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a b s t r a c t

The mesolimbic dopamine (DA) system plays a critical role in behavioral activation and effort-based
decision-making. DA depletion produces anergia (shifts to low effort options) in animals tested on
effort-based decision-making tasks. Caffeine, the most consumed stimulant in the world, acts as an
adenosine A1/A2A receptor antagonist, and in striatal areas DA D1 and D2 receptors are co-localized with
adenosine A1 and A2A receptors respectively. In the present work, we evaluated the effect of caffeine on
anergia induced by the VMAT-2 inhibitor tetrabenazine (TBZ), which depletes DA. Anergia was evaluated
in a three-chamber T-maze task in which animals can chose between running on a wheel (RW) vs.
sedentary activities such as consuming sucrose or sniffing a neutral odor. TBZ-caffeine interactions in
ventral striatum were evaluated using DARPP-32 phosphorylation patterns as an intracellular marker of
DA-adenosine receptor interaction. In the T-maze, control mice spent more time running and much less
consuming sucrose or sniffing. TBZ (4.0mg/kg) reduced ventral striatal DA tissue levels as measured by
HPLC, and also shifted preferences in the T-maze, reducing selection of the reinforcer that involved
vigorous activity (RW), but increasing consumption of a reinforcer that required little effort (sucrose), at
doses that had no effect on independent measures of appetite or locomotion in a RW. Caffeine at doses
that had no effect on their own reversed the effects of TBZ on T-maze performance, and also suppressed
TBZ-induced pDARPP-32(Thr34) expression as measured by western blot, suggesting a role for D2-A2A

interactions. These results support the idea that DA depletion produces anergia, but does not affect the
primary motivational effects of sucrose. Caffeine, possibly by acting on A2A receptors in ventral striatum,
reversed the DA depletion effects. It is possible that caffeine, like selective adenosine A2A antagonists,
could have some therapeutic benefit for treating effort-related symptoms.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Motivated behavior is directed towards or away from particular
stimuli, but it also is characterized by a high degree of activity,
pus de Riu Sec, Universitat

rsity of Cambridge, Downing
effort, vigor, and persistence (Salamone and Correa, 2002, 2012).
These activational aspects of motivation are highly adaptive,
because they enable organisms to overcome the work-related ob-
stacles that separate them from significant stimuli (Correa et al.,
2002; Salamone and Correa, 2012). Activation-related dysfunc-
tions, such as anergia, and fatigue, are an important and debili-
tating set of symptoms seen in major depression, Parkinson disease
(PD), schizophrenia and other pathologies (Caligiuri and Ellwanger,
2000; Demyttenaere et al., 2005; Kluger, 2017; Salamone and
Correa, 2012; T�ellez et al., 2005; Tylee et al., 1999) Thus, it has
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been demonstrated that early Parkinsonian patients have subjec-
tive reports of lack of energy (Kluger, 2017; Nomoto et al., 2014),
and reduced selection of high-effort activities (Elbers et al., 2009),
and people with depression show a decrease in selection of high
effort/high reward options when compared with healthy controls
(Treadway et al., 2012).

Several lines of evidence have identified dopamine (DA),
particularly in nucleus accumbens (Nacb), as a critical component
of the brain circuitry regulating behavioral activation and effort-
related processes (Mai et al., 2012; Salamone and Correa, 2002,
2012). Interference with DA transmission can affect allocation of
effort on tasks that assess effort-based choice behavior, biasing
individuals towards lower effort alternatives (Floresco et al., 2008;
Hauber and Sommer, 2009; Salamone, 2007). In these tasks ani-
mals have the option of vigorously working (lever pressing or
climbing a barrier) to get access to preferred reinforcers versus
approaching and consuming a less preferred food or sucrose solu-
tion that requires less effort to obtain (Cousins et al., 1994; Mott
et al., 2009; Pardo et al., 2012, 2015; Randall et al., 2012;
Salamone et al., 1991, 2002; Yohn et al., 2015). The catecholamine
depleting agent and vesicular transport inhibitor (VMAT-2) tetra-
benazine (TBZ) used to treat Huntington's disease patients, has
demonstrated to deplete monoamines, with its greatest impact
being upon striatal DA (Nunes et al., 2013; Pettibone et al., 1984;
Tanra et al., 1995). TBZ's main side effects include fatigue, Parkin-
sonism, and depression (Frank, 2010; Guay, 2010). TBZ also has
been demonstrated to induce shifts in behavior towards low effort/
low reward options in effort-based decision-making tasks in ro-
dents (Nunes et al., 2013; Pardo et al., 2015; Yohn et al., 2015, 2016a,
2016b, 2016d).

In addition to DA, the neuromodulator adenosine appears to be
involved in the regulation of the activational component of moti-
vated behaviors (Pereira et al., 2011; Salamone and Correa, 2009).
DA and adenosine receptors are co-localized on the same striatal
neurons (D2-A2A and D1-A1), and they converge onto the same
signal transduction pathways, having opposite effects on the ade-
nylyl cyclase-related signal transduction cascade (Ferr�e et al.,
2004). Striatal areas such as neostriatum and Nacb are very rich
in these types of adenosine receptors (DeMet and Chicz-DeMet,
2002; Ferr�e et al., 2004, 2008). Thus, adenosine antagonists are
being proposed as therapeutic agents to counteract symptoms
induced by DA dysfunctions (Jenner, 2014). In human patients with
PD, istradefylline (a A2A antagonist) has been demonstrated to
reduce feelings of fatigue, depression and listlessness (Nomoto
et al., 2014; Prediger, 2010). Thus far, istradefylline is the only
adenosine A2A antagonist that is approved for clinical use, and it is
available in Japan. Caffeine is a natural methylxantine that acts
mainly as a non-selective adenosine A1 and A2A receptor antagonist
(Fredholm et al., 1999). In humans, caffeine has been shown to
increase subjectively reported energy, and motivation to work, and
to reduce fatigue and improve psychomotor performance
(Fredholm et al., 1999; Johnson et al., 1990; Lieberman, 2001, 2001;
Prediger, 2010; Rees et al., 1999; Smith et al., 1992,1997). It has been
argued that themost powerful therapeutic effects of caffeine would
be expected in situations of high fatigue (Doan et al., 2006; Weiss
and Laties, 1962).

The present studies investigated the impact of TBZ, caffeine and
their combination on a novel T-maze task developed to assess
preferences between active versus sedentary sources of reinforce-
ment (adapted from Correa et al., 2016). This T-maze task does not
involve barrier climbing or lever pressing in order to gain access to
a reinforcer, as previous tasks developed in our laboratory (Pardo
et al., 2012, 2015; Nunes et al., 2013; Yohn et al., 2015), but
instead offers the choice to freely engage in wheel running, or to
consume palatable pellets containing 50% sucrose or, as a third
alternative, to sniff into a hole with a neutral non-social odor. The
purpose of this test was to study changes in preferences (as
measured by time interacting with the stimuli) based on the degree
of behavioral activation that they require. This task has two major
advantages versus operant tasks for food: animals do not have to be
food deprived in order to consume the low activity reinforcer, and
foods high in sucrose are highly preferred, and induce strong he-
donic reactivity in rodents (Berridge, 2000; Levine et al., 2003). In
addition, since mice have a high preference for engaging in physical
activities (Routtenberg, 1968; Correa et al., 2016), the present task
offers a good test for the evaluation of the neural mechanisms
involved in the decision-making processes that establish sponta-
neous preferences for active and vigorous behaviors. In addition,
we evaluated the impact of TBZ and caffeine on appetite or
voluntary locomotion in independent groups of animals that were
not in a choice situation and only had access to pellets or to a RW.
Striatal levels of DA after TBZ administration were evaluated, and
markers of D1-A1 or D2-A2A receptor activity (phosphorylated forms
of DARPP-32; pDARPP-32(Thr34) and (Thr75)) were quantified by
western blot after these manipulations.

2. Methods

2.1. Subjects

CD1 adult male mice (N¼ 119) purchased from Janvier, France
S.A. were 15e17 weeks old (30e45 g) at the beginning of the study.
Micewere housed in groups of three or four per cage, with standard
laboratory rodent chow and tap water available ad libitum. The
colony was kept at a temperature of 22þ2 �C with lights on from
08:00 to 20:00 h. All animals were under a protocol approved by
the Institutional Animal Care and Use committee of Universitat
Jaume I. All experimental procedures complied with directive 2010/
63/EU of the European Parliament and of the Council, and with the
“Guidelines for the Care and Use of Mammals in Neuroscience and
Behavioral Research”, National Research Council 2003, USA. All
efforts were made to minimize animal suffering, and to reduce the
number of animals used.

2.2. Drugs

Tetrabenazine (TBZ) [(R,R)-3-Isobutyl-9,10-dimethoxy-
1,3,4,6,7,11b-hexahydro- pyrido[2,1-a]isoquinolin-2-one] (CIMYT
Quimica SL, Spain), was dissolved in a 20% dimethylsulfoxide
(DMSO) solutionmixedwith saline and pH adjusted with 1 N HCl to
bring the final solution to pH 5.5. DMSO (20%v/v) was used as
vehicle control. TBZ was administered 120min before testing.
Caffeine (Sigma-Aldrich, Spain) was dissolved in 0.9% w/v saline.
Saline solution was used as its vehicle control. Caffeine was
administrated 30min before test. All solutions were administered
intraperitoneally (IP).

2.3. Behavioral and biochemical procedures

2.3.1. T-maze RW-sucrose-odor choice task
The T-maze apparatus consisted of a central area that lead to 3

arms (based on (Correa et al., 2016)). In one of the arms there were
sweet pellets (TestDietTM, 50% sucrose, 45mg each) available, in
another arm there was a RW, and in the third arm there was a hole
with a cotton ball soaked with a neutral non-social odor (L�opez-
Cruz et al., 2017). Training as well as test sessions lasted 15min.
Mice were trained 5 days a week. Training phase 1: to avoid neo-
phobia to the sweet tasting pellets, animals were enclosed in that
arm with the food during 5 sessions. Training phase 2: during 2
more weeks animals were exposed, one 15min session a day to the
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T-maze with free access to the three stimuli. Test phase: This phase
lasted during 4 more weeks. For each week there were 4 baseline
sessions plus a testing session in which animals received drug in-
jections. Sessions were videotaped and a trained observer unaware
of the drug condition register manually accumulated time spent
running in the RW, consuming the sucrose pellets, or sniffing the
hole. Crosses into the arms and time spent in the arms of the T-
maze were simultaneously recorded. All these measures were
taken based on previous studies (Correa et al., 2016). Time was
selected as the main dependent measure because it allowed for the
evaluation of the three stimuli with the same units. Time allocation
is a useful measure of preference, relative reinforcement value, and
response choice (Baum and Rachlin, 1969). Testing sessions started
two hours after light period onset. The behavioral test room was
illuminated with a soft light, and external noise was attenuated.

2.3.2. Free intake of sweet pellets
Independent groups of mice were used in these experiments.

Mice were individually placed in testing chambers
(32� 15� 13 cm) identical to their home cages, during a 30min
session per day, 5 days/week. The testing chambers contained a
glass plate with 30 pellets (45mg each, with a 50% sucrose
composition). At the end of the session, mice were immediately
removed from the chamber, returned to their respective home
cages, and number of pellets consumed was determined. Each an-
imal was exposed to this procedure for 4 weeks before testing
started.

2.3.3. Spontaneous locomotion in a RW
The automated RW (Ugo Basile) consisted of a cage

(32� 15� 13 cm) with awheel (11 cm in diameter) inserted on top.
New groups of mice were used to assess locomotion in the RW.
Locomotor activity was registered by an electrical counter con-
nected to the wheel. A completed turn of the wheel was registered
as 4 counts. Animals placed in the cage had free access to thewheel.
Animals were trained during 3 weeks to achieve a stable baseline of
locomotion (30min sessions per day).

2.3.4. High performance liquid chromatography (HPLC) for DA level
determination

Brain samples were extracted 120min after TBZ administration.
Mice were anesthetized with carbon dioxide for 30 s and decapi-
tated. Brains were quickly removed and frozen on a Leitz Wetzlar
microtome. Coronal sections 750 mm thick were cut through the
striatum. A 16-gauge stainless-steel tube was used to dissect
bilateral cylindrical samples from the ventral striatum. These tissue
samples were then placed in 200 ml of 0.1 N perchloric acid, and
then homogenized, centrifuged, and frozen. The supernatant was
subsequently analyzed for DA content using HPLC with electro-
chemical detection (ESA Coulochem II system), using methods that
have been published previously for both microdialysis and tissue
assay studies (detection into the low picogram range; Nunes et al.,
2013). The electrochemical parameters were as follows: channel
1 ¼ � 100 mV, channel 2 ¼ þ200 mV, and guard cell ¼ þ350 mV.
Each liter of mobile phase contained 27.6 g sodium phosphate
monobasic, 8.0% of methanol 750 ml of 0.1M EDTA, and 2875 ml of
0.4M sodium octyl sulfate dissolved in deionized ultrapure H2O
with a final pH of 4.5. The flow rate was 1.0ml/min.

2.3.5. Western blotting
Striatal tissue samples were homogenized in ice-cold lysis

buffer (130mM NaCl, 20mM Tris-HCl at pH 8.0, and 1% Nonidet
P40), containing protease inhibitors (10 mg/ml of aprotinin, 20 mg/
ml of leupetine, and 1mM PMSF) as well as phosphatase inhibitors
(10mM NaF, 1mM sodium orthovanadate), and 10mM DTT.
Homogenates were centrifuged at 13,000 rpm for 15min at 4 �C.
Aliquots of supernatants were collected and used for Bradford
quantification of total protein, and others stored at �80 �C until
analyses. Every sample was boiled for 3min for protein denatur-
ation. Equal amounts (30 mg) of striatum protein samples were
separated by 12.5% SDS-PAGE and transferred to nitrocellulose
membrane (Bio-rad) for 90min at 30 V. Filtering membranes were
saturated in 5% Bovine Serum Albumin (BSA) in TBS-T (Tris Base
200mM and 5M NaCl) containing 0.1% Tween 20 (TBS-T buffer),
and then incubated overnight at 4 �C with polyclonal rabbit anti-
DARPP32 antibody (1:1000, Cell Signalling), or anti-DARPP32-
Thr75 (1:500, Cell Signalling) or anti-DARPP32-Thr34 (1:500, Cell
Signalling). Membranes were probed with anti-Actin monoclonal
antibody (1:500; Abcam) as an internal standard for protein
quantification. After rinses with TBS-T buffer, membranes were
incubated with goat anti-rabbit IG secondary antibody coupled to
HRP (1:20,000, Santa Cruz Biotechnology) during 1 h, and devel-
oped by enhanced chemiluminescence system (1:40; ThermoFisher
Scientific). The membranes were exposed to Curix RP2 Plus X-Ray
film (Agfa). The relative densities of bands were analyzed using
ImageJ software. Every sample was replicated at least twice to
ensure the reproducibility of the method.

2.4. Experiments

Behavioral experiments used a within-groups design, in which
each mouse received all treatments once per week over consecu-
tiveweeks. No dose sequencewas repeated across different animals
in any of the experiments. Experiments performed with the higher
doses of TBZ and caffeine (Exps. 2 to 4) were temporally performed
before. Based on those behavioral and biochemical results we
selected doses for the T-maze experiments, selecting doses that did
not affect RW performance or appetite on their own.

2.4.1. Experiment 1. Impact of TBZ, caffeine and their combination
on preference between concurrently available reinforcers in the T-
maze
2.4.1.1. Experiment 1.1. Effect of TBZ on T-maze preferences.
Mice (N¼ 9) received vehicle or TBZ (1.0, 2.0 and 4.0mg/kg)
120min before the test. Since significant effects were observed
after injections of 4.0mg/kg TBZ in both time in RW and time
eating, this dose was selected for the interaction study (Experiment
1.3).

2.4.1.2. Experiment 1.2. Effect of caffeine on T-maze preferences.
A different group of mice (N¼ 9) was injected with caffeine (1.25,
2.5 and 5.0mg/kg) or saline 30min before test started.

2.4.1.3. Experiment 1.3. Reversal of TBZ induced effects in the T-maze
by different doses of caffeine. After being trained as described
above, mice (N¼ 8) received two injections: DMSO plus saline, TBZ
(4.0mg/kg) plus saline, and TBZ (4.0mg/kg) plus caffeine (1.25, 2.5
and 5.0mg/kg). TBZ was injected 120min before test started, while
caffeine was injected 30min before test.

2.4.2. Experiment 2. Impact of TBZ, caffeine and their combination
on independent tests of sweet pellets consumption or locomotion in
the RW
2.4.2.1. Experiment 2.1. Effect of caffeine and TBZ on pellets con-
sumption. Mice (N¼ 8) were exposed to sucrose pellets daily dur-
ing 6 weeks (30min session). When the animals reached a stable
level of intake, they were injected with TBZ at doses of 2.0, 4.0 and
8.0mg/kg or DMSO 120min before test. Another group of mice
(N¼ 9) was injected with caffeine at doses of 1.25, 2.5, 5.0 and 10.0
or saline 30min before the intake test.
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2.4.2.2. Experiment 2.2. Effect of caffeine and TBZ on locomotion in
the RW. After RW training, mice (N¼ 9) received TBZ (1.0, 2.0, and
4.0mg/kg) or DMSO 120min before the locomotion test. A second
group of mice (N¼ 10) received injections of caffeine (2.5, 5.0 and
10.0mg/kg) or saline 30min before testing. A third group of mice
(N¼ 9) received a combination of treatments: DMSO plus saline or
TBZ (8.0mg/kg) plus saline or TBZ (8.0mg/kg) plus caffeine (2.5, 5.0
and 10.0mg/kg). Caffeine or saline vehicle was injected 30min
before the RW test while TBZ or DMSO vehicle were administered
120min before the test began.

2.4.3. Experiment 3. Effect of TBZ on DA tissue levels in striatum
Mice (N¼ 8 per condition) were injected with DMSO or TBZ (4.0

or 8.0mg/kg). The striatum was extracted 120min after drug
administration. Samples were processed and analyzed with HPLC
in order to quantify DA tissue levels.

2.4.4. Experiment 4. Effect of TBZ and caffeine co-administration on
DARPP-32, pDARPP-32(Thr75) and pDARPP-32(Thr34) levels in
striatum

Mice (N¼ 6e8 per condition) were injected with DMSO plus
saline or TBZ (8mg/kg) plus saline or with TBZ (8mg/kg) plus
caffeine (10.0mg/kg) before brain extraction. Striatum samples
were analyzed by western blotting for DARPP-32, pDARPP-
32(Thr75) and pDARPP-32(Thr34).

2.5. Statistical analyses

All the behavioral experiments followed a within-subjects
design, and were analyzed with repeated measures analysis of
variance (ANOVA). Behavioral data on the interaction between TBZ
and caffeine were analyzed using a two way-factorial ANOVA.
When the overall ANOVA was significant, non-orthogonal planned
comparisons using the overall error term were used to compare
each treatment with the vehicle control group (Keppel, 1991). For
these comparisons, a level was kept at 0.05 because the number of
comparisons was restricted to the number of treatments minus
one. Biochemical studies were analyzed with one-way ANOVA. All
data were expressed as mean± SEM, and significance was set at
p< 0.05. STATISTICA 7 software was used for statistical analyses of
the data.

3. Results

3.1. Experiment 1. Impact of TBZ, caffeine and their combination on
preference between concurrently available reinforcing activities in
the T-maze

3.1.1. Experiment 1.1. Effect of TBZ on T-maze preference
Repeated measures ANOVA revealed an overall effect of TBZ

dose on time spent running in the RW (F(3,24)¼ 6.83, p< 0.01), and
time spent eating (F(3,24)¼ 2.94, p< 0.05), but no significant effect
on time sniffing the neutral odor (F(3,24)¼ 1.43, n.s.) (Fig. 1AeC).
Planned comparisons showed a significant decrement in time
running in the RW after TBZ injection at doses of 2.0 and 4.0mg/kg
compared with the vehicle group (p< 0.01). There was also a sig-
nificant increase in time spent eating after the highest dose of TBZ
(4.0mg/kg) compared with the vehicle condition (p< 0.01) (Fig. 1A
and B). The repeated measures ANOVA did not yield a significant
effect of TBZ on total crosses as a measure of locomotion
(F(3,24)¼ 0.52, n.s.) (Fig. 1D). Thus none of these doses of TBZ
produced impairments in locomotion.

3.1.2. Experiment 1.2. Effect of caffeine on T-maze preference
Repeated measures ANOVA for caffeine treatment showed no
significant effects in any of the 3 variables: time running in the RW
(F(3,24)¼ 0.18, n.s.), time spent eating (F(3,24)¼ 0.92, n.s.) and
time sniffing the neutral odor (F(3,24)¼ 0.81, n.s.) (Fig. 2AeC).
There was not an effect of caffeine on total crosses (F(3,24)¼ 0.10,
n.s.) either (Fig. 2D).

3.1.3. Experiment 1.3. Reversal of TBZ-induced effects in the T-maze
by caffeine

Repeated measures ANOVA showed an overall effect of treat-
ment on time running in the RW (F(4,28)¼ 4.57, p< 0.01) and on
time eating (F(4,28)¼ 3,63, p< 0.05), but not on time sniffing
(F(4,28)¼ 0.71, n.s.) (Fig. 3AeC). Planned comparisons revealed a
significant decrease in time running in the RWafter administration
of TBZ/VEH compared with control condition (VEH/VEH) (p< 0.01),
and this decrement was reversed by the two highest doses of
caffeine that were co-administered with TBZ (2.5mg/kg, p< 0.05,
and 5.0mg/kg, p< 0.01, different from TBZ/VEH) (Fig. 3A). Planned
comparisons revealed that TBZ/VEH administration increased the
time spent eating compared with control group (VEH/VEH)
(p< 0.05). This increase was reversed by the co-administration of
caffeine at all doses (1.25, 5.0mg/kg p< 0.01 and 2.5mg/kg,
p< 0.05) (Fig. 3B). Repeated measures ANOVA did not reveal an
effect of treatment on total crosses between compartments
(F(4,28)¼ 0.51, n.s.) (Fig. 3D).

3.2. Experiment 2. Impact of TBZ, caffeine and their combination on
independent tests of sucrose consumption and locomotion in the RW

3.2.1. Experiment 2.1. Effect of TBZ and caffeine on sucrose
consumption

Repeated measures ANOVAs did not show significant overall
effects of treatment with TBZ (0, 1.0, 2.0 and 4.0mg/kg) or caffeine
(0.0, 1.25, 2.5 and 5.0mg/kg) on total intake of sweet pellets. Thus
the ANOVAs for TBZ (F(3,24)¼ 2.38, n.s.), and for caffeine
(F(3,21)¼ 1.33, n.s.) did not yield significant effects, indicating that
they had no effect on pellet consumption when there was no
alternative reinforcer (see Fig. 4A and B).

3.2.2. Experiment 2.2. Effect of TBZ and caffeine on locomotion in
the RW

Repeated measures ANOVA indicated a significant effect of TBZ
treatment (F(3,24)¼ 7.44, p< 0.01) on locomotion (Fig. 5A). Plan-
ned comparisons revealed that TBZ at the highest dose used in the
present experiment (8.0mg/kg) significantly decreased locomotion
compared with the vehicle group (p< 0.01). However, the repeated
measures ANOVA did not reveal a significant effect of caffeine
treatment (F(3,27)¼ 1.44; n.s) on locomotion in the RW, even at
higher doses (Fig. 5B). In the third experiment the highest dose of
TBZ that had suppressed locomotion (8.o mg/kg) was used to study
the potential of caffeine to reverse TBZ-induced locomotor sup-
pression. Repeated measures ANOVA across conditions (VEH/VEH,
TBZ/VEH, TBZ-Caffeine 2.5, 5.0 or 10.0mg/kg) yielded a significant
effect on RW locomotion (F(4,32)¼ 3.44, p< 0.01). Planned com-
parisons indicated that TBZ (8.0mg/kg) suppressed locomotion
compared to control group (VEH/VEH) (p< 0.01). All doses of
caffeine (2.5, 5.0 and 10.0mg/kg) reversed the locomotor sup-
pression induced by 8.0mg/kg TBZ. Thus, TBZ/VEH was signifi-
cantly different from all the TBZ plus caffeine conditions (2.5,
5.0mg/kg, p< 0.05, and 10.0mg/kg, p< 0.01) (Fig. 5C).

3.3. Experiment 3. Effect of TBZ on DA tissue levels in striatum

The one way between-groups ANOVA revealed an overall sig-
nificant effect of treatment on DA tissue levels in the striatum
(F(2,28)¼ 5.16, p< 0.05). Planned comparisons revealed a



Fig. 1. Effect of TBZ in the 3-choice T-maze task. Data are expressed as mean (±SEM) of time (seconds) spent interacting with each stimuli (AeC) or number of crosses between the
compartments where the stimuli were located (D), during a 15min session. (A) Time with RW, (B) time eating (C) time sniffing the non-social odor, and (D) number of crosses
between the 3 compartments. **p < 0.01 significantly different from vehicle.

Fig. 2. Effect of caffeine in the 3-choice T-maze task. Data are expressed as mean (±SEM) of time (seconds) spent interacting with each stimuli (AeC) or number of crosses between
the compartments where the stimuli were located (D), during a 15min session. (A) Time with RW, (B) time eating (C) time sniffing the non-social odor, and (D) number of crosses
between the 3 compartments.

L. L�opez-Cruz et al. / Neuropharmacology 138 (2018) 349e359 353
significant reduction in DA tissue levels after administration of TBZ
at doses of 4.0 and 8.0mg/kg compared with control group
(p< 0.05 and p< 0.01, respectively) (Fig. 6).
3.4. Experiment 4. Effect of TBZ and caffeine coadministration on
DARPP-32, pDARPP-32(Thr75) and pDARPP-32(Thr34) levels in
striatum

One way ANOVA showed an overall effect of treatment on



Fig. 3. Effect of TBZ plus caffeine in the 3-choice T-maze task. Data are expressed as mean (±SEM) of time (seconds) spent interacting with each stimuli (AeC) or number of crosses
between the compartments where the stimuli were located (D), during a 15min session. (A) Time with RW, (B) time eating (C) time sniffing the non-social odor, and (D) number of
crosses between the 3 compartments. **p < 0.01, *p < 0.05 significantly different from VEH-VEH. ##p < 0.01, #p < 0.05 significantly different from TBZ-VEH.

Fig. 4. Effect of TBZ (A) and caffeine (B) on sucrose pellets consumption. Data are expressed as mean (±SEM) of number of pellets consumed during 30min.
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DARPP-32 levels (F(2,19)¼ 3.70, p< 0.05). Planned comparisons
showed a significant increase of DARPP-32 in the TBZ plus saline
treated group compared with control group (p< 0.05) and with the
TBZ plus caffeine group (p< 0.05) (Fig. 7A). A one way ANOVA for
pDAPPP-32(Thr75) levels did not show an overall effect of treat-
ment on this marker (F(2,13)¼ 2.28, p¼ 0.14) although a non-
statistically significant increment was observed after TBZ treat-
ment (Fig. 7B). Finally, the one way ANOVA revealed a significant
effect of treatment on pDARPP-32 (Tr34) (F(2,10)¼ 43.9, p< 0.01).
Planned comparisons showed a significant increase of this marker
after TBZ treatment (p< 0.05) compared to control, and compared
to the group that also received caffeine (p< 0.05), indicating a
reversal of TBZ effects by caffeine (Fig. 7C).
4. Discussion

The present study assessed the impact of the VMAT-2 inhibitor
TBZ on the choice between voluntary engagement in vigorous and
highly preferred physical activity vs. other sources of reinforcement
that could be obtained with little effort, such as sucrose con-
sumption. TBZ was administered at doses that were shown to
reduce tissue levels of DA in ventral striatum. In the first experi-
ment, mice were evaluated in a T-maze in which they could freely
distribute their time between running on a RW or consuming or
exploring other stimuli that require minimal behavioral activation
(sweet pellets or non-social odor). Under basal conditions, mice
spent most of the time running (60%), and much less time eating
(2%) or sniffing the neutral odor (0.1%). Consistent with this finding,
previous studies have demonstrated that running has a high



Fig. 5. Effect of TBZ (A), caffeine (B) and their combination (C) on locomotion in the RW. The dose of TBZ used in C was 8 mg/kg. Data are expressed as mean (±SEM) of counts in the
RW during 30 min **p < 0.01 significantly different from vehicle. ##p < 0.01, #p < 0.05 significantly different from TBZ-VEH.

Fig. 6. Upper part: Diagram of coronal sections with bregma coordinates showing
location of the brain area for tissue assays taken from Franklin and Paxinos. Lower
part: Effect of TBZ (4 or 8 mg/kg) on DA levels in ventral striatum. Data are expressed
as mean (±SEM) of ng per mg of DA in tissue. **p < 0.01, *p < 0.05 significantly
different from vehicle.
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motivational value, since animals work to unlock a wheel (Belke
et al., 2005; Collier et al., 1990), to turn on a motorized wheel
(Kavanau, 1967) or to gain access to areas containing a wheel
(Sherwin and Nicol, 1996; Sherwin, 1998). In addition, wheel
running, as well as the after effect or running, can be used as the
motivational stimulus for the establishment of conditioned place
preference (CPP) (Lett et al., 2002; Trost and Hauber, 2014). The T-
maze RW task has been demonstrated to be under motivational
control, since devaluation of the sweet pellets by pre-exposing the
animals to them during 24 h reduced time spent eating, a result
that was very different to the effect of DA receptor antagonism
(Correa et al., 2016) or DA depletion. Time in the RW is more
resistant to devaluation. Although in previous results (Correa et al.,
2016) pre-exposure to RW during 24 h did not change time in the
RW, in recent experiments we have demonstrated that adding
resistance to the RW to make it more effortful reduces time in the
RW (data presented at SFN2017 Correa et al., 2017).

After TBZ administration (4.0mg/kg) choice behavior was
altered; time spent running was reduced, but time consuming su-
crose was actually increased, which demonstrates a shift to a low
effort option. No changes were observed in time sniffing the neutral
odor. The dose of 2.0mg/kg TBZ produced a reduction on time in
RW, but not a compensatory shift in time eating, perhaps because of
a lack of statistical power due to a low number of animals. In a
previous publication (Correa et al., 2016), the lack of parallelism in
the impact of DA antagonism on both variables was also observed;
in that case the second highest dose of a DA antagonist produced a
significant increase in time eating, but not a reduction of time
running. In addition, in the present paper, although the results
were not statistically significant, it seems clear that the tendency
for both doses of TBZ, was to increase latency to reach the RW
(vehicle 11.8± 0.8, 2TBZ 40.1± 16.9, and 4TBZ 30.0± 14.6 s), and to
reduce time to reach the food for the first time (vehicle
514.2± 103.6, 2TBZ 241.5± 72.2, and 4TBZ 255.2± 63.0), indicating



Fig. 7. Upper part: Diagram showing effect of DA depletion on DARPP-32 phosphorylation patterns. Middle part: Effect of TBZ-caffeine interaction on DA-related markers of signal
transduction. The doses used were: TBZ 8.0mg/kg and caffeine 10mg/kg. Data are expressed as mean (±SEM) of density units of DARPP-32 (A), pDARPP-32(Thr75) (B) and pDARPP-
32(Thr34) (C). **p < 0.01, *p < 0.05 significant differences from VEH-VEH. ##p < 0.01, #p < 0.05 significant differences from TBZ-VEH group. Lower part: Representative western blot
showing two bands corresponding to actin (molecular weight of 42 kDa), and DARPP32 (A), pDARPP32(Thr75) (B) or pDARPP32(Thr34) (C) (all of them with a molecular weight of
32 kDa). Each line contains 30 mg of total protein from ventral striatum homogenates.
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also a tendency towards a shift in response allocation.
Thus, this set of results is consistent with previous studies in a

similar two-options T-maze, inwhich the D2 antagonist haloperidol
shifted relative preference from RW to sucrose pellets in mice
(Correa et al., 2016). Haloperidol has previously been demonstrated
to shift behavior in mice towards low effort alternatives in a T-maze
barrier task in which animals have to climb a barrier in order to get
a higher quantity of food in every trial (Pardo et al., 2012). TBZ was
previously shown to reduce selection of high effort/high reward
options in rats, using effort-based decision-making paradigms such
as the T-maze barrier task (Yohn et al., 2015), operant tasks with
concurrent lever pressing for preferred highly palatable food versus
free feeding standard chow (Nunes et al., 2013; Yohn et al., 2016b,
2016c, 2016d), or lever pressing for high concentrations of sucrose
versus free access to low sucrose concentrations (Pardo et al., 2015).
Furthermore, TBZ also has been shown to have these effects when
injected into Nacb core, reducing lever pressing for the palatable
food and increasing chow intake (Nunes et al., 2013). However, free
consumption of foods or sweet solutions, preferences between
different types or amounts of foods, or facial expressions that
reflect hedonic reactivity after sucrose intake, were not affected in
rats after TBZ administration (Nunes et al., 2013; Pardo et al., 2015;
Yohn et al., 2015), demonstrating that DA depletion does not simply
affect primary food motivation. Similarly, in the present results
from experiment 2.1, even higher doses of TBZ than the ones used
in the present T-maze test did not change sucrose consumption
when animals had no alternative option present during the testing
session. Thus, as previously demonstrated in rats, DA depletion
with TBZ does not affect primary motivation for food or sucrose
when little work is involved (under free access conditions in
operant boxes, see Nunes et al., 2013; Pardo et al., 2015). In rats
evaluated in a T-maze with a barrier in the arm that allow to obtain
a high density of food, TBZ reduced selection of the high density-
arm only when the barrier was present but not when there was
no barrier in either arm, or when the high density-arm had a bar-
rier but in the open arm there was no food (Yohn et al., 2015).

Furthermore, although the after effect of running can contribute
to the establishment of emotional Pavlovian memories, as seen by
the development of CPP, this after effect is not DA-dependent (Trost
and Hauber, 2014), and it does not seem to be playing a role in the
present results, since mice did not change the amount of time that
they spent in the RW compartment (data not shown) even after the
administration of doses of TBZ that reduced time spent running on
thewheel. It is also important to emphasize that the present results
are not merely due to motor incapacity, because the higher dose of
TBZ used in the T-maze (4.0mg/kg) did not impair voluntary
locomotion in a RW when there was no other reinforcer available
(experiment 2.2).

The non-selective adenosine antagonist caffeine when admin-
istered alone did not change the relative preference of mice in this
T-maze test, even when given at high doses (up to 10.0mg/kg).
However, caffeine (2.5 and 5.0mg/kg) was able to reverse the
change in relative preference induced by TBZ (4.0mg/kg), shifting
preferences by increasing time in the RW and decreasing time
spent eating sucrose in TBZ-treated animals. Furthermore, caffeine
(1.25e10mg/kg) reversed the suppression of RW locomotion
induced by a high dose of TBZ (8.0mg/kg) that also significantly
reduced DA tissue levels. Consistent with the present results, pre-
vious studies showed a similar interaction between DA antagonists
or depletions and adenosine receptor antagonism or deletion
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(Correa et al., 2016; Farrar et al., 2007; Mott et al., 2009; Worden
et al., 2009; Yohn et al., 2015). Thus, A2A KO mice were resistant
to the effects of the D2 antagonist haloperidol in the two-option T-
maze paradigm (Correa et al., 2016). A2A KO mice did not shift time
allocation from RW towards sucrose after haloperidol administra-
tion, as did the wild type mice (Correa et al., 2016). These KO mice
were also resistant to the effect of haloperidol in a simple RW
(Pardo et al., 2013), and in the T-maze barrier choice task (Pardo
et al., 2012). In addition, theophylline, which is another methyl-
xantine, was able to palliate the anergia-like effect induced by
haloperidol in the T-maze barrier task inmice (Pardo et al., 2012). In
rats, the selective adenosine A2A antagonist MSX-3 was shown to
reverse the effects of the D2 antagonist haloperidol and TBZ in
several different types of effort-based decision making paradigms
(Farrar et al., 2007; Nunes et al., 2013; Pereira et al., 2011; Yohn
et al., 2015).

TBZ significantly increased postsynaptic intracellular markers
related to DA signalling, including DARPP-32 and one of its phos-
phorylated forms, pDARPP-32(Thr34). These TBZ-induced increases
in markers of DA-related signal transduction were significantly
reversed by caffeine. In contrast, the induction of pDARPP-
32(Thr75) expression by TBZ did not reach significance. These re-
sults suggest that there is a substantial action of TBZ on neurons
containing D2 receptors (Nunes et al., 2013). DA D2 and adenosine
A2A receptors are co-localized on enkephalin-containing medium
spiny neurons (MSNs), while D1 and A1 receptors are co-localized
on substance P-containing MSNs (Ferr�e et al., 2004, 2008). D2 and
A2A receptors are capable of forming heteromers, and also converge
onto the same signal transduction mechanisms, having opposite
effects on intracellular signalling cascades (Ferr�e, 2008; Fuxe et al.,
2003). Reductions in D2 receptor transmission have been shown to
increase expression of pDARPP-32(Thr34) (Bateup et al., 2008;
Bonito-Oliva et al., 2011; Nunes et al., 2013; Santerre et al., 2012;
Svenningsson et al., 2000; Yger and Girault, 2011). Previous studies
in rats using immunohistochemical techniques have demonstrated
that TBZ increased both phosphorylated forms of DARPP-32 (-Thr75
and -Thr34) in Nacb shell and core, but in different populations of
neurons (Nunes et al., 2013). Adenosine antagonists acting on A1 or
A2A receptors generally produce opposite effects to TBZ on these
markers (Svenningsson et al., 2000). Thus, it has been demon-
strated that the selective A2A receptor antagonist MSX3 reduced the
increase of pDARPP-32(Thr34) induced by TBZ in enkephalin-
positive neurons that also contain D2 receptors (Nunes et al.,
2013). However, this A2A antagonist did not reverse the induction
of pDARPP-32(Thr75) in D1 containing neurons, which probably
reflects the fact that D1 receptors are not extensively co-localized
with A2A receptors (Nunes et al., 2013). In the present results,
caffeine was able to reverse the induction of pDARPP-32(Thr34)
expression produced by TBZ, pointing to a predominant effect of
both drugs on D2-A2A receptors situated in striatal enkephalin-
containing MSNs.

In summary, the present results are consistent with the hy-
pothesis that DA is involved in effort-related processes, and support
the concept that adenosine receptors interact with DA in modu-
lating these functions (Pardo et al., 2012; Randall et al., 2012;
Salamone and Correa, 2009; Yohn et al., 2015). This study illus-
trates the ability of the 3-choice T-maze task with active vs. passive
reinforcing activities to demonstrate the involvement of DA in the
activational component of motivation, which is consistent with
previous studies showing that DA antagonism was able to specif-
ically shift preferences away from effortful sources of reinforce-
ment (Correa et al., 2016). The 3-choice T-maze task offers the
chance to study preferences between qualitatively different re-
inforcers in addition to food, which is in contrast to previous tasks
that involved choices between different quantities of food (Pardo
et al., 2012; Yohn et al., 2015) or foods with different palatability
(Farrar et al., 2010; Pardo et al., 2015). The present results indicate
that DA depletionwith TBZ reduces the relative intrinsic reinforcing
characteristics of wheel running in an empirical sense, in a manner
similar to DA antagonism (Correa et al., 2016). The intrinsic rein-
forcing value of voluntary physical activities such as lever pressing,
barrier climbing, or wheel running is of critical importance for
understanding several aspects of motivation and decision-making
(Hosking et al., 2014; Salamone and Correa, 2002, 2012;
Salamone et al., 1997, 2016b).

The present work has potential clinical relevance, because DA
has been implicated in aspects of depression such as anergia, psy-
chomotor slowing, decreased energy levels and fatigue (Salamone
et al., 2016a; Stahl, 2002; Treadway and Zald, 2011). In addition, a
lack of physical activity can contribute to the development of
depression (Lambert, 2006). Moreover, effort-related motivational
symptoms such as anergia, fatigue, and psychomotor slowing seen
in depressed humans are very resistant to classical antidepressant
treatments such as 5-HT uptake inhibitors (Fava et al., 2014, 2014;
Stahl, 2002). Caffeine has been demonstrated to improve motor
symptoms in PD patients and in animal models (Petzer and Petzer,
2015; Postuma et al., 2012; Prediger, 2010), and it can enhance the
antidepressant-like activity of common antidepressant drugs in
traditional tests of depression such as the forced swim test (Szopa
et al., 2015). The present results suggest that studies with caffeine
andmore selective adenosine antagonists may offer useful clues for
developing novel treatments for effort-related motivational
symptoms.
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