Animals

One-hundred and eight adult male Sprague-Dawley rats (Harlan Inc.; Indianapolis, IN,
USA), weighing approximately 250-275 g at the beginning of experimentation, were used.
Rats were individually housed in a temperature-controlled environment with a 12:12 hr
light:dark cycle, with lights on at 0600 h. All rats were first acclimated to the colony
environment and handled daily for one week prior to experimentation. All experimentation
was conducted during the light phase. All rats had ad /ibitum access to food and water in
their home cage throughout experimentation. All experimental protocols were conducted
according to the 2010 N/H Guide for the Care and Use of Laboratory Animals (8™ edition)
and were approved by the Institutional Animal Care and Use Committee at the University of
Kentucky.

2.2 Apparatus

2.3 Drugs

Experiments were conducted in operant conditioning chambers (ENV-008, MED Associates,
St. Albans, VT) that were enclosed within sound-attenuating compartments (ENV-018M,
MED Associates). Each chamber was connected to a personal computer interface (SG-502,
MED Associates), and all chambers were operated using MED-PC. Within each operant
chamber, a 5.1 x 5.1 cm recessed food receptacle (ENV-200R2MA) outfitted with a head-
entry detector (ENV-254-CB) was located on the front response panel of the chamber, two
retractable response levers were mounted on either side of the food receptacle
(ENV-122CM; 6 cm above metal rod floor), two white cue lights (ENV-221M) were
mounted at 4.1 cm and 8.2 cm above each response lever, and a Sonalert® tone (ENV-223
AM) was located above the top left cue light and a Sonalert® tone (ENV-223 HAM) was
located above the top right cue light. The back response panel was outfitted with a single
retractable response lever (ENV-122CM; located directly opposite of the food receptacle);
two nosepoke response receptacles (ENV-114BM; 6 cm above metal rod floor and directly
opposite to front response levers) were mounted on either side of the retractable response
lever, and a house-light (ENV-227M) was located 12 cm above the response lever. Food
pellets (45-mg Noyes Precision Pellets; Research Diets, Inc., New Brunswick, NJ) were
delivered via a dispenser (ENV-203M-45).

R(+)-SCH-23390 hydrochloride, S-(-)-Eticlopride hydrochloride, pargyline hydrochloride,
and desipramine hydrochloride were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and mixed in sterile saline (0.9% NaCl). The 6-OHDA (Sigma-Aldrich) was mixed fresh in
ice-cold saline (0.9% NaCl) containing 0.2 mg/ml ascorbic acid.

2.4 Behavioral Procedures

2.4.1 Magazine Shaping—During the last two days of acclimation to the colony, after
animals were handled, 10 to 15 food pellets were dropped into their home cages. After
acclimation, animals were trained to retrieve food pellets from the food receptacle for two
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consecutive days; rats were placed in the operant chambers and given 40 minutes to retrieve
and consume 16 food pellets, delivered on a 60-s fixed time schedule.

2.4.2 2-CS PCA Training—To isolate incentive salience from reward-prediction error
learning within an individual, rats were trained on a 2-CS PCA task following magazine
training. Methods for the 2-CS PCA task were identical to that of Beckmann and Chow
(2015). Briefly, during each session, a single response lever adjacent to the food receptacle
(balanced for side) was inserted into the chamber for 8s or a 4,500 Hz tone was presented for
8s. Immediately after lever retraction or tone offset, a food pellet was non-contingently
delivered into the food receptacle. Stimulus-reward presentations were independently
presented and separated by a 90-s VT-ITI, ranging from 12-s to 286-s (Fleshler and
Hoffman, 1962). Each session consisted of 32 total trials, consisting of 16 lever insertions
and 16 tone presentations in random order, where no more than four presentations of the
same stimulus occurred consecutively. Rats were trained for 14 consecutive sessions. Sign-
tracking responses were recorded as lever presses, while goal-tracking responses were
recorded as breaks of a photo beam within the food receptacle during stimulus presentation.
Because the 0.03 mg/kg dose of both SCH-23390 and eticlopride (see supplementary
materials; Figure S1) caused non-specific effects (failure to eat food pellets) during the
single-lever PCA experiment, we used the 0.01 dose during the 2-CS acquisition experiment.
Fifteen minutes prior to each 2-CS PCA session rats (n=12/group) were pretreated (s.c.
injection) with saline, SCH-23390 (0.01 mg/kg) or eticlopride (0.01 mg/kg).

Additionally, after 2-CS PCA training with pretreatments of saline, SCH-23390, or
eticlopride, animals were randomly assigned and assessed on a CS-only test or conditioned
reinforcement test (as described below and in Table 1). Furthermore, there were no
significant differences in terminal sign- or goal-tracking behavior between groups.

2.4.3 CS-only Test—To determine what was learned about the lever CS and tone CS
during acquisition, animals (n=6/group; randomly selected from the 2-CS PCA group with
pretreatments) pretreated (s.c. injection) with saline, SCH-23390, or eticlopride during
acquisition were tested under extinction conditions. Extinction conditions followed the
parameters described in the 2-CS PCA training; however, food was not delivered following
each of the 8 stimulus presentations (4 lever and 4 tone). Importantly, rats were drug free
during the CS test. Additionally, the use of the CS-only test acts as a probe for what was
learned under the effects of the drug pretreatments on the CS-US relationships, where it
controls for relearning of the CS-US relation under drug-free conditions, US specific effects,
such as pseudoconditioning, and new learning, via the limited number of probe trials
(Rodnick, 1937; Rescorla 1967; Bouton, 2007).

2.4.4 Conditioned Reinforcement—To determine the relative value associated with the
lever CS or tone CS, animals (n=6/group; randomly selected from the 2-CS PCA group with
pretreatments) pretreated with saline, SCH-23390, or eticlopride during the acquisition
phase were tested under a conditioned reinforcement test. The conditioned reinforcement
test took place over two subsequent days immediately following the 14 days of 2-CS PCA
training. Conditioned reinforcement tests consisted of two 30-min sessions where rats were
presented with an illuminated nosepoke (balanced for side), where a single response (break
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in photobeam within the nosepoke receptacle) resulted in the simultaneous offset of the
nosepoke light and 8s presentation of either the lever or tone (balanced across animals) that
was used during initial 2-CS PCA training. After the 8-s stimulus presentation (lever or
tone), the nosepoke light turned on again. On the subsequent day, the opposite nosepoke
light was illuminated, and a response produced either the lever or tone for 8s, opposite to
what stimulus was previously presented during the day before. During each session, only
one of the two nosepoke receptacles was illuminated. Nosepoke responses into the
illuminated receptacle were recorded as active nosepokes and nosepoke responses into the
non-illuminated receptacle were recorded as inactive nosepokes. Furthermore, inactive
nosepokes had no consequence. Importantly, rats were drug free during these two
conditioned reinforcement tests.

2.4.5 2-CS Choice—To determine the relative valuation or preference for a lever CS or a
tone CS, a separate group of animals (n=12) were initially trained on the 2-CS PCA task,
then subsequently trained on a 2-CS choice procedure (see Table 1) as described in
Beckmann and Chow (2015). Using a choice procedure offers the ability to study
conditioned reinforcement, without the limitations associated with extinction conditions
(e.g., limited period of study). Moreover, the choice procedure scales the relative value of
the lever CS in relation to primary reinforcement, as choices for the lever CS across choice
are inversely related to primary reinforcement earned. Finally, the choice procedure allows
for a direct comparison of the relative value associated with the different CS-US
relationships learned during 2-CS PCA task; thus, it provides a more direct assessment of
the value associated with the different neurobehavioral mechanisms that govern sign- versus
goal-tracking behavior.

Briefly, the choice procedure consisted of 5 blocks of 13 trials separated by a dark 60-s ITI.
Each trial began with the illumination of the house-light, where a single orienting response
in the food receptacle resulted in the offset of the house-light and onset of a nosepoke light
(left, right, or both, depending on the trial type) on the opposing panel. During forced-choice
trials (8/block; 4 lever and 4 tone), only a single nosepoke light (left or right) was available.
A single nosepoke into the illuminated receptacle resulted in the offset of the nosepoke light
and presentation of the previously conditioned 8-s lever or 8-s tone, followed by a single
non-contingent pellet and the initiation of the ITI. During free-choice trials (5/block), both
nosepoke lights were illuminated. However, a single nosepoke into either illuminated
receptacle resulted in the offset of both nosepoke lights and presentation of the previously
conditioned 8-s lever or 8-s tone associated with the selected nosepoke, followed by a single
non-contingent pellet and initiation of the ITI. All trial types operated according to a 30-s
limited hold; if a nosepoke response did not occur within the 30-s window from onset of
nosepoke illumination, the trial ended, an omission was counted, and the ITI began. The
probability (p) of pellet delivery following lever choice decreased (100%, 50%, 25%, 12.5%,
and 6.25%) in descending order over the 5 blocks. Following stable performance (no
statistically significant changes in the discounting parameters over 3 consecutive sessions)
on the probabilistic choice task, 15 minutes prior to each session animals were pretreated
(s.c. injections) with saline, 0.003 mg/kg SCH-23390, 0.01 mg/kg SCH-23390, 0.017 mg/kg
SCH-23390, 0.003 mg/kg eticlopride, 0.01 mg/kg eticlopride, or 0.017 mg/kg eticlopride.
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Pretreatments were administered according to a Latin-square design where all animals
received each drug and dose combination and sessions were separated by a 2-day washout
period.

2.5 6-OHDA lesions

To determine the role of dopamine in the nucleus accumbens on reward-prediction error
learning and incentive value attribution, animals (n=6/group) were first magazine trained and
then underwent stereotaxic surgery. Animals were administered (i.p. injections) the
monoamine oxidase inhibitor pargyline (50 mg/ml, 1.0 ml/kg) and the norepinephrine
uptake blocker desipramine (25 mg/ml, 1.0 ml/kg) approximately 30 minutes prior to
surgery. Animals were then anesthetized with isoflurane, and animals in the lesion group
were placed into a stereotaxic instrument and received bilateral injections of 6-OHDA (8.0
ug/2.0ul/side); sham groups underwent similar procedures, but 6-OHDA was not
administered. Stereotaxic coordinates for the nucleus accumbens, inclusive of both core and
shell, were AP + 1.6 mm, ML + 1.5 mm, and DV - 7.0 mm, relative to Bregma; the needle
was left in place for 5 minutes following injection (Pierce et al. 1990). Following 3 days of
post-operative care, animals were placed on the 2-CS PCA task (see Table 1).

2.6 Endogenous DA content assay

Following 14-days of 2-CS PCA animals that received bilateral stereotaxic surgery were
sacrificed by rapid decapitation. The brain was removed, placed on an ice-cold dissecting
plate, and then the nucleus accumbens, comprising of both core and shell, was collected. All
samples were frozen at —80°C between dissection and assay. DA content was assessed via
HPLC-EC. Briefly, nucleus accumbens samples from each animal were weighed, after
which they were placed within 1 mL of perchloric acid and sonicated. Samples were then
centrifuged at 16,400 rpm for 30 min at 4°C. Fifty pL of each sample were injected into the
HPLC-EC, equipped with pump and auto-sampler (508 Beckman Coulter, Inc, Fullerton,
CA). The samples were separated on an ODS ultra sphere C18 reverse-phase column (80 x
4.6 mm, 3-um ESA Inc., Chelmsford, MA) with 0.07 M citrate/0.1 M acetate buffer (175
mg/L octylsulfonic acid-sodium salt, 650 mg/L of NaCl and 7% methanol; pH = 4.2). The
analytes were then detected with a coulometric-11 detector with guard cell (model 5020)
maintained at +0.60 V and an analytical cell (model 5011) maintained at potentials E1 =
+0.05V & E2 =+0.35 V (ESA, Inc., Chelmsford, MA). Separations were performed at
room temperature at a flow rate of 1.2 ml/min, and 4-5 minutes were required to process
each sample. Retention times of DA standards were used to identify peaks. Peak heights
were used to quantify the detected amounts on the basis of standard curves. The peak
identification, height measurement and analysis were performed by using 32 karat software
(Beckman Coulter, Inc, Fullerton, CA).

2.7 Analysis

Data were analyzed using linear mixed-effects modeling (Gelman and Hill, 2006). Due to
the absence of sign-tracking to a tone, sign-tracking response rates for 2-CS PCA training
and extinction were analyzed alone with session/trial block (continuous) as a within-subject
factor, treatment group (nominal) as a between-subject factor, and subject as a random factor
(Beckmann and Chow, 2015). Goal-tracking and difference scores (probability of making a
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sign-tracking response — probability of making a goal-tracking response) for 2-CS PCA
training were analyzed with session/trial block (continuous) and stimulus (nominal) as
within-subject factors, treatment group (nominal) as a between-subject factor, and subject as
a random factor. For the CS test, the first 4 trials per each stimulus was collapsed as an
average rate and data were analyzed using two-way mixed effects ANOVA, with stimulus
(nominal) as within-subject factor, treatment (nominal) as a between subject factor, and
subject as a random factor. Conditioned reinforcement tests data were analyzed using two-
way mixed effects ANOVA, with stimulus (nominal) and response type (nominal) as within-
subject factors, treatment (nominal) as between-subject factor, and subject as a random
factor. Conditioned reinforcement tests for active and inactive nosepoke responses were also
analyzed individually using two-way mixed effects ANOVA, with stimulus (nominal) as a
within-subject factor, treatment (nominal) as between-subject factor, and subject as a random
factor. For the 2-CS choice data, hyperbolic discounting functions (Rachlin et al. 1986,
1991; Mazur, 1987) of the form V| aver=(5/(1+(k0) were fit to the data, where V| oyer
represents the subjective value of the lever CS, srepresents the sensitivity to stimulus value
(lever vs tone) at equal food probability, & represents the discounting rate of lever value, and
O represents odds against [(1 — p)/g]. Hyperbolic discounting functions were fit to the data
via nonlinear mixed effects modeling (NLME; Pinheiro et al. 2007; Beckmann and Young,
2009; Young et al. 2009; Brooks et al. 2010; Beckmann and Chow, 2015) with treatment
(nominal) and dose (continuous) defined as fixed within-subject factors and subject defined
as a random factor. A ttest was performed on the data comparing DA concentrations from
sham and 6-OHDA lesioned animals. All post hoc tests were conducted with Tukey HSD.
For all tests, a was set at 0.05.

3.1 Effects of D1 and D2 dopamine receptor antagonism during 2-CS PCA acquisition

Figure 1 illustrates the acquisition of sign- and goal-tracking response rates to the lever and
tone CSs, along with the difference score during the 14-day training period with
pretreatments of a saline control or dopamine receptor antagonist. Figure 1A and 1B
illustrate sign-tracking rates to a lever CS with daily pretreatments of saline control,
SCH-23390, or eticlopride. Linear mixed effects analysis revealed a main effect of treatment
[A2,33) = 17.60, p < 0.05], suggesting that the different dopamine receptor antagonists had
an effect on sign-tracking behavior; post hoc analysis revealed that sign-tracking rates for
saline and eticlopride pretreatments were higher than that of SCH-23390 pretreatments.
Linear mixed effects analysis also revealed there was also a main effect of session [H1,33) =
18.73, p< 0.05], indicating that sign-tracking rates changed over sessions. Collectively, the
results indicate that SCH-23390 suppressed sign-tracking to the lever CS, while eticlopride
had less of an effect on sign-tracking, while each drug was onboard.

Figure 1C and 1D illustrate goal-tracking rates to a lever CS and tone CS with daily
pretreatments of saline control, SCH-23390, or eticlopride. Linear mixed effects analysis
revealed that goal-tracking rates were significantly affected by stimulus [A1,33) = 28.76, p
< 0.05], indicating a difference in goal-tracking rates to the lever CS and tone CS; there was
a main effect of treatment [A2,33) = 9.45, p< 0.05], revealing that goal-tracking rates varied

Neuropharmacology. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chow et al.

Page 9

across the pretreatment groups, and there was a main effect of session [ H1,33) = 22.02, p<
0.05], suggesting that goal-tracking rates changed over the 14-day training period. There
was also a significant stimulus x treatment interaction [H2,33) = 23.45, p < 0.05], indicating
that goal-tracking rates to the lever CS or tone CS were dependent on the pretreatments; a
significant stimulus x session interaction [ H1,33) = 21.77, p < 0.05] was also observed,
indicating that changes in goal-tracking across sessions were stimulus dependent. There was
also a significant treatment x session interaction [A2,33) = 7.93, p < 0.05], indicating that
changes in goal-tracking rates over sessions were pretreatment dependent. Finally, there was
a significant stimulus x treatment x session interaction [H2,33) = 15.30, p< 0.05],
indicating that changes in goal-tracking rates over the 14-day training sessions were
dependent on the CS type and the pretreatment given. Post hoc analysis revealed that goal-
tracking rates to the tone CS were higher for saline pretreated groups than SCH-23390 and
eticlopride. Moreover, there were no significant effects on the 8-s pre-CS response rate
(Figure S2). Collectively, these results indicate that both SCH-23390 and eticlopride
attenuated goal-tracking in response to the tone CS relative to saline control, while each
drug was onboard.

Figure 1E and 1F illustrate the difference scores for saline control, SCH-23390, and
eticlopride. Linear mixed effects analysis revealed a significant main effect of stimulus
[A1,33) =7.93, p< 0.05], indicating difference scores were dependent on the CS.
Additionally, linear mixed effects analysis revealed a stimulus x treatment interaction
[A2,33) = 37.66, p < 0.05], indicating the likelihood of a sign- or goal-tracking response to
occur was dependent on the CS and the pretreatment; there was also a stimulus x session
interaction [F(1,33) = 33.92, p< 0.05], indicating that changes in difference score across
session were dependent on the stimulus presented. Finally, linear mixed effects revealed a
stimulus x treatment x session interaction [ A2,33) = 13.58, p < 0.05], indicating that the
change in probability of a sign- or goal-tracking response over sessions was dependent on
the lever CS or tone CS and the pretreatment administered. Collectively, when the drug was
onboard, SCH-23390 attenuated the probability of a sign- or goal-tracking response to the
lever CS and tone CS relative to saline control, while eticlopride had a similar but lessened
effect.

3.2 Post-acquisition drug-free CS-only test

Figure 2 illustrates the sign- and goal-tracking rates to the lever CS and tone CS during a
drug-free test session, where each CS, both lever and tone, were presented under extinction
conditions without either drug onboard. Figure 2A and Figure 2B illustrate sign- and goal-
tracking rates, respectively, to a lever CS or tone CS averaged (4 trials/stimulus to probe
learning without inducing extinction (Rescorla, 1967) for saline control, SCH-23390, and
eticlopride acquisition treatments. Two-way mixed ANOVAs revealed a main effect of
stimulus [A1,15) = 11.53, p< 0.05], indicating that goal-tracking rates during the CS test
were different depending on the CS presented; there was also a significant treatment x
stimulus interaction [ A2,15) = 5.92, p< 0.05], indicating that the pretreatment during 2-CS
PCA acquisition affected what was learned about each stimulus. Post hoc tests revealed that
goal-tracking in the presence of the tone CS following saline pretreatment during acquisition
was significantly higher than goal-tracking in the presence of the lever CS for animals
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pretreated with SCH-23390 or eticlopride during acquisition. Moreover, goal-tracking
response rates were significantly higher than the 8-s pre-CS response rate during the CS-test
[A1,17) = 20.53, p< 0.05] (Figure S3). Collectively, the results indicate that when presented
with each stimulus alone during the post-acquisition drug-free CS-test prior pretreatments of
SCH-23390 during 2-CS PCA acquisition prevented the learning of a CS-US relationship
that results in sign-tracking to the lever, instead promoting the learning of a CS-US
relationship that resulted in goal-tracking in response to the lever. Additionally, eticlopride
pretreatments during 2-CS PCA acquisition did not affect the learning of sign-tracking
behavior to a lever relative to saline, nor did it significantly affect the learning of a goal-
tracking response to the tone relative to saline.

3.3 Post-acquisition drug-free conditioned reinforcement tests

Figure 3 illustrates the active and inactive nosepoke responses during drug-free conditioned
reinforcement test for the lever CS and tone CS. Figure 3 illustrates the number of active
nosepokes for access to the previously learned lever CS and tone CSs alone and the number
of inactive nosepokes, where responses produced no consequence, recorded during the
conditioned reinforcement tests. Two-way mixed ANOVAs revealed that there was a main
effect of treatment [ A2,15) = 4.25, p< 0.05], indicating that the pretreatments during
acquisition affected the value attributed to the CSs; there was a main effect of response type
[A1,15) = 82.68, p < 0.05], indicating that there were more active nosepoke responses than
inactive nosepoke responses. Finally, two-way mixed ANOVAs revealed a treatment x
response type interaction [A2,15) = 4.83, p < 0.05], indicating that the pretreatments during
2-CS PCA training affected active and inactive nosepoke responses. Post hoc tests revealed
that active responses were higher than inactive responses for all treatment groups, and
animals pretreated with SCH-23390 during the acquisition period exhibited lower active
responses, relative to animals pretreated with either saline or eticlopride during the
acquisition period. Moreover, there were no significant effects in which CS was tested first.
Collectively, these results suggest that SCH-23390 pretreatments during acquisition
prevented the attribution of incentive value, while eticlopride pretreatments did not.

3.4 Effects of D1 and D2 antagonists on lever vs. tone choice

Figure 4 illustrates lever choices as a function of odds against, including the effects of acute
SCH-23390 (Figure 4A) and eticlopride (Figure 4B) treatment. NLME analysis revealed a
main effect of drug [A1,453) = 4.77, p< 0.05], a main effect of dose [H3,453) =4.28, p<
0.05], and a significant drug x dose interaction [ H1,453) = 3.58, p < 0.05] on initial lever
choices, when food probability was equal (s parameter; intercept of function). Post hoc tests
revealed a significant decrease in initial lever choices following the 0.017 dose of
SCH-23390, relative to saline. There were no significant effects of any dose of either drug
on discounting rate (k parameter; slope of function). There were no significant effects of any
dose on the number of omissions as well (Figure S4), suggesting the results were not
confounded by non-specific effects of the drugs. Collectively, these results demonstrate that
under saline controls, a lever CS, which was associated with sign-tracking, can preferentially
bias choice towards an option which results in the loss of primary reinforcement.
Furthermore, SCH-23390 pretreatments dose-dependently decreased the initial value
attributed to the lever CS while eticlopride did not affect relative preference. Finally, by
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using the 2-CS choice procedure and directly comparing the relative value of a lever CS and
tone CS through conditioned reinforcement, it appears that D1 receptor function is necessary
in maintaining the value attributed to the CS, thus suggesting the importance of dopamine
and valuation.

3.5 Effects of nucleus accumbens 6-OHDA lesions on 2-CS PCA acquisition

Figure 5 illustrates the acquisition of sign- and goal-tracking response rates to the lever and
tone CSs and the difference score during the 14-day training period following 6-OHDA
lesions to the nucleus accumbens. Figure 5A illustrates sign-tracking to a lever CS; linear
mixed effects analysis revealed a main effect of session [H1,10) = 29.53, p< 0.05],
indicating that sign-tracking rates changed over session. Figure 5B illustrates goal-tracking
rates to a lever CS and tone CS; linear mixed effects analysis revealed a significant main
effect of stimulus [ A1,10) = 10.90, p < 0.05], indicating a difference in goal-tracking rates
to the lever CS and tone CS. Additionally, there was a main effect of session [A1,10) =
11.53, p<0.05], indicating that goal-tracking rates changed over session. Finally, there was
a stimulus x session interaction [A1,10) = 25.71, p < 0.05], indicating that goal-tracking
rates were stimulus dependent.

Figure 5C illustrates the difference score for lesion and sham treated animals. Linear mixed
effects revealed a main effect of stimulus [ A1,10) = 49.18, p < 0.05], indicating difference
scores were dependent on the CS type; a treatment x stimulus interaction [A1,10) =5.67, p
< 0.05], indicating that difference scores were both lesion and stimulus dependent; post hoc
tests revealed that difference scores for the tone CS in both sham and lesion groups were
significantly different than those for the lever CS in the lesion group. Finally, there was a
stimulus x session interaction [A1,10) = 97.66, p < 0.05], indicating that difference scores
were dependent on the stimulus presented in relation to session. Collectively, the results
indicate that while the dopaminergic lesion to the nucleus accumbens did not significantly
affect sign- or goal-tracking rates (p > 0.05), it did affect the probability of sign-tracking to
the lever CS during 2-CS PCA acquisition. Importantly, dopaminergic lesion had no effect
on goal-tracking behavior in response to the tone CS.

HPLC analysis of dopamine content from nucleus accumbens tissue punches following
completion of the 14-day PCA training indicated a significant reduction [t(10) = 5.38, p<
0.05) in dopamine content from animals given a 6-OHDA lesion (2.19 + 0.36 ng/mg)
relative to animals given a sham lesion (4.93 £ 0.35 ng/mg), resulting in a 55.48% decrease
in dopamine content.

4. Discussion

The results from the present experiments provide several important and novel findings in
relation to dissociating the role of D1 and D2 dopamine receptor function and nucleus
accumbens dopamine function in incentive salience or value attribution from reward-
prediction error learning. First, both systemic D1 and D2 antagonism affect sign-and goal-
tracking performance to the lever CS and tone CS when either drug was onboard (Figure 1).
Second, D1 antagonism during 2-CS PCA acquisition prevented the learning of a sign-
tracking response, while promoting the learning of a goal-tracking response in the presence
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of a lever CS and leaving goal-tracking in response to a tone within the same animals
relatively unaffected, as seen in the post-acquisition drug-free, CS-only test (Figure 2).
Third, D1 antagonism during 2-CS PCA acquisition specifically eliminated the attribution of
incentive value, as seen in the subsequent drug-free conditioned reinforcement tests (Figure
3). Fourth, D1 antagonism during choice produced a specific, dose-dependent decrease in
preference for the lever CS relative to the tone CS (Figure 4). Fifth, nucleus accumbens 6-
OHDA lesions specifically disrupted sign-tracking to the lever CS during acquisition, but
leaving goal-tracking in response to a tone CS within the same animals unaffected (Figure
5). Finally, by demonstrating all of the lever- and tone-associated results discussed above
within subject, these findings suggest that the neurobehavioral processes underlying
incentive salience and reward-prediction error are independent, parallel processes that are, at
least partially, stimulus-dependent. Collectively, the present results support the literature that
indicates dopamine may play a larger role in the attribution of incentive value to a CS than in
reward-prediction error learning (Parker et al. 2010; Flagel et al. 2011; Saunders and
Robinson 2012; Robinson et al. 2014).

Although the 2-CS PCA procedure is able to produce both sign- and goal-tracking within
animals, there have been implications that a tone CS associated with goal-tracking functions
differently than a lever CS associated with goal-tracking due to its modality(Saunders and
Robinson, 2012; Meyer et al. 2014; Ahrens et al. 2015), calling into question whether or not
goal-tracking in the presence of a tone CS is functionally equivalent to goal-tracking in the
presence of a lever CS (Dickinson et al. 2000; Dayan and Berridge 2014; Robinson et al.
2014). While the findings herein indicate that goal-tracking in response to a tone CS is a
relatively dopamine-independent process, the literature on the role of dopamine in goal-
tracking behavior, generally speaking, has been mixed. For example, Flagel et al. (2011,
supplemental material) demonstrated that, following PCA acquisition, sign- and goal-
tracking to a lever CS were equally sensitive to the performance-disruptive effects of an
acute flupenthixol (a non-selective dopamine receptor antagonist) treatment, while the drug
was onboard. Others have also found that dopamine antagonists affect the performance of
sign- and goal-tracking to a food predictive CS, while the drugs were onboard (Danna and
Elmer, 2007; Lopez et al. 2015; Fraser et al. 2016), and performance-disruptive effects have
also been reported for goal-tracking in response to a tone CS, while the drugs were onboard
(Eyny and Horvitz, 2003; Wassum et al. 2011). However, Flagel et al. (2011) also reported
that drug-free testing following chronic flupenthixol treatment during PCA acquisition
revealed that chronic flupenthixol treatment during acquisition prevented the learning of
sign-tracking to a lever CS in animals genetically predisposed to sign-track and had no effect
on the learning of a goal-tracking response to a lever CS in animals genetically predisposed
to goal-track, even though the performance of both sign- and goal-tracking were affected by
flupenthixol treatment during acquisition. In other words, when the animals were tested
while not under the influence of flupenthixol, sign-tracking was still attenuated and goal-
tracking was exhibited at rates equivalent to that of saline control, but when flupenthixol was
onboard it had equally disruptive effects on the performance of both sign- and goal-tracking.
Furthermore, the relative ineffectiveness of D2 on the acquisition of sign- and goal-tracking
reported here appears to be at odds with the literature. Danna and Elmer (2010), Lopez et al.
(2015), and Fraser et al. (2016) demonstrated that D2 antagonism affected sign- and goal-

Neuropharmacology. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chow et al.

Page 13

tracking behavior. Importantly, all of these effects were demonstrated while the antagonists
were onboard. Similarly, performance of both sign- and goal-tracking behavior herein were
both affected by the D2 antagonist, while the drug was onboard. However, the subsequent
CS-only test, which was conducted under drug-free extinction conditions, revealed that D2
antagonism during acquisition had no effect on the learning of the CS-US relationship for
either the lever or tone CS, contrary of its effects on performance for each stimulus during 2-
CS PCA acquisition. Thus, D2 antagonism appears to disrupt performance of sign- and goal-
tracking, while leaving the learned CS-US association intact. Collectively, these results
demonstrate the important distinction between dopamine receptor antagonism on the
performance of sign- or goal-tracking from the acquisition of CS-US relationships that lead
to either sign- or goal-tracking. The similar effects between D1 treatment on goal-tracking in
response to a tone CS herein and flupenthixol treatment on goal-tracking in response to a
lever CS within Flagel et al. (2011) when tested post-acquisition under drug-free conditions
provide further support that goal-tracking in the presence of a lever CS or a tone CS are
functionally equivalent.

Saunders and Robinson (2012) demonstrated that nucleus accumbens dopamine receptor
antagonism, via flupenthixol, resulted in unaffected goal-tracking behavior to a lever.
Additionally, using transgenic mice, Parker et al. (2010) reported that attenuation of phasic
dopamine release within the nucleus accumbens via NMDA knock-out of VTA dopamine
neurons exclusively had no effect on the acquisition of a goal-tracking response to a lever,
relative to wild type. Furthermore, Blaiss and Janak (2009) using GABA receptor reversible
inactivation examined the role of nucleus accumbens core versus shell function in a PCA
task and found that inactivation of the nucleus accumbens core is not necessary for the
learning of goal-tracking behavior, thus suggesting that the nucleus accumbens core is not
necessarily required for reward-prediction error learning but possibly more for the
attribution of incentive value. Relatedly, using a 2-CS PCA procedure and 6-OHDA lesions
of the nucleus accumbens, herein we demonstrated that both lesion and sham animals
acquired goal-tracking behavior to a tone CS at the same rate, suggesting that a tone CS is
engaging the same relatively dopamine-independent system that is seen in animals that goal-
track to a lever CS. Thus, from the present results herein, it appears that while nucleus
accumbens dopamine is necessary for the acquisition of a sign-tracking response to a lever
CS, it is not necessary for the acquisition of a goal-tracking response to either a lever or tone
CS, further supporting the functional equivalence between goal-tracking in the presence of a
tone CS and goal-tracking in the presence of a lever CS.

Behaviorally, sign- and goal-tracking have been demonstrated to be associated with
differential conditioned reinforcement (Robinson and Flagel 2009; Meyer et al. 2014;
Beckmann and Chow 2015), differential resistance to both omission and extinction
contingencies (Beckmann and Chow 2015; Ahrens et al. 2016), and differential sensitivity to
reward devaluation (Nasser et al. 2015; Morrison et al. 2015). Sign- and goal-tracking have
also been demonstrated to be associated with differential dopamine signaling, and this has
been interpreted as a preferential role for dopamine signaling in incentive value attribution
over reward-prediction error (Flagel et al. 2011). The results reported herein support the
literature suggesting a preferential role for dopamine in incentive salience attribution over
general reward-prediction error learning; however, an alternative interpretation could be that
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this dissociation might be reflective of different types of error-related learning (Glascher et
al. 2010). Although far from conclusive (see Dayan and Berridge, 2014, for a discussion of
model-based versus model-free Pavlovian systems), the neurobehavioral repertoires of sign-
and goal-tracking have been formally modeled as different reinforcement learning systems
that become engaged during stimulus-reward learning, where sign-tracking may reflect a
more model-free, stimulus-response learning process that is dopamine-dependent and goal-
tracking may reflect a more model-based, action-outcome learning system that is far less
reliant on dopaminergic signaling (LeSaint et al. 2014; Huys et al. 2014). In general, the
results reported here support the model-free/model-based distinction and further suggest that
these 2 systems can be stimulus-specific and act independently and in parallel within an
individual.

In addition to demonstrating the functional differences and differential dopamine
dependence of sign- and goal-tracking within subjects, the present results also extend
previous findings by implicating D1 dopamine receptors as a receptor of interest in the
learning of a sign-tracking response during acquisition; this particular result lends itself to
the notion that D1 function is required for model-free learning, and attenuating D1 signaling
during acquisition can shift the representation of a stimulus-reward relation towards model-
based learning (Dayan and Berridge, 2014). Furthermore, the present results extend previous
findings by demonstrating both model-based and model-free learning and their differential
dopamine dependency within individuals, indicating that both learning systems can take
place independently within a single system. Interestingly, when sign-tracking and goal-
tracking associated stimuli were pit against each other within a choice procedure, animals
consistently chose the stimulus associated with sign-tracking over the stimulus associated
with goal-tracking, even though each stimulus was paired with the same food pellet. D1
antagonism dose-dependently reduced the value associated with the sign-tracking associated
stimulus, increasing choices for the goal-tracking associated stimulus. The choice results
have interesting implications in regard to the relative value associated with the 2 different
learning systems, suggesting that products of stimulus-response, model-free learning are
more valuable than their action-outcome, model-based counterparts, and this suggests that
incentive salience attribution may be indicative of a stimulus-response learning processes.
The choice results also indicate that D1 receptor signaling may play a potential role in
determining the relative weighting (w; Dayan et al. 2006; LeSaint et al. 2014) of model-free
versus model-based learning systems during stimulus-reward learning. However, there is
much to be done in regard to the dissociation of incentive salience, reward-prediction error,
model-free, and model-based hypotheses (Dayan and Berridge, 2014); but, the results
reported herein do suggest that the within-subject 2-CS PCA procedure may be a good
method to dissociate competing hypotheses regarding stimulus-reward learning in future
research, and a combination of the 2-CS procedure used here with more advanced
neuroscience techniques (e.g., DREADDSs, optogenetics, fast-scan cyclic voltammetry; etc.)
and models of individual differences in incentive salience attribution may aid in furthering
this dissociation.

Individual differences in what is learned about a conditioned stimulus has predictive value
regarding substance abuse-related behavior between individuals (Tomie et al. 2008). For
example, Saunders and Robinson (2010) demonstrated animals that sign-tracked to a lever
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CS were more affected by a cocaine-associated CS during cue-induced reinstatement. The
same group (Saunders et al. 2014) later demonstrated that animals that goal-tracked to a
lever CS were more affected by a cocaine-associated discriminative stimulus during context-
induced reinstatement, relative to those that sign-tracked to a lever CS. These findings
suggest that the type of stimulus-reinforcer relationship learned during drug taking could
determine individual vulnerability to future drug-seeking, where some individuals are more
heavily influenced by products of stimulus-response learning processes while others are
more heavily influenced by products of response-outcome learning processes. Most
importantly, both of these stimulus-reinforcer relationships can produce drug-seeking
behavior, and this fact highlights the great importance of understanding the functional role a
stimulus plays within a stimulus-reinforcer relation when attempting to understand stimulus
control of drug-seeking behavior. In other words, not all stimulus-reinforcer relationships
that induce drug-seeking behavior are the same; it is dependent upon the functional role a
stimulus serves (c.f., Robinson et al. 2014). Using a 2-CS PCA procedure and isolating the
different neurobehavioral systems associated with sign- and goal-tracking and extending a 2-
CS procedure to drug-taking models may provide future insight into different aspects of
substance abuse-related behavior, specifically how drug-associated stimuli can come to
function differently and engage different neurobehavioral systems within individuals.

One standing issue with investigating any hypotheses related to acquisition and sign- and
goal-tracking response predispositions, which partially served as the impetus for the
development of the 2-CS PCA procedure (Beckmann and Chow, 2015), is that the
experimenter does not know if an animal is a “sign-tracker” or a “goal-tracker”, until the
CS-US relation has already been acquired (i.e., post-acquisition; Meyer et al. 2012). Thus,
any manipulations during acquisition in a large cohort of outbred animals trained under a
single-lever PCA procedure cannot be attributed directly to a pre-existing response
predisposition. Although there are selective-breeding models of sign- and goal-tracking
(e.g., Flagel et al. 2010, 2011), possible uncharacterized, inadvertent neurobehavioral
changes due to selective-breeding make interpretation problematic, especially given that the
existing model is selected on a response (locomotor responding to a novel environment)
known not to be related to sign-tracking or goal-tracking in outbred animals (Robinson and
Flagel, 2009; Beckmann et al. 2011). However, within the 2-CS PCA procedure, we have
never witnessed a single “goal-tracker”; that is, in our hands, this procedure elicits exclusive
sign-tracking to the lever CS, a consequence we believe might be due to the nature of the
lever CS used here (retractable lever only) versus that of the compound lever and light CS
(described as an “illuminated lever”) used in other laboratories (e.g., Lovic et al. 2011;
Flagel et al. 2011; Saunders and Robinson, 2011; Meyer et al. 2012; Fitzpatrick et al. 2013;
Meyer et al. 2014). More specifically, the individual differences in sign- and goal-tracking to
the illuminated lever could be reflective of individual differences in the learning of the lever
or light element of the compound CS used due to individual differences in CS element
associability (cf. Pearce and Hall, 1982). Other factors that may impact the lack of “goal-
trackers” within the 2-CS procedure include the possible added influence of animal vendor
(Fitzpatrick et al. 2013; a small effect not likely to be the sole source the exclusivity of sign-
tracking we have witnessed), the multiple-stimulus design (cf. Holland et al. 2014;
Beckmann and Chow, 2015), and training time (14 days vs. 5-7). Furthermore, there are a
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number of environmental factors known to influence whether a sign- or a goal-tracking
response is elicited by a lever CS, including motivational establishing operations (Davey and
Cleland, 1982, 1984; Robinson and Berridge, 2013), learning history (Davey and Cleland,
1984), and the distance of the lever CS from the location of food delivery (Silva et al. 1992).
Thus, any predispositions regarding sign- and goal-tracking would be heavily influenced or
even overridden by any of the factors discussed above, raising questions regarding the
generality of their functional importance; clearly, the data presented here and within Meyer
et al. (2014) indicate a limit on such generalization (i.e., animals that sign-track and attribute
incentive salience to a lever CS do not generalize this process to all reward-predictive CSs,
including associated dopaminergic signaling). Therefore, it seems pertinent that future
research aims toward defining the boundary conditions under which a CS-US relationship
that leads to sign-tracking is likely to be learned, as individual differences in incentive
salience attribution might best be captured by the range magnitude of said boundary
conditions.

In conclusion, the results found here suggest that D1 and D2 dopamine receptor function and
nucleus accumbens dopamine have dissociable roles in the acquisition of incentive salience
attribution to reward-associated stimuli, and they suggest that dopamine plays a preferential
role in attributing incentive value to reward-associated stimuli. Furthermore, the present
results suggest that using a within-subject, 2-CS PCA approach in combination with more
advanced neuroscience techniques may help in the future dissociation of various proposed
neurobehavioral systems thought to underlie stimulus-reward learning, and extending this
approach to self-administration models of drug use may help in identifying the role these
different systems have in the stimulus control of drug-seeking behavior, including individual
differences.
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Highlights

. Both D1 and D2 receptor inhibition affected sign- and goal-tracking
performance

. D1 receptor inhibition specifically prevented the acquisition of
incentive salience

. Nucleus acccumbens dopamine lesions prevented sign-tracking but not
goal-tracking

. Showed a within-subject incentive salience vs. reward-prediction error

dissociation
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Figure 1.

The effects of a dopamine receptor antagonist on sign- and goal-tracking during 2-CS PCA
acquisition, while the drugs were onboard. Mean (+ SEM) response rate (responses/second,;
r/s) for the effects of SCH-23390 (0.01 mg/kg) on (A) sign-tracking and (C) goal-tracking.
Mean (£ SEM) response rate (responses/second; r/s) for the effects of eticlopride (0.01
mg/kg) on (B) sign-tracking and (D) goal-tracking. Mean (+ SEM) difference in response
probability (ST probability — GT probability) for a lever CS and tone CS during 2-CS PCA
training for (E) SCH-23390 (0.01 mg/kg) and (F) eticlopride (0.01 mg/kg) compared against
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a saline control group. 1.0 indicates exclusive sign-tracking while —1.0 indicates exclusice
goal-tracking.
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Figure 2.
Sign- and goal-tracking responses to a lever and tone CS during a drug-free CS-only test to

identify what was learned under treatment conditions during 2-CS PCA acquisition. The
legend refers to the pretreatments each group received during 2-CS PCA acquisition. Mean
(= SEM) response rate (responses/second; r/s) for individuals pretreated with SCH-23390
(0.01 mg/kg), eticlopride (0.01 mg/kg), and saline during acquisition on (A) sign-tracking
and (B) goal-tracking. Note: data not present (i.e., no bar in the graph) for goal-tracking in
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response to a lever CS in saline pretreated animals directly reflects no goal-tracking behavior
measured for that group.
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Figure 3.
The conditioned reinforcing value attributed to the lever or tone CS during drug-free tests

post 2-CS PCA training. The legend refers to the pretreatments each group received during
2-CS PCA acquisition. Mean (x SEM) number of active nosepokes that produced the
previously learned stimulus for SCH-23390 (0.01 mg/kg), eticlopride (0.01 mg/kg), and
saline pretreated groups during 2-CS PCA acquisition and mean (x SEM) number of
inactive nosepokes that results in no consequences for SCH-23390 (0.01 mg/kg), eticlopride
(0.01 mg/kg), and saline pretreated groups during 2-CS PCA acquisition.

Neuropharmacology. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chow et al.

Page 27
A
100; @ Saline
8 A SCH-23390 - 0.003 mg/kg
‘0 7515 A SCH-23390 - 0.01 mg/kg
S ; SCH-23390 - 0.017 mg/kg
— "
(] 1
> :
Q .
—
52
B
100- @ Saline
i B Eticlopride - 0.003 mg/kg

% Lever Choice
(@)}
o

754& E-1 Eticlopride - 0.01 mg/kg
Eticlopride - 0.017 mg/kg

01 3 7

Odds Against [(1-p)/p]

Figure 4.

The acute effects of (A) SCH-23390 and (B) eticlopride on CS preference, post 2-CS PCA
training, where the relative value of the lever CS is directly compared to that of the tone CS.
Mean (£ SEM) % choice for the lever CS as a function of increasing odds against [(1 — p)/]
food delivery following the lever CS. Lines are choice functions defined by s/(1 + A(odds

against)), () sensitivity to lever CS value; (k) discounting rate of lever CS value.
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Session

The effects of 6-OHDA lesion on 2-CS PCA acquisition. Mean (+ SEM) response rate
(responses/second; r/s) for the (A) sign-tracking and (B) goal-tracking. Mean (+ SEM)
difference in response probability (ST probability — GT probability) for a lever CS and tone
CS during 2-CS PCA training (C). 1.0 indicates exclusive sign-tracking while —1.0 indicates

exclusive goal-tracking.
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General experimental conditions and timeline for each experiment. Note: animals in the 2-CS PCA task with
pretreatments were randomly assigned to the CS-only and conditioned reinforcement follow-up tests; there
were no differences in sign- or goal-tracking behavior upon completion of acquisition between groups for each
acquisition treatment (i.e., saline, SCH-23390, and eticlopride).

Pre-

«  6-OHDA (n=6)

Experiment training Design
" CS-only test
2-CS PCA with pretreatments o X -
D1 vs D2 receptor Magazine + Saline (n=12) (n=18; 6/previous condition)
function on Shaping * SCH-23390 (n=12) > Conditioned reinforcement
acquisition *  FEticlopride (n=12) (n=18; 6lprevious condition)
2-CS Choice with
pretreatments
D1 vs D2 receptor - - - - .
function on relative l\gﬁgagme 2-CS PCA Training (n=12) 9 . g?;l:ﬁ'gaggo
valuation aping * -
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