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Abstract
Rationale Mesolimbic dopamine (DA) regulates behavioral ac-
tivation and effort-related decision-making in motivated behav-
iors. Mesolimbic DA D2 receptors are co-localized with adeno-
sine A2A receptors, and they interact in an antagonistic manner.
Objectives A T-maze task was developed to assess dopami-
nergic involvement in preference between a reinforcer that

involves vigorous voluntary activity (running wheel) and a
reinforcer that requires minimal behavioral activation (sucrose
pellets). Haloperidol (D2 antagonist) was administered to
adenosine A2A receptor knockout (A2AKO) and wild-type
(WT) littermate controls to assess the involvement of these
two receptors in the selection of running wheel activity versus
sucrose consumption.
Results Under control conditions, mice spent more time run-
ning and less time eating. In WT mice, haloperidol reduced
time running but actually increased time-consuming sucrose.
However, A2AKO mice did not show the haloperidol-induced
shift from running wheel activity to sucrose intake. Prefeeding
reduced sucrose consumption in the T-maze in both strains,
indicating that this paradigm is sensitive to motivational de-
valuation. Haloperidol increased c-Fos immunoreactivity in
anterior cingulate cortex (ACg) and nucleus accumbens
(Acb) core of WT but not KO mice.
Conclusions These results indicate that after DA antagonism,
the preference for vigorous physical activity is reduced, while
palatable food selection increases. Adenosine A2A receptor
deletion provides resistance to these effects of D2 receptor
antagonism. These two receptors in Acb core and ACg seem
to be involved in the regulation of the intrinsic reinforcing
characteristics of voluntary exercise but not in the regulation
of the primary reinforcing characteristics of palatable seden-
tary reinforcers.

Keywords Accumbens . Reward . Cingulate . Running
wheel . Sucrose

Introduction

Nucleus accumbens (Acb) dopamine (DA) is an important
component of the neural circuitry that regulates behavioral
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activation, energy expenditure, and the ability of organisms to
overcome work-related response costs in motivated behaviors
(Salamone and Correa 2002, 2009, 2012; Robbins and Everitt
2007; Cagniard et al. 2006; Floresco et al. 2008a; Beeler et al.
2012; Mai et al. 2012; Floresco 2015). The effects of Acb DA
depletions or DA receptor antagonism on food-reinforced be-
havior interact powerfully with the response requirements of
instrumental tasks. Research with concurrent choice tasks in-
volving distinct food reinforcers that can be obtained by in-
strumental behaviors with different work requirements has
shown that rodents with accumbens DA depletions or DA
receptor antagonism reallocate their instrumental behavior
away from food-reinforced tasks that have high response re-
quirements (e.g., ratio requirements or vigorous activities such
as climbing) and instead select a less-effortful type of food-
seeking behavior (Salamone et al. 1991, 1994; Floresco et al.
2008b; Randall et al. 2012; Mai et al. 2012; Pardo et al. 2012,
2015).

Considerable evidence indicates also that brain adenosine
interacts with DA systems in the regulation of effort-related
choice behavior (Salamone and Correa 2009, 2012). Acb and
neostriatum have a high concentration of adenosine A2A re-
ceptors (Ferré et al. 2004). DA D2 and adenosine A2A recep-
tors are co-localized on enkephalin-containing medium spiny
neurons, and these receptors interact by convergence onto the
same signal transduction pathways, where they have opposite
effects (Ferré et al. 2004). Evidence indicates that DA D2 and
adenosine A2A receptors interact to regulate behavioral acti-
vation and effort-related functions (Salamone and Correa
2009; Nunes et al. 2013; Randall et al. 2012; Pardo et al.
2012, 2013; Pereira et al. 2011). Moreover, genetic deletion
of the adenosine A2A receptor in mice has been shown to alter
the locomotor response to DA antagonists (El Yacoubi et al.
2001; Pardo et al. 2013) and to attenuate the impact of D2

antagonism in mice tested on a T-maze barrier task that as-
sesses effort-related decision-making (Pardo et al. 2012).

In addition to being an instrumental requirement for
obtaining access to motivational stimuli, considerable re-
search indicates that physical activities can have intrinsic mo-
tivational or reinforcing properties (Belke et al. 2005; Belke
and Pierce 2014). In research with rodents, one of the most
commonly studied voluntary physical activities is wheel run-
ning. Running appears to be motivationally regulated like oth-
er appetitive behaviors (Mueller et al. 1997; Sherwin 1998;
Belke and Pierce 2014). Thus, wheel running can be used as
the motivational stimulus for the establishment of a condi-
tioned place preference (Lett et al. 2000) and as an explicit
reinforcer in operant-conditioning procedures (Premack and
Premack 1963; Belke and Pierce 2014).

Of course, the choice to engage in voluntary physical ac-
tivity is always undertaken in relation to the possible selection
of other alternatives, such as sedentary behaviors, drugs, or
food consumption. If a running wheel (RW) is present in a

complex environment that offers other alternatives such as
drugs of abuse, rats will spend a considerable amount of time
engaged in running activity (McMillan et al. 1995; Cosgrove
et al. 2002). Some studies have demonstrated that when given
a choice between food and RW, rats often choose running over
food (Premack and Premack 1963; Routtenberg 1968), and
food consumption decreases on days that rats have access to
RW (Premack and Premack 1963; Mueller et al. 1997).
However, little is known about the neural mechanisms in-
volved in the decision-making processes that establish those
preferences.

In the present study, we developed a rodent task for inves-
tigating the decision-making processes that allow for the se-
lection of voluntary physical activity relative to other more
sedentary activities such as sucrose pellet consumption.
Thus, we employed a maze task that allowed mice to choose
between an arm that offers the opportunity to engage in wheel
running as the reward versus selecting another arm that leads
to palatable pellets containing 50 % sucrose. With this para-
digm, we assessed the impact of the DA D2 antagonist halo-
peridol in wild-type (WT) and A2A receptor knockout
(A2AKO) mice and compared it with conditions that reduce
motivation such as free access to RWand sucrose pellets prior
to the test session. To provide a neural marker of the effects of
haloperidol, c-Fos immunoreactivity in WTand A2AKO mice
was evaluated in DA andA2A receptor-rich brain areas that are
involved in activational aspects of motivation.

Materials and methods

Animals

Male mice lacking A2A adenosine receptors and their WT
littermates (N=18 and 17, respectively) initially weighed
25–30 g. Mice were generated by C. Ledent at Université
Libre de Bruxelles (Belgium), as previously reported
(Ledent et al. 1997). Subjects were maintained at 22±2 °C
with 12-h light/dark cycles. Mice were housed in groups with
standard laboratory rodent chow and tap water available ad
libitum (see specific conditions for each experiment). Sweet
food for the testing procedures consisted of 45 mg precision
pellets for rodents with a content of 50 % sucrose (TestDiet,
Richmond, IN, USA). All animals were under a protocol ap-
proved by the Institutional Animal Care and Use Committee
of Universitat Jaume I, and all experimental procedures com-
plied with European Community Council directive (86/609/
ECC).

Drugs

Haloperidol (Sigma Quimica C.O) was dissolved in a 0.3 %
tartaric acid solution (pH=4.0), which also was used as the
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vehicle control. Drugs were administered intraperitoneally
(IP), 50 min before testing started.

Apparatus and testing procedures

The T-maze apparatus consisted of a central corridor with
two opposed arms (for details, see Fig. 1). Half of the mice
had the RW consistently located on the left arm, while half
the mice had the RW on the right arm. Training as well as
test sessions lasted 15 min. Training phase 1: To avoid
neophobia, the RW arm was blocked for 5 days to force
animals to explore the other arm and to try the sucrose
pellets. Training phase 2: During five more days, animals
were exposed, once a day to the T-maze with the two rein-
forcers. Test session: Animals received drug injections
(exp. 1) or pre-exposure to the reinforcers (exp. 2), and
after that, they were introduced in the T-maze. Sessions
were videotaped to later evaluate all the dependent vari-
ables: first choice, latency to reach the reinforcers from the
onset of the first trial, accumulated time spent in the wheel
or consuming the sucrose pellets, and exploration time on
the areas of the T-maze with no reinforcer. A Bbout^ was
recorded every time the animal initiated running or eating.
The number of bouts was used to calculate the average
bout length (i.e., time spent/number of bouts). Testing ses-
sions started 2 h after light period onset. The behavioral
test room was illuminated with a soft light, and external
noise was attenuated.

c-Fos immunohistochemistry procedure

Mice were anesthetized with CO2 and perfused with a solution
that contained 0.9 % saline and 0.06 % heparin for 5 min,
followed by paraformaldehyde for an additional 5 min.
Perfusion was initiated 90 min after receiving haloperidol or
vehicle. Brains were processed for c-Fos immunoreactivity as
previously described (Pardo et al. 2012). Processed sections
were then mounted and photographed using a Nikon Eclipse
E600 microscope equipped with an Insight Spot digital cam-
era (Melville, NY, USA). Placements for the photographs
were counterbalanced between right and left hemispheres for
all animals and structures. Images of the regions of interest
were magnified at 20× and captured digitally using Stereo
Investigator software. Cells that were positively labeled for
c-Fos were quantified with ImageJ software (v. 1.42,
National Institutes of Health sponsored image analysis pro-
gram) in three sections per animal, and the average value per
mm2 was used for statistical analysis.

Experiments

Experiment 1: effect of haloperidol on preference for RW
versus sucrose pellets in the T-maze Mice (WT N=9 and
A2AKO N=8) were trained as described above. During the
drug-testing phase, there was one drug treatment day per week
and four baseline days before the next drug day. A within-
group design was used. On test days, mice received the

Start arm. 

(25 L x 11 W x 30 H cm)

RW arm
(25 L x 11 W x 30 H cm)

Sucrose arm
(25 L x 11 W x 30 H cm)

I---------I----------I----------I----------I----------I----------I

5 days

RW arm
blocked RW and sucrose available

5 days

Testing phase

Test Test Test Test

Training Phases
1 2 Pre-exp. Exp 2

Fig. 1 Top: top view of the
mouse T-maze apparatus used in
the present study. All the surfaces
and the doorwaywere constructed
out of Plexiglas, and the top of all
arms were open. The sucrose arm
contained 15 food pellets during
the training phase and 25 during
the testing phase, and the other
arm contained a metallic RW
(12.5 cm in diameter). Bottom:
schematic depicting training and
testing phases
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following haloperidol doses in a randomly varied order: 0.0,
0.05, 0.1, and 0.2 mg/kg.

Experiment 2: effect of pre-exposure to both RW and su-
crose pellets on preference in the T-maze Mice (WT N=8
and A2AKO N=10) were trained as described above, and a
within-group design was used. The test day mice received
either vehicle or the highest dose of haloperidol, or for the
pre-exposure condition, the day prior to testing, mice had
24 h access to the sucrose pellets and RW in their home cage.

Experiment 3: effect of haloperidol on c-Fos immunoreac-
tivity Once experiments1 and 2 were completed, mice were
trained two additional weeks, and on the test day, they re-
ceived either vehicle or the highest dose of haloperidol
90min before being anesthesized and perfused. Brain sections
were stained for c-Fos immunoreactivity as described above.
A between-group design was used.

Statistical analyses

The main dependent variable that was used as a marker of
choice was time spent in each activity. Time was selected be-
cause it allowed both choices to be measured by the same units
and also because of the behavioral literature demonstrating that
time allocation is a useful measure of relative reinforcement
value and response choice (Baum and Rachlin 1969). Data
for this key dependent variable (time with the reinforcer, RW,
or sweet food) in experiments 1 and 2 were analyzed first by a
MANOVA comparing strain (WT vs A2AKO) × dose of halo-
peridol (0.0, 0.05, 0.1, and 0.2 mg/kg) × reinforcer (RW vs
sweet food). Because the three-way interaction was significant
in both cases (experiment 1 F(3, 28)=4.35, p<0.01 and exper-
iment 2 F(2, 29)=6.67, p<0.01), univariate ANOVAs were
conducted for reinforcer and strain factors in all the dependent
variables. One-way repeated measures ANOVA for the dose of
haloperidol (0.0, 0.05, 0.1, and 0.2 mg/kg) was performed
followed by non-orthogonal planned comparisons using the
overall error term, which compared vehicle to all the other
doses or conditions (Keppel 1991). In experiment 2, the one-
way repeated measures ANOVA analyzed condition (vehicle,
haloperidol, and pre-exposure). Non-parametric chi-squared
test for goodness of fit was used to analyze proportion data.
Data for experiment 3 were analyzed using a two-way factorial
ANOVA (strain × treatment) for every brain structure. All data
were expressed as mean±SEM, and significance was set at
p<0.05. STATISTICA 7 software was used.

Results

Experiment 1: effect of haloperidol on preference for RW
versus sucrose pellets in the T-maze Independent ANOVAs

were performed to analyze dependent measures related to in-
teraction with RW and with sucrose pellets in the WT and in
the A2AKO mice. Thus, repeated measures ANOVA for halo-
peridol dose indicated a significant effect (F(3, 24)=3.51,
p<0.05) on time spent in the RW for the WT mice. Planned
comparisons revealed significant differences between vehicle
and haloperidol 0.2 mg/kg (p<0.05). The ANOVA for the
time spent consuming sucrose yielded also a significant effect
of haloperidol (F(3, 24)=12.02, p<0.01) in the WT.
Significant differences were found after planned comparisons
between vehicle and the two highest doses of haloperidol (0.1
and 0.2 mg/kg) (p<0.01). Thus, haloperidol shifted choice
behavior in WT mice, decreasing wheel running but increas-
ing sucrose consumption. However, repeated measures
ANOVA showed no significant effect of treatment for
A2AKO mice, either on time spent in the RW, or time-
consuming sucrose pellets (Fig. 2a–b).

Figure 2c, d shows the average duration of a bout for RW
and sucrose in WT and A2AKO mice. The ANOVA for the
mean duration of a RW bout in WT mice yielded no signifi-
cant effect of haloperidol. However, for the mean duration of a
sucrose bout, the repeated measures ANOVA showed a sig-
nificant effect (F(3, 24)=11.70, p<0.01), and planned com-
parisons revealed significant differences between vehicle and
0.2 mg/kg of haloperidol, indicating that mice had longer su-
crose bouts when receiving the highest dose of haloperidol. In
the A2AKO animals, ANOVAs for mean bout duration for RW
or sucrose consumption did not yield significant effects, indi-
cating again that these animals were resistant to the effects of
haloperidol.

Data for latency to start interacting with the RW or the
sucrose for the WT and the A2AKO mice are shown in
Fig. 2e, f, respectively. WTmice significantly increased laten-
cy to reach the RW after haloperidol treatment (F (3, 21)=
10.56, p<0.01), and planned comparisons yielded significant
differences between vehicle and the highest dose of haloperi-
dol (0.2 mg/kg). The ANOVA for the latency to interact with
the sucrose pellets in the WT mice was not significant. These
results indicate that WT mice delay their interaction with the
RW when receiving haloperidol, but this treatment does not
delay the interaction with sucrose. The ANOVAs on the im-
pact of haloperidol on latency to initiate interaction with the
RW or with sucrose for A2AKO mice were not significant.

Experiment 2: effect of pre-exposure to both RW
and sucrose pellets on the preference in the T-maze

Figure 3a, b shows time spent running and time-consuming
sucrose in WT and A2AKO mice after receiving vehicle or
haloperidol 0.2 mg/kg (the most effective dose in experiment
1) or after pre-exposure to both reinforcers. Repeated mea-
sures ANOVA for the WT mice data showed that there was
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a significant effect of condition on time spent on the RW (F(2,
16)=5.65, p<0.05). Planned comparisons indicated that halo-
peridol condition differed from both the control (p<0.05) and
pre-exposed conditions (p<0.01). There was also a significant
treatment effect on time spent consuming sucrose in WTmice
(F(2, 16)=31.63, p<0.01). Planned comparisons demonstrat-
ed that both haloperidol and pre-exposed conditions differed
from vehicle (p<0.01). The univariate repeated measures
ANOVAwith A2AKO mice showed that only time spent con-
suming sucrose yielded a significant effect (F(2, 14)=6.76,
p<0.01). Planned comparisons showed that the pre-exposure
condition differed from vehicle (p<0.01). ANOVA for time

on the RW was not significant. Thus, reinforcer devaluation
had an impact in A2AKO mice, as it did in WT mice, by
reducing time-consuming sucrose.

The repeated measures ANOVA for average bout length in
the WT mice (Fig. 3c) was statistically significant for sucrose
(F(2, 14)=30.91, p<0.01), and planned comparisons indicat-
ed that both the haloperidol (p<0.01) and pre-exposed
(p<0.05) conditions significantly differed from vehicle.
While haloperidol increased the average sucrose bout length,
pre-exposure to sucrose reduced this parameter. The pre-
exposed condition was also different from haloperidol
(p<0.01). However, the repeated measures ANOVA for
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average bout length in the RW for the WT mice was not
significant. Figure 3d shows the average bout length for the
two reinforcers in the A2AKO mice. There was a significant
effect on the sucrose bout length (F(2, 14)=3.71, p<0.05),
and planned comparisons revealed that pre-exposure to su-
crose significantly shortened bout length compared to vehicle
and also to haloperidol (p<0.05). As with the WT mice, the
ANOVA for the average bout length in the RW for the A2AKO
mice was not significant.

The total number of RW and sucrose bouts is shown in
Fig. 3e–f. For the WT mice, the repeated measures ANOVA
of the RW bouts under the three conditions was not

significant. However, the number of bouts for sucrose was
statistically significant (F(2, 16)=10.02, p<0.01). Under the
pre-exposed condition, WT mice had fewer bouts than under
vehicle or haloperidol conditions (p<0.01). Similarly, in the
A2AKOmice, although the repeatedmeasures ANOVA for the
number of RW bouts was not significant, the ANOVA for the
sucrose bouts was (F(2, 14)=7.89, p<0.01). Pre-exposed
A2AKO mice differed from both vehicle (p<0.01) and halo-
peridol treatment (p<0.05).

To analyze differences between the three conditions in re-
lation to the proportion of animals making a first choice of RW
versus sucrose, we used a non-parametric chi-squared test for
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goodness of fit comparing every condition (haloperidol or pre-
exposed) with vehicle. Among the WT animals, haloperidol
(0.2 mg/kg) did not change their first choice, but pre-exposing
animals to both reinforcers produced a significant effect (χ2=
15.65, df=1, p<0.01); pre-exposed mice switched from su-
crose to RW as their first choice (Fig. 4a). A similar pattern
was observed among A2AKO mice; haloperidol did not sig-
nificantly affect first choice, but pre-exposure to reinforcers
did (χ2=10.00, df=1, p<0.01) increasing RW selection as
well (Fig. 4b).

Latency to reach their first selected reinforcer is shown in
Fig. 4c, d. The repeated measures ANOVA for the WT mice

yield a significant effect of treatment condition (F(2, 18)=8.20,
p<0.01). Planned comparisons indicated that pre-exposed WT
mice increased latency to select their first choice compared to
when they received vehicle or haloperidol (p<0.01). However,
for the A2AKO mice, there was no significant effect.

Finally, repeated measures ANOVA for time of general
exploration (not directed to any of the reinforces) showed no
significant effect, neither for WT nor for A2AKO mice. Data
are shown in Fig. 4e, f.

Experiment 3: effect of haloperidol on c-Fos immunoreac-
tivity c-Fos immunoreactivity was determined in different
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brain areas (Fig. 5) after vehicle or the highest dose of halo-
peridol inWTand A2AKOmice. A separate two-way factorial
ANOVA was done for each brain region: infralimbic (IL),
prelimbic (PrL), anterior cingulate cortex (ACg), Acb core,
Acb shell, dorsomedial striatum (DMS), and dorsolateral stri-
atum (DLS). The two-way factorial ANOVA yielded signifi-
cant interactions only for the ACg cortex and the Acb core. In
the ACg, there was an effect of haloperidol (F(1, 34)=18.18,
p<0.01), although no effect of strain was shown. However,
the haloperidol dose × strain interaction was significant (F(1,

34)=6.60; p<0.05). Planned comparisons showed significant
differences between haloperidol and vehicle only in WT ani-
mals (p<0.01). The two-way factorial ANOVA for the Acb
core data yielded a similar pattern of results. Although the
mouse strain factor was not significant, there was an effect
of haloperidol (F(1, 33)=13.0, p<0.01) and an interaction
(F(1, 33)=3.93, p<0.05). As seen in the ACg, planned com-
parisons showed significant differences between haloperidol
and vehicle in WT animals (p<0.01) but not in A2AKO mice.
Separate factorial ANOVAs for Acb shell, DMS, and DLS did

IL PrL ACg AcbC AcbSh DMS DLS
0

20

40

60

80

100
WT Veh 

KO Veh 

WT HP 

KO HP 

Veh HP

WT

KO

Veh HP

ACg AcbC

Bregma:    1.94 mm 1.18 mm 0.98 mm

BRAIN AREA

c-
F

o
s 

p
o

si
ti

ve
 c

el
ls

 (
p

er
 m

m
2

) 

**

##
**

##

Fig. 5 Top: effect of Veh or HP
on c-Fos expression in different
prefrontal cortex, Acb, and
striatum areas of WT and A2AKO
mice. Mean (±SEM) number of c-
Fos-positive cells per mm2.
**p<0.01 significantly different
from WT/Veh in the same brain
area; ##p<0.01, significantly
different fromWT/HP in the same
brain area. Middle: diagram of
mice brain coronal sections with
bregma coordinates fromFranklin
and Paxinos 2007, showing
location areas for c-Fos counting.
Bottom: photomicrographs of c-
Fos staining in ACg and Acb core
from representative WT and
A2AKO animals in each treatment
group. Images were taken at 20×,
and scale bar is 250 μm
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not yield significant interactions or effects of strain. However,
the factor haloperidol dose showed significant effects in all the
structures independently of the strain: IL (F(1, 17)=9.73,
p<0.01), PrL (F(1, 17)=19.47, p<0.01), shell (F(1, 33)=
9.85, p<0.05), DMS (F(1, 33)=9.07, p<0.05), and DLS
(F(1, 34)=11.5, p<0.05). Thus, in all areas, there was a clear
effect of haloperidol increasing c-Fos immunoreactivity, but in
ACg and Acb core, this effect was reduced in A2A KO mice.

Discussion

The present studies evaluated the role of DA and adenosine
transmission in regulating the preference for two different
types of natural reinforcers: a highly palatable food reinforcer
versus an activity-based reinforcer (wheel running). For this
purpose, a novel T-maze preference task was developed, in
which animals chose to distribute their time between wheel
running, sucrose intake, or maze exploration. Mice have a
high preference for engaging in physical activities
(Routtenberg 1968), and wheel running has been used as a
reinforcer in rodents; for example, rats will press a lever to
gain access to a RW (Pierce et al. 1986). Sucrose is a highly
preferred substance that induces strong hedonic reactivity in
rodents (Berridge 2000; Levine et al. 2003; Peciña et al. 2003)
and can be used to reinforce instrumental behaviors (Pardo
et al. 2015). When mice were given the choice between these
options, we observed that under control conditions, they spent
about 55 % of the time on the RWand only about 15 % of the
time eating sucrose pellets. While some of the reinforcing
effects of wheel running in the present experiment were prob-
ably due to the immediate effects of running, the aftereffects of
running may also have contributed (Belke and Wagner 2005).
In WT mice, the DA antagonist haloperidol dose dependently
produced a shift on several measures of preference, signifi-
cantly reducing time spent on the RW and increasing latency
to go to the wheel for the first time, while concomitantly
increasing total time spent eating sucrose pellets, as well as
the duration of each bout of sucrose consumption. Despite
these effects, DA D2 antagonism did not change the first
choice (sucrose), did not increase initial latency to reach su-
crose, and did not reduce time spent exploring the T-maze. All
these parameters indicate that the main effect produced by low
doses of haloperidol was to shift choice behavior from RW
activity to sucrose.

This shift in relative preference produced by a D2 antago-
nist, from a reinforcer that involves vigorous physical activity
to a gustatory reinforcer that requires little energy expenditure,
supports the role of Acb DA in behavioral activation but not in
the consumption of food reinforcement (Salamone 1988;
Ikemoto and Panksepp 1996; Peciña et al. 2003; Salamone
and Correa 2002, 2009, 2012; Robbins and Everitt 2007;
Floresco 2015). It has previously been demonstrated that local

blockade of D1 and D2 receptors in Acb in rats suppressed
spontaneous motor activity and shifted the structure of feeding
toward longer bout durations but did not reduce the total
amount of food consumed (Baldo et al. 2002). Acb DA an-
tagonism reduced speed to approach a sucrose solution at the
end of a runway but did not affect sucrose intake (Ikemoto and
Panksepp 1996). Furthermore, increasing DA levels in DAT
knockdown mice reduced latency to reach sweet rewards but
did not affect Bliking^ (Peciña et al. 2003). Although high
doses of DA antagonists such as haloperidol do affect food
intake, evidence indicates that these effects differ from those
of prefeeding to reduce food motivation and are mainly due to
effects of motor parameters such as rate of feeding and food
handling (Salamone et al. 1990). Moreover, these effects ap-
pear to depend upon disruption of DA transmission in the
lateral neostriatum, rather than the nucleus accumbens
(Salamone et al. 1990, 1993; Bakshi and Kelley 1991;
Salamone and Correa 2002).

The intrinsic reinforcing value of voluntary physical activ-
ities such as lever pressing, barrier climbing, or wheel running
is of critical importance for understanding several aspects of
motivation and decision-making (Salamone and Correa 2002,
2012; Hosking et al. 2015). In previous research conducted
under conditions in which sucrose was not concurrently avail-
able, haloperidol was shown to reduce spontaneous wheel
running (Pardo et al. 2013). The effects observed in the pres-
ent work were obtained using a choice procedure, in which
vigorous behavioral activity was not required for the animals
to obtain the sucrose reward, and running in the wheel com-
peted with sucrose consumption. The primary dependent var-
iable that was used to mark choice was time spent in each
activity. Time was selected because it allowed both choices
to be measured by the same units and also because of the
classic behavioral literature demonstrating that time allocation
is a critical measure of relative reinforcement value and re-
sponse choice (Baum and Rachlin 1969). Thus, the present
results suggest that DA antagonism reduces the relative intrin-
sic reinforcing characteristics of wheel running in an empirical
sense, though the processes that underlie this effect (e.g., re-
duced behavioral activation, aversion to running, increased
perceived response costs or fatigue) are not certain.
Inspection of the videotapes did not reveal any gross effects
of haloperidol on gait, such as ataxia or incoordination, and no
animals ever showed problems with paw placement on the
floor of the running wheel, but subtle effects on parameters
such as response slowing cannot be completely ruled out.
Nevertheless, in contrast to the effects on wheel running, hal-
operidol in the dose range tested did not impair the primary
reinforcing characteristics of sucrose, actually increasing the
relative preference for sucrose.

Using our T-maze procedure, sucrose reinforcement can be
devalued by pre-exposure. In experiment 2, pre-exposing the
animals to the reinforcers reduced the percentage of animals
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that chose sucrose as their first choice from 80 to 20 %. It also
reduced time spent eating, number of bouts, and average bout
length. All these changes indicate a relative reduction of su-
crose reinforcement in the devalued condition, a pattern of
effects very different from that produced by haloperidol.
Previous choice studies using different types of food have
demonstrated that DA antagonists or Acb DA depletions do
not produce effects that closely resemble those produced by
prefeeding-induced devaluation or appetite suppressant drugs
(Salamone et al. 1990, 1991; Aberman and Salamone 1999;
Randall et al. 2012; Nunes et al. 2013). In studies using a T-
maze task with different effort-related choices (arm with bar-
rier with high density of food versus arm with no barrier for
low density of food), prefeeding increased the number of
omission trials (no visit to any arm) and produced indifference
for the arm selected in mice, effects that differed from those
produced by haloperidol (Pardo et al. 2012). In the T-maze
barrier test, rats with Acb core DA depletion showed a de-
crease in preference for effortful/large-reward options under
both food restricted and sated conditions (Mai et al. 2012).
Together with the present results, these findings demonstrate
that interference with DA transmission changes motivation by
reducing behavioral activation and exertion of effort rather
than simply reducing appetite (Salamone and Correa 2009,
2012; Mai et al. 2012). However, in the present experiments,
RW pre-exposure did not change most parameters in relation
to the control condition. In fact, mice chose RW as their first
option (Fig. 4a) because they were probably sucrose satiated,
and also, since sucrose was normally their first option, it took
them longer to choose initially where to go (Fig. 4c). This lack
of effect of pre-exposure to RW on any parameter related to
RWactivity could be due to the amount of RWexposure time
used in the pre-exposed condition, to the fact that RW
Bsatiation^ follows a different dynamic than sucrose satiation
(Belke and Pierce 2014), or could also be due to the develop-
ment of running in the wheel as habitual and therefore rela-
tively insensitive to devaluation.

Adenosine A2A receptors are co-localized with DA D2

receptors on medium spiny neurons throughout the striatal
complex; these receptors can form heteromers and con-
verge onto the same signal transduction pathways, having
opposite effects on the adenylyl cyclase-related signal
transduction cascade (Ferré et al. 2004; Santerre et al.
2012; Nunes et al. 2013). Previous studies reported that
adenosine A2A antagonists reverse the effort-related effects
of DA D2 antagonists (Pardo et al. 2012; Santerre et al.
2012). In the present work, A2AKO mice were resistant
to the effects of haloperidol on performance of the T-
maze procedure. While haloperidol redirected behavior in
WT animals away from RW activity and toward the less
demanding reinforcer (sucrose), no effect was seen in
A2AKO mice. Recent data in our laboratory showed that
A2AKO mice were also resistant to the effects of

haloperidol on spontaneous locomotion in the OF and
RW (Pardo et al. 2013) and on effort-based decision-mak-
ing in the T-maze barrier choice task (Pardo et al. 2012).

In order to provide a marker of haloperidol-induced
changes in neural activity, c-Fos immunoreactivity was mea-
sured in different subregions of Acb, striatum, and prefrontal
cortex. Haloperidol increased c-Fos-positive cells in all re-
gions compared to vehicle. However, there was a significant
difference between WT and A2AKO mice in ACg and Acb
core; the lack of A2A receptors appeared to attenuate the
effects of haloperidol on c-Fos expression, which is possibly
a neural marker of the resistance to the behavioral effects of
haloperidol shown by A2AKO animals. The present data on
c-Fos in Acb agree with previous findings on the effects of
haloperidol in A2AKO mice (Pardo et al. 2012), as well as
studies employing A2A antagonists (Santerre et al. 2012;
Farrar et al. 2010; Pinna et al. 1999). Moreover, although
Acb DA is a vital component of the brain circuitry regulat-
ing work output and effort-based choice behavior, and D2/
A2A interactions in Acb are known to be important for
effort-related processes (Farrar et al. 2010; Santerre et al.
2012; Pardo et al. 2012), ACg also plays an important role.
Lesions and DA depletions in the ACg cause rats to shift
their choice behavior from high effort/high reward options to
low effort/low reward alternatives (Schweimer et al. 2005;
Hauber and Sommer 2009), which is similar to the effects of
Acb DA depletions (Salamone et al. 1994). Cell body le-
sions or inactivations of Acb core, as well as combined
contralateral lesions of ACg and Acb core, also were shown
to affect effort-related choice (Hauber and Sommer 2009;
Ghods-Sharifi and Floresco 2010), indicating that effort-
related processes are regulated by an interconnected neural
system that requires serial information transfer between
those two brain areas (Hauber and Sommer 2009; Floresco
et al. 2008a). In humans, prefrontal cortex plays an impor-
tant role in the sensation of fatigue and the perception of
effort during exercise (Berchicci et al. 2013), and willing-
ness to exert effort correlated with increases in striatal and
medial prefrontal cortex DA transmission (Treadway et al.
2012).

A lack of physical activity can contribute to the devel-
opment of depression (Lambert 2006), and exercise in
humans has been suggested as an intervention for the
prevention of disease and the treatment of various meta-
bolic, neurological, or psychiatric symptoms including
obesity and drug abuse (Dishman et al. 2006; Friedman
2009; Smith et al. 2008). Moreover, there is a striking
similarity between brain mechanisms involved in behav-
ioral activation and effort-related processes in rats and
those involved in effort-related motivational symptoms
such as anergia, fatigue, and psychomotor slowing seen
in depressed humans (Salamone et al. 2012). For these
reasons, it is important to identify the neural factors that
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influence the choice to engage in physical activity relative
to other more sedentary rewards.
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