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Themesostriataldopamine(DA)systemcontributestoseveralaspectsofresponsestorewardingsubstancesandisimplicatedinconditionssuch
asdrugaddictionandeatingdisorders.AsubsetofDAneuronshasbeenshowntoexpressthetype2Vesicularglutamatetransporter(Vglut2)and
may therefore corelease glutamate. In the present study, we analyzed mice with a conditional deletion of Vglut2 in DA neurons (Vglut2f/f;DAT-Cre)
to address the functional significance of the glutamate–DA cophenotype for responses to cocaine and food reinforcement. Biochemical param-
eters of striatal DA function were also examined by using DA receptor autoradiography, immediate-early gene quantitative in situ hybridization
after cocaine challenge, and DA-selective in vivo chronoamperometry. Mice in which Vglut2 expression had been abrogated in DA neurons
displayed enhanced operant self-administration of both high-sucrose food and intravenous cocaine. Furthermore, cocaine seeking maintained
by drug-paired cues was increased by 76%, showing that reward-dependent plasticity is perturbed in these mice. In addition, several lines of
evidence suggest that adaptive changes occurred in both the ventral and dorsal striatum in the absence of VGLUT2: DA receptor binding was
increased, and basal mRNA levels of the DA-induced early genes Nur77 and c-fos were elevated as after cocaine induction. Furthermore, in vivo
challenge of the DA system by potassium-evoked depolarization revealed less DA release in both striatal areas. This study demonstrates that
absence of VGLUT2 in DA neurons leads to perturbations of reward consumption as well as reward-associated memory, features of particular
relevance for addictive-like behavior.

Introduction
The mesostriatal dopamine (DA) system constitutes a central
component of the brain reward circuitry. Midbrain DA projec-
tions to the nucleus accumbens (NAc) in the ventral striatum as

well as to the dorsal striatum (DStr) are important for functions
such as reward associative learning, seeking, and consumption.
DA release in the NAc is induced by both natural stimuli, such as
food (Bassareo and Di Chiara, 1999), and by drugs of abuse (Di
Chiara and Imperato, 1988). Consequently, dysfunction of the
mesostriatal DA system is implicated in reward-related disorders
such as cocaine addiction (Volkow et al., 2008) and overeating in
the context of obesity (Wang et al., 2001; Stice et al., 2008). The
highly addictive properties of cocaine are thought to be mediated,
in part, by blockage of DA reuptake, leading to increased DA
levels throughout the striatum (Giros et al., 1996). Repeated
cocaine intake leads to the establishment of sustained neuroad-
aptations in both the NAc and DStr that contribute to the devel-
opment of addiction (Pulipparacharuvil et al., 2008; Wolf, 2010;
Luscher and Malenka, 2011).

Midbrain DA neurons have been shown to express the Vesic-
ular glutamate transporter 2 (Vglut2) and are thus able to package
and release glutamate (for review, see El Mestikawy et al., 2011).
The behavioral relevance of this dual glutamate–DA copheno-
type is mostly unexplored; however, several novel lines of evi-
dence have suggested a role in reward-related functions. First, DA
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neurons in the adult mouse ventral tegmental area (VTA) possess
the ability to release glutamate in the NAc under physiological
conditions (Stuber et al., 2010; Tecuapetla et al., 2010) in a
VGLUT2-dependent manner (Stuber et al., 2010), and in re-
sponse to stimulation mimicking reward-related activation of
these neurons (Tecuapetla et al., 2010). Second, conditional
knockout (cKO) mice lacking VGLUT2 specifically in DA neu-
rons display altered locomotor responsiveness to the psycho-
stimulants amphetamine (Birgner et al., 2010) and cocaine
(Hnasko et al., 2010). Third, slices obtained from such cKO mice
show decreased DA release in the NAc (Hnasko et al., 2010).

In light of these recent advances, it becomes critical to address
the putative role of the glutamate–DA cophenotype in reward
processing and addictive-like behavior. To explore this issue, we
analyzed the recently described cKO mice (Birgner et al., 2010) in
procedures of operant self-administration of both natural reward
(i.e., sweet food) and cocaine. We report that the cKO mice
showed elevated self-administration of both high-sugar food and
cocaine and also displayed enhanced cocaine seeking in response
to cocaine-associated cues. Furthermore, biochemical analyses
revealed significant alterations in both NAc and DStr, including
increased DA receptor binding and expression of DA-regulated
immediate-early genes (IEGs) and decreased DA levels in
response to in vivo challenge of the DA axon terminals by
potassium-evoked depolarization. These findings suggest that
the loss of VGLUT2 in DA cells produces profound alterations in
the mechanisms regulating consumption of both natural and
drug reward, as well as drug seeking triggered by drug-associated
cues. Thus, the glutamatergic cophenotype of DA neurons may
be of relevance for addiction susceptibility.

Materials and Methods
Animals. All animal procedures followed Swedish (Animal Welfare Act
SFS1998:56) and European Union (Convention ETS123 and Directive
2010/63/EU) legislation and were approved by the Uppsala Ethical Com-
mittee for Use of Animals. Mice were housed in constant temperature
(21 � 1°C) and humidity (50 – 60%) with two to four mice per cage
unless stated otherwise. All behavioral experiments took place during the
light phase, between 6:30 A.M. and 6:30 P.M. Food (R3; Lactamin/Lant-
männen) and water were provided ad libitum unless stated otherwise. All
animals used in behavior studies were adult (�8 weeks of age) and ha-
bituated to handling for 7 d before experiments.

By crossing Vglut2f/f mice (Wallén-Mackenzie et al., 2006; Wallén-
Mackenzie et al., 2009) with DAT-Cre mice (Ekstrand et al., 2007), as
described previously (Birgner et al., 2010), both Vglut2f/f;DAT-Cre cKO
and Vglut2f/f control (Ctrl) mice (which do not express the DAT-Cre
transgene and therefore have normal Vglut2 expression) were produced
in the same litters. Thus, cKO and Ctrl mice were of the same genetic
background, a hybrid of C57/BL6 and Sv129. Genotyping was performed
as described previously (Wallén-Mackenzie et al., 2006).

Sucrose bottle preference test. Nineteen male mice (cKO, n � 10; Ctrl,
n � 9) were singly housed throughout the experiment to allow individual
fluid intake measurements. The mice had ad libitum access to rodent
chow at all times. After 48 h of adaptation to the experimental set up (two
bottles of water), the mice had access to sucrose solution in one bottle and
tap water in a second one for the remainder of the experiment. Water and
sucrose solutions were replaced every 24 h (bottle positions alternated
from left to right to minimize side bias) and weighed to measure con-
sumption. Each concentration was tested for 48 h and presented in an
increasing order: 0.3, 1.0, 3.0, 10, and 30%. All measurements were cor-
rected for spillage by subtracting the average loss of fluid from bottles
placed in two empty cages. Sucrose preference was defined as higher
consumption of sucrose than water using paired t tests.

Operant self-administration apparatus and food self-administration
procedure. Instrumental training was performed in operant chambers
(MED Associates) with nosepoke devices situated on each side of a food

pellet receptacle. Behavior was recorded via the MED-PC computer in-
terface and MED-PC version 4 software control system. Responding at
the active nosepoke (right) aperture activated a food dispenser and re-
sulted in the delivery of a single 20 mg food pellet (5TUL; TestDiet),
according to fixed ratio (FR) or progressive ratio (PR) schedules. Time
out after a reinforcer was 10 s, during which time the stimulus light above
the active nosepoke aperture was turned on. In addition, a brief burst of
clicks accompanied each delivery of a food pellet. FR sessions lasted 60
min, whereas PR sessions were 90 min. No maximum number of pellets
was set unless stated. Each measurement point was the mean value of 3
consecutive stable days of responding (�30%).

Operant self-administration of food/sucrose. Twelve male mice initially
were used to investigate whether the acquisition of the nosepoke re-
sponse task was impaired in the cKO mice (cKO, n � 6; Ctrl, n � 6).
These mice were restricted to receive 3 g of rodent chow (R3; Lactamin/
Lantmännen) each day at 6:00 P.M. One operant session per day was
allowed, and no more than 30 precision pellets could be obtained in a
session. Rate of acquisition was defined as the number of days before a
given animal had had 3 consecutive days with 30 reinforcers on fixed
ratio 1 (FR1). One cKO mouse did not reach this criterion and was
excluded. After acquisition, the response requirement was gradually in-
creased to FR5, and the number of pellets obtained on FR5 was also
compared between groups.

Eighteen male mice (cKO, n � 9; Ctrl, n � 9), singly housed, were next
used in a two-phase study. In the first phase, these mice were food re-
stricted (as above) and acquired the nosepoke response task motivated by
low-sucrose grain-based pellets (5TUM; TestDiet) in the operant cham-
bers. The response requirement was gradually increased to FR5. After 3
stable days on FR5 (no limit to number of reinforcers), the animals were
analyzed on a PR schedule; on this schedule, response requirement for
each pellet during the session was calculated according to the for-
mula 5e (reinforcement number � 0.2) � 5, rounded to the nearest integer
(Richardson and Roberts, 1996). After stable PR measurements for
5TUM, the mice received ad libitum access to standard chow in the home
cage for the remainder of the experiment. After a 3 d acclimatization
period without operant testing, animals entered the second phase of the
experiments, during which responding on FR5 and PR was measured for
the high-sucrose pellets (5TUL). Food intake in the home cage was mea-
sured each day to calculate the percentage of energy consumed from the
high-sugar pellets.

The number of nosepokes on the active and inactive manipulanda, as
well as the total number of reinforcers earned on each of the schedules
(FR5 and PR) and pellet types (5TUM and 5TUL), were compared be-
tween genotypes. Food intake during ad libitum conditions (before op-
erant training) and refeeding (immediately after food restriction
period ended and mice were put back on ad libitum food supply) was
also measured. Total daily food intake (home cage plus reinforcers)
was calculated along with the percentage of total intake from high-
sucrose pellets.

Operant intravenous self-administration of cocaine. Twenty-two male
mice were 8 –9 weeks old at the start of food training. Animals acquired
the nosepoke response task for sucrose pellets during mild food restric-
tion (as above). Subsequently, food restriction was lifted, and the mice
had ad libitum access to regular food chow (R3; Lactamin/Lantmännen)
throughout the rest of the study. Four animals did not acquire the nose-
poke response task (cKO, n � 3; Ctrl, n � 1) and were thus excluded from
the experiment.

After at least 3 d on ad libitum access to food, the mice underwent
surgery under isoflurane anesthesia for the implantation of an intrave-
nous catheter into the right jugular vein. The catheter was filled with a
heparin/Baytril solution to prevent clogging. After 3 d of postsurgery
recovery, the mice were reintroduced into the operant chamber. Acqui-
sition of cocaine responding was performed at 0.5 mg/kg per infusion.
Nosepoke responding during this phase activated a syringe pump
delivering cocaine infusions through the catheter and illuminated a
flashing light stimulus. Time out after an infusion was 20 s. An inter-
mediate progressive ratio schedule was used (six infusions on FR1
followed by four infusions on FR2 and the remainder on FR4) during
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the first session on each cocaine concentration throughout the study
(not analyzed).

Seventeen mice (cKO, n � 8; Ctrl, n � 9) had patent catheters and
acquired the operant response for cocaine on an FR4 schedule. One
statistical outlier was detected in the Ctrl group (active nosepoke re-
sponse 2.6 –34.0 SEs above the mean depending on the infusion dose)
and removed from analysis. The mice were subsequently tested on dif-
ferent doses according to a Latin square design (per infusion: 0.125, 0.25,
and 1.0 mg/kg). As a last step, all animals responded for 0.0625 mg/kg
per infusion.

All data presented for cocaine responding stand for the mean of three
consecutive stable sessions on an FR4 schedule (i.e., �30% on infusions
or active nosepoke response) except on the 0.0625 dose where respond-
ing was low and not always stable; on this dose, 3 consecutive days with
four or less infusions or 3 stable days (as above) was used to collect a
measurement point.

Catheter integrity and patency was evaluated if behavior was erratic; an-
esthesia within 3 s after an injection of 20 �l of a mixture of midazolam (0.75
mg/ml) and ketamine (15 mg/ml) was used to confirm patency (Thomsen
and Caine, 2006). If a mouse failed the catheter patency test, data from erratic
and subsequent sessions were excluded from the analysis.

Cocaine seeking after abstinence. Mice from the cocaine self-
administration experiment were used to measure cocaine seeking (cKO,
n � 6; Ctrl, n � 5). First, all animals responded for 3 stable days on 0.75
mg/kg per infusion. The mice were then returned to their home cages for
21 d, after which cocaine seeking was tested in the operant chambers.
During this session, nosepoke response (FR4) resulted in the presenta-
tion of cocaine-associated cues (stimulus light and syringe pump sound),
but no cocaine infusions.

DA receptor autoradiography. After decapitation of male mice (cKO,
n � 8; Ctrl, n � 9), brains were rapidly removed and immediately im-
mersed into cold isopentane (�40°C). For D1 receptor (D1R) binding,
brain sections were preincubated in a buffer containing 15 mM Tris-HCl,
120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 0.1% ascorbic acid,
and 0.1 mM EDTA, pH 7.4, for 15 min at room temperature and incu-
bated in the same buffer containing 2 nM [N-methyl- 3H]SCH 23390
(specific activity, 85 Ci/mmol; GE Healthcare) for 1 h at room tempera-
ture. A concentration of 1 �M SCH 23390 (Sigma-Aldrich) was used to
determine nonspecific binding. The sections were rinsed three times (1
min each) in ice-cold 50 mM Tris-HCl plus 120 mM NaCl buffer and
dipped for a few seconds in distilled water. For D2 receptor binding, a
buffer containing 50 mM Tris-HCl, 120 mM NaCl, 5 mM KCl, 1.5 mM

CaCl2, 4 mM MgCl2, and 1 mM EDTA, pH 7.4, was used with 3 nM

[ 3H]raclopride (specific activity, 79.3 Ci/mmol; PerkinElmer Life and
Analytical Sciences). A concentration of 1 �M eticlopride (Sigma-
Aldrich) was used to determine nonspecific binding. Autoradiograms
were generated after an exposure time of 2 weeks and revealed by immer-
sion of films into D-19 developer (Kodak) and rapid fixer (Kodak).
Quantification of autoradiograms was performed using computerized
analysis (ImageJ 1.43u software; Wayne Rasband, NIH, Bethesda, MD).
Optical gray densities were transformed into nanocuries per milligram
tissue equivalent using standard curves generated with 3H-microscale
radioactivity standards (ARC 123A- 3H standards; American Radiola-
beled Chemicals).

Both the shell (AcSh) and core (AcC) regions of the NAc were ana-
lyzed, as well as four subregions of the DStr [dorsomedial (StDM), dor-
solateral (StDL), ventromedial (StVM), and ventrolateral (StVL)], as
illustrated in Figure 4, E and F.

In situ hybridization procedure. Male mice were given injections of
saline (n � 6 for each genotype) or 25 mg/kg cocaine (cKO, n � 4; Ctrl,
n � 5) 30 min before being killed by cervical dislocation. This time
interval was chosen because mRNA levels of both Nur77 and c-fos are
high at this point (Moratalla et al., 1993; Dragunow et al., 1996). Brains
were rapidly removed and frozen in isopentane at �40°C. Brain sections
were fixed in 4% paraformaldehyde at 4°C for 30 min. In situ hybridiza-
tion of riboprobes with tissue sections were performed at 56 –58°C over-
night in a standard hybridization buffer (Maheux et al., 2005). Tissue
sections were placed in contact with BiomaxMR (Kodak) radioactive-
sensitive films for 3–7 d.

Specific [ 35S]UTP-radiolabeled cRNA probes were used. The c-fos
probe was generated from a 1.8 kb EcoRI fragment of a full-length rat
c-fos cDNA, subcloned into pBluescript SK-1, and linearized with SmaI
(Tremblay et al., 1999). The Nur77 probe was prepared from a 2.4 kb
EcoRI fragment of a full-length rat NGFI-B cDNA subcloned into a
pBluescript SK-1 plasmid that was linearized with BamHI (Beaudry et al.,
2000; Maheux et al., 2005). Single-stranded riboprobes were synthesized
and labeled using a riboprobe kit (Promega), [ 35S]UTP (PerkinElmer
Life and Analytical Sciences), and the RNA polymerase T3 or T7.

Levels of autoradiographic labeling on films were quantified by com-
puterized densitometry. Digitized brain images were obtained by a CCD
camera (model XC-77; Sony) equipped with a 60 mm f/2.8D (Nikon)
magnification lens. Images were analyzed using the ImageJ 1.43u soft-
ware (Wayne Rasband, NIH). Optical densities of autoradiograms were
transformed to microcuries per gram of tissue using [ 14C] radioactivity
standards (ARC 146A- 14C standards; American Radiolabeled Chemi-
cals). Brain areas investigated included AcSh, AcC, StDM, StDL, StVM,
and StVL as well as the rostral medial (StM) and rostral lateral (StL)
striatum (see Fig. 4 E, F ). For each animal and for all brain regions inves-
tigated, we measured mRNA levels in at least four sections. Average
signals from both brain hemispheres were made.

Chronoamperometric in vivo measurement of DA release and reuptake:
electrode preparation and calibration. Chronoamperometric recordings
of DA were performed during 100 ms, 0 to �550 mV square-wave pulses
(5 Hz) using the Fast Analytical Sensing Technology (Quanteon) accord-
ing to methodological principles described previously (Gerhardt and
Burmeister, 2000). In short, single carbon fiber electrodes (30 �m outer
diameter, 100 –200 �m length; Quanteon) were coated with two to three
layers of Nafion 5% solution (Sigma Aldrich) before use to prevent in-
terference from anionic compounds such as ascorbic acid. Electrodes
were then tested for sensitivity to ascorbic acid (250 �M) and calibrated
with three accumulating concentrations of DA (2– 6 �M) in vitro. Elec-
trodes displaying selectivity ratios exceeding 500:1 over ascorbic acid and
linear response to DA (r 2 � 0.995) were used for in vivo experiments.

In vivo experimental procedure. Experiments were performed on
urethane-anesthetized cKO and Ctrl mice in both the accumbens core
(AcbC; Ctrl: n � 4 males, n � 3 females; cKO: n � 4 males, n � 3 females)
and DStr (Ctrl: n � 7 males, n � 4 females; cKO: n � 9 males, n � 3
females). Animals were placed in a stereotactic frame and maintained at
a body temperature of 37°C. Stereotaxic coordinates were determined
according to a standard brain atlas (Franklin and Paxinos, 2008): antero-
posterior, �1.1 mm from bregma; ML, �1.5 mm; DV, �3.2 mm (DStr)
and �4.9 mm (AcbC) from bone surface. The Ag/AgCl reference elec-
trode was placed in the cortex contralateral to and distant from the
recording site. DA release was evoked by four consecutive pressure
ejections of 120 mM KCl, applied locally at 10 min intervals in the
AcbC and at 5 min intervals in the DStr (because of higher DA content
in this region).

Data analysis. Reduction/oxidation ratios (redox ratios) were calcu-
lated at the peak of every response to confirm the identity of the analyte
contributing to the electrochemical signal. DA typically displays a redox
ratio of 0.7– 0.9 in vivo, whereas possible interfering electrochemical spe-
cies have lower redox ratios (e.g., 0 for ascorbic acid and 0.1 for 5-HT)
(Gerhardt and Hoffman, 2001). To ensure that DA was the contributor
to the electrochemical signal, only experiments displaying redox ratios
exceeding 0.7 were included in the data analysis. The average redox ratio
for the experiments presented here was 0.74. The effects of KCl-evoked
DA release were statistically analyzed with two-way ANOVA using
GraphPad Prism 5.02. The following three parameters of the electro-
chemical signal were examined: (1) amplitude, defined as the peak DA
concentration (micromoles) from baseline; (2) trise, time (seconds) be-
tween ejection and maximum peak concentration; and (3) t80, the time
(seconds) from maximum peak concentration until 80% decrease of the
maximum amplitude as a measure of DA clearance (Cass et al., 1993;
Hebert et al., 1996; Hoffman et al., 1998).

Statistical analysis. Results are expressed as mean � SEM. Group com-
parisons were performed using t tests or, when normal distribution was
not observed, the Mann–Whitney U test. ANOVA was used when appro-
priate; data from cocaine self-administration and in situ hybridization
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were, when required as determined by Bartlett’s � 2 test, log10 or square
root transformed to reduce heteroscedasticity. All analyses were per-
formed using GraphPad Prism 5.02 (GraphPad Software). Statistical sig-
nificance was set at p � 0.05.

Results
Elevated self-administration of high-sucrose, but not
low-sucrose, food
To test the functional implications for VGLUT2 in DA neu-
rons (hereafter referred to as VGLUT2/DA), we studied vol-
untary consumption of rewarding substances in our
previously described conditional Vglut2f/f;DAT-Cre mouse line
(Birgner et al., 2010).

We first examined the sensitivity to sugar in nondeprived
mice by providing access to sucrose solutions of a range of con-
centrations (0.3–30%) in the home cage of Vglut2f/f;DAT-Cre (cKO)
and control (Fig. 1A) mice. There was no significant difference
between the genotypes in preference or the amount of sucrose
consumed at any of the concentrations tested (two-way repeated-
measures ANOVA; Genotype, p � 0.05; Genotype � Concentration

interaction, p � 0.05). However, whereas mice of both genotypes
displayed strong preference for 30% sucrose (paired t test; controls:
t(8) � 27.35, p � 0.0001; cKO: t(9) � 21.36, p � 0.0001) and 10%
sucrose (controls: t(8) � 19.98, p � 0.0001; cKO: t(9) � 11.06,
p � 0.0001), cKO mice also had a significant preference for the
3.0% sucrose (t(9) � 4.78; p � 0.0010), at which concentration
the control mice consumed equal amounts of sucrose and wa-
ter (p � 0.05). No preference over water was observed at concen-
trations of 1 and 0.3% sucrose (p � 0.05). The thresholds for
sucrose preference were thus 3% in cKO mice and 10% in
control mice.

Next, mice were analyzed for self-administration of sucrose
pellets in the operant setting. To determine whether the acquisi-
tion of an operant response task in the cKO mice was impaired,
mice were first trained to nosepoke on an FR1 schedule for su-
crose pellets during mild food restriction. The rate of acquisition
across all self-administration experiments was not significantly
different between cKO (5.4 � 0.3 d to criterion) and littermate
control (6.2 � 0.4 d to criterion; Mann–Whitney U test, p �
0.057; controls, n � 23; cKO, n � 22) mice. However, cKO mice
self-administered more sucrose during FR5 than did the control
mice (Mann–Whitney U test, p � 0.030; Fig. 1B). There was no
change in the number of nosepokes in the inactive aperture;
the lack of change in the percentage of error thus suggests that
goal-directed responses were selectively facilitated in the cKO
mice (data not shown).

Because a higher self-administration of food pellets in the
cKO mice could indicate a generalized increase in consumma-
tory responding for any food or reward, a second set of mice
was analyzed for nosepoke response for low-sucrose grain-
based pellets during food restriction (hunger-driven feeding)
and for response for high-sucrose pellets during nonrestricted
conditions (sucrose reward-driven feeding). No differences
were observed when mice responded for low-sucrose pellets dur-
ing food restriction (Mann-Whitney U test, p � 0.10) (Fig. 1C).
Accordingly, neither the baseline chow intake (data not shown)
nor the refeeding after food restriction differed between the ge-
notypes (Fig. 1D). However, when the mice had free home cage
access to standard rodent chow, cKO mice consumed a higher
percentage of their total kcal intake from the high-sucrose pellets
than did the control mice (Mann–Whitney U test, p � 0.0464)
(Fig. 1E). Inactive responding was low during all reinforcer/
schedule conditions and did not differ between the two genotypes
(data not shown).

By allowing different schedules of reinforcement, the operant
self-administration model infers a flexibility that allows the in-
vestigation of both consummatory (low fixed ratios) and appet-
itive responses (progressive ratio), which are two distinct traits in
mice caused by a number of factors, including differences in post-
oral satiety (Sclafani, 2006). Motivation for food reward was thus
analyzed by means of the PR schedule. No alterations were de-
tected in either hunger-driven (cKO reached 13.5 � 1.0
reinforcements; controls, 12.9 � 1.4; Mann–Whitney U test,
p � 0.10) or palatability-driven (number of reinforcements
for Vglut2f/f;DAT-Cre mice, 11.0 � 1.20; controls, 8.68 � 1.45;
Mann–Whitney U test, p � 0.10) appetitive response for food on
the PR schedule. Together, these results show that loss of
VGLUT2/DA leads to increased palatability-driven feeding on a
low fixed ratio. In contrast, the targeted deletion of VGLUT2 had
no impact on the appetitive dimension of food reward, because
PR responding motivated by either palatability or hunger was
similar between cKO and control mice.

Figure 1. Self-administration of sucrose is elevated in cKO mice. A, The threshold for sucrose
preference was lower in cKO than in Ctrl mice (3% sucrose for cKO and 10% sucrose for Ctrl mice).
Significant preference in the cKO group is denoted by ��p � 0.01 and ���p � 0.0001.
Significant preference in the Ctrl mice is denoted by ¤¤¤p � 0.0001. Ctrl, n � 9; cKO, n � 10. B,
Food-restricted cKO mice self-administer more sucrose reinforcers than do controls (controls,
n � 6; cKO, n � 5). Max, Maximum. C, Hunger-motivated responding, i.e., self-administration
of low-sucrose (grain-based) food pellets on an FR5 schedule during food restriction. D, Refeed-
ing after food restriction does not differ between genotypes. E, Palatability-motivated feeding,
i.e., %kcal from high-sucrose pellets during ad libitum (nonrestricted) conditions. In C–E, n � 9
controls and n � 8 cKO were used. Group data represent mean � SEM. *p � 0.05 versus
controls.

12596 • J. Neurosci., August 31, 2011 • 31(35):12593–12603 Alsiö et al. • A Role in Reward for VGLUT2 in Dopamine Neurons



Increased operant responding for cocaine and
cocaine-paired cues
We next sought to determine whether VGLUT2/DA plays a role
also in the operant self-administration of cocaine. This paradigm
displays high face and predictive validity for cocaine abuse in
humans (Schuster and Thompson, 1969; Collins et al., 1984;
Sanchis-Segura and Spanagel, 2006). Mice were surgically im-
planted with indwelling intravenous catheters and subsequently
allowed to nosepoke for cocaine over a wide range of concentra-
tions (0.0625, 0.125, 0.25, 0.5, 1.0 mg/kg per infusion) on an FR4
schedule. There was a significant interaction between dose and
genotype (two-way repeated-measures ANOVA; Dose: F(4,12) �
9.88, p � 0.0001; Genotype: F(1,12) � 1.8, p � 0.10; Dose �
Genotype interaction: F(4,48) � 2.74, p � 0.039), explained by the
fact that the Vglut2f/f;DAT-Cre knock-outs displayed a significantly
elevated active nosepoke response at the lowest concentration of
cocaine (Bonferroni posttest, p � 0.034) with a trend toward
increased active nosepokes at the doses of 0.125, 0.25, and 0.5
mg/kg per infusion. At the highest dose, no difference was de-
tected between the genotypes (Fig. 2A). Accordingly, whereas
Vglut2f/f;DAT-Cre mice self-administered more cocaine than did
controls at the lowest (0.0625 mg/kg infusion) dose, no disso-
ciation between genotypes was observed at the highest doses
(two-way repeated-measures ANOVA; Dose � Genotype
interaction: F(4,48) � 3.63, p � 0.012; Bonferroni posttest,
p � 0.037) (Fig. 2 B).

Exposure to drug-associated memories is thought to enhance
the vulnerability to relapse to drug use. Models of relapse to
cocaine-seeking and -taking behavior in response to drug-
associated cues are thus highly relevant for the study of addiction
(Shaham et al., 2003). To investigate the role of VGLUT2/DA in
cocaine seeking, all mice first responded at 0.75 mg/kg per infu-
sion to ensure high response rates. After 21 d of forced absti-
nence, mice were allowed to respond for the presentation of
visual and auditory cocaine-associated cues in the absence of
cocaine delivery. Notably, the Vglut2f/f;DAT-Cre mice showed a
76% increase in their cocaine-seeking response compared with
the control mice (two-way repeated-measures ANOVA; Condi-
tion: F(1,9) � 7.82, p � 0.021; Genotype: F(1,9) � 7.65, p � 0.022;
Condition � Genotype interaction: F(1,9) � 7.31, p � 0.024) (Fig.
2C). No difference was noted in responses at the inactive nose-
poke aperture (data not shown). These analyses show that cKO
mice displayed both increased consumption of cocaine at low
dose and increased cocaine seeking in response to drug-associated
cues. Together, these results suggest that the loss of VGLUT2/DA
leads to an addiction-prone phenotype.

Differentially altered D1 and D2 binding site levels in ventral
and dorsal striatum
The high responsiveness to reward was suggestive of the oc-
currence of neuroadaptations. To determine whether loss of
VGLUT2/DA was associated with changes in the number of DA
receptor binding sites, we used autoradiography to examine the
specific binding of tritiated SCH23390 for D1R (Fig. 3A) and
raclopride for D2R (Fig. 3B) in the striatum of Vglut2f/f;DAT-Cre

and control mice. Six striatal subregions (Fig. 4E,F) were ana-
lyzed for D1R and D2R binding site levels. The number of D1R
receptor binding sites did not differ between cKO and control
mice in the AcSh, AcC, or StDM (p � 0.05). However, a signifi-
cant increase was noted in cKO mice in the StDL (t(13) � 2.166;
p � 0.0495), StVM (t(13) � 4.106; p � 0.0012), and StVL (t(12) �
2.594; p � 0.0235). In contrast, tritiated raclopride binding, de-
noting D2R levels, was significantly increased in the shell of the

NAc (t(10) � 2.246; p � 0.0485) in cKO compared with control
mice, whereas the core region showed a strong trend (p � 0.05)
toward increased binding. No apparent change in D2R binding
was detected in the dorsostriatal areas. These findings show a
subregional upregulation of DA receptors in the striatum of cKO,
a neuroadaptation that could mediate the increased responsive-
ness to reward.

Increased basal levels of Nur77 and c-fos mRNA in the
striatum
The observed alteration in binding site availability of D1R and
D2R prompted us to further analyze postsynaptic responsiveness
in the striatum of the cKO mice. The orphan nuclear receptor
Nur77 participates in psychostimulant-induced locomotor activ-
ity (Bourhis et al., 2009), whereas the zinc finger transcription
factors of the Fos family are involved in food-reinforcement and
cocaine-seeking behaviors (Nestler et al., 2001; Olausson et al.,
2006). Both families of transcription factors are modulated by

Figure 2. Elevated operant responding for low-dose cocaine and drug-paired cues during
extinction in cKO mice. A, Nosepoke response of food-trained mice implanted with indwelling
intravenous catheters and allowed to nosepoke for cocaine infusions (controls, n � 7; cKO, n �
7). B, Total dose self-administered at the different cocaine concentrations in A. C, Cocaine-
seeking, i.e., responding for light and sound cues previously associated with cocaine in the
absence of the drug, of mice from A that had been responding for 0.75 mg/kg per infusion (inf)
and subsequently subjected to 21 d of forced cocaine abstinence (controls, n � 6; cKO, n � 5).
Group data represent mean � SEM. *p � 0.05; **p � 0.01 versus Ctrl.
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acute and repeated psychostimulant treatments and participate
in neurochemical postsynaptic responsiveness to drugs of abuse.
We analyzed the same six striatal subregions (Fig. 4E,F) for
mRNA expression levels of the IEGs Nur77 and c-fos after acute
cocaine or saline treatment. A strong upregulation of Nur77
mRNA was seen after cocaine challenge in the control mice at all
ventral and dorsal striatal levels examined [p � 0.05 vs saline
group by Tukey’s multiple comparison test, following one-way
ANOVA in the AcSh (F(3,19) � 4.509; p � 0.0178), AcC (F(3,19) �
4.723; p � 0.0100), StM (F(3,19) � 7.562; p � 0.0023), StL (F(3,19) �
11.58; p � 0.0003), StDM (F(3,19) � 4.291; p � 0.0147), StDL
(F(3,19) � 13.25; p � 0.0001), StVM (F(3,19) � 3.412; p � 0.0337),
and StVL (F(3,19) � 10.65; p � 0.0004)] (Fig. 4). Interestingly,
saline-treated cKO mice displayed elevated basal Nur77 mRNA
levels in the AcC (Fig. 4A,E), StM, and StL (Fig. 4B,E). Although
not statistically significant, a similar trend of higher basal Nur77
mRNA levels was also detected in the StDM, StDL (Fig. 4C,E),
and StVM (Fig. 4D,E). Because of the elevated baseline, cocaine
injections did not cause any further increase in Nur77 mRNA
expression after the cocaine challenge in any region analyzed in
Vglut2f/f;DAT-Cre mice. In the StVL, the cocaine-stimulated induc-
tion of Nur77 mRNA was significantly lower in Vglut2f/f;DAT-Cre

mice than in control mice (p � 0.05) (Fig. 4D,E).
The analysis of c-fos mRNA expression levels in the sections

adjacent to the ones analyzed for Nur77 expression also showed a
strong basal upregulation that abolished the cocaine-induced ef-
fect in all of the brain areas studied (data not shown). Together,
these analyses show an upregulation of Nur77 and c-fos to the
same high levels as after cocaine stimulation in cKO mice, further
confirming the induction of adaptive changes in absence of
VGLUT2/DA.

Perturbation of in vivo DA release and reuptake in the NAc
and DStr
Based on the observation that Vglut2f/f;DAT-Cre knock-out mice
self-administer more high-sugar food and cocaine, and show in-
creased cue-induced cocaine seeking after abstinence, it was rel-
evant to analyze DA release in both the NAc and DStr. For this, we
used in vivo chronoamperometry and a repeated challenge para-
digm in both the NAc and DStr; the first stimulation allowed
analysis of the basal capacity of the system, whereas the subse-
quent three stimulations provided an estimation of the capacity
for recovery. Nafion-coated electrodes were surgically implanted
in the striatum of urethane-anesthetized mice as illustrated in
Figure 5A. Only electrodes with a ratio of reduction/oxidation
signals above 0.7 (average, 0.74), which ensures a selectivity for
DA, were used (Fig. 5B). DA release and reuptake were analyzed
after four consecutive pressure ejections of 120 mM KCl, which
results in a potent but local depolarization. In the NAc of cKO
mice, this ejection paradigm resulted in significantly lower over-
all amplitude of DA release than in controls (two-way ANOVA;
Genotype: F(1,48) � 12.91, p � 0.0008) (Fig. 5C). Whereas the
time to peak, trise, was similar between genotypes (p � 0.05) (Fig.
5D), the clearance period, t80, defined as the time from maximal
amplitude to 80% decline, was significantly increased in cKO
mice compared with the controls (two-way ANOVA; Genotype:
F(1,59) � 4.191, p � 0.0451) (Fig. 5E). No interaction was ob-
served in amplitude, trise, or t80 after all four ejections. After peak
analysis of DA release kinetics after the first ejection, a right-
shifted curve was observed in the cKO mice, with a smaller
amplitude and a 2.8 times longer t80, amounting to an overall
equivalent area under the curve in the cKO and control mice
(p � 0.05) (Fig. 5F ).

In the DStr, repeated potassium-evoked depolarization re-
sulted in significantly lower peak DA amplitude in the cKO mice
than in the controls (two-way ANOVA; Genotype: F(1,156) � 6.91,
p � 0.0094) (Fig. 5G). There was a significant reduction in the trise

in the DStr of cKO mice compared with the control mice (two-
way ANOVA; Genotype: F(1,165) � 8.73, p � 0.0025) (Fig. 5H),
whereas t80 was similar between the two genotypes (p � 0.05)
(Fig. 5I). Although no interactions were observed with regard to
these parameters, we found a significant Genotype � Ejection
interaction with regard to area under the curve in the DStr (two-
way ANOVA; Genotype: F(1,106) � 7.93, p � 0.0058; Genotype �
Ejection interaction: F(9,106) � 5.47, p � 0.0001), explained by the
fact that the first ejection resulted in a response with smaller
overall area under the curve in the cKO mice compared with the
controls (post hoc test, p � 0.0485) (Fig. 5J). Together, these
results show that DA release after depolarization is decreased in
both the NAc and DStr of the cKO mice. Both basal capacity to
release DA, as demonstrated in response to the first stimulation,
and release after repeated stimulation were less in the two striatal
areas in the cKO mice. Because neither the NAc nor the DStr
displayed a statistically significant interaction after the repeated
challenge in the cKO mice versus control mice, the capacity to
recover after challenge is similar in the two genotypes.

Discussion
The present study reveals abnormalities in reward behavior
and striatal function of significance for drug addiction and for
overeating in obesity in mice lacking VGLUT2 specifically in
DA neurons.

Figure 3. Dopamine receptor binding is altered in cKO mice. A, D1R binding sites in cKO (n �
6) and control (n � 9) mice were measured by auroradiography using [ 3H]SCH-23390. B, D2R
binding sites were measured by autoradiography using [ 3H]raclopride binding on sections
adjacent to those used in A. DA receptor binding site levels were evaluated in the AcSh and AcC
and in striatal subterritories (StDM, StDL, StVM, StVL) in Ctrl and cKO mice. Group data represent
mean � SEM. *p � 0.05 and **p � 0.01 versus Ctrl.
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Loss of VGLUT2 in DA neurons leads to elevated
consumption of reward
When cKO and littermate control mice were allowed to respond
for food or cocaine in the operant setting, the cKO mice displayed
increased self-administration of both high-sucrose food and
cocaine compared with controls. Whereas performance at the higher
cocaine doses did not differ between genotypes, Vglut2f/f:DAT-Cre mice
self-administered significantly more cocaine at the lowest dose
(0.0625 mg/kg per infusion), which failed to maintain stable re-
sponding in control animals. This finding indicates an elevated
responsiveness in cKO mice to the rewarding effect of cocaine.
Consistently, elevated operant responding maintained by sucrose
was also observed in the cKO mice. In a home cage bottle prefer-
ence test, cKO mice displayed a lower threshold for sucrose pref-
erence, indicative of elevated sucrose sensitivity. The mesolimbic
DA system is repeatedly activated after food exposure only if the
food is novel or during restricted access to palatable food (Bas-
sareo and Di Chiara, 1997, 1999; Rada et al., 2005). Because we
did not observe genotype differences in hunger-driven feeding,
but found that cKO mice displayed elevated consumption of su-

crose compared with controls, these observations show that
VGLUT2/DA has an important role in palatability-stimulated
feeding in addition to cocaine self-administration.

Dopamine dysfunction in both ventral and dorsal striatum
KCl-evoked DA release was decreased in both the NAc and DStr
of the cKO mice. Recordings in the living mouse brain, as per-
formed in the current study, offer the advantage over slice prep-
arations that the circuitry dynamics remain intact. Moreover,
because KCl-induced stimulation gives a significantly more po-
tent DA release than occurs under physiological conditions, it
allows the detection of the full capacity of the system to release
DA. These considerations may explain why we detected differ-
ences in both the DStr and NAc, whereas reduced DA release
was previously noted only in the NAc in a study using single
action potential stimulation in slice preparations from an-
other Vglut2f/f;DAT-Cre mouse line (Hnasko et al., 2010). The
unveiled lower DA release levels in both the NAc and the DStr
are in tune with previous results of blunted psychomotor re-
sponse in Vglut2f/f;DAT-Cre cKO mice to acute stimulation by

Figure 4. High expression of Nur77 under baseline conditions in cKO mice. A–D, Quantitative in situ hybridization of Nur77 mRNA levels in Ctrl and cKO mice treated with saline (Ctrl, n � 6; cKO,
n � 7) or cocaine (Ctrl, n � 5; cKO, n � 4). A, Levels of Nur77 mRNA in AcSh and AcC (bregma, 1.70 mm). B, Nur77 mRNA levels in medial (StM) and lateral (StL) rostral striatum (bregma, 1.70 mm).
C, Nur77 transcript levels in the caudodorsal striatum (bregma, 0.48 mm). D, Nur77 levels in the caudoventral striatum (bregma, 0.48). E, F, Representative autoradiograms of Nur77 mRNA in situ
hybridization signals in the rostral striatal area (E; bregma, 1.70 mm) and in the caudal striatal area (F; bregma, 0.48 mm) with schematic illustrations to the right showing location of the analyzed
regions. Group data represent mean � SEM expressed as percentage of Ctrl (saline). *p � 0.05, **p � 0.01, and ***p � 0.001 versus Ctrl saline group; #p � 0.05 versus Ctrl cocaine group. cc,
Corpus callosum.
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amphetamine (Birgner et al., 2010) and cocaine (Hnasko et al.,
2010), as psychomotor effects are mediated by DA release in
both of these regions (Giros et al., 1996).

cKO mice not only responded more strongly than controls
when allowed to self-administer sucrose and cocaine but also
when, during the cocaine-seeking session, they were presented
with the visual and auditory cues associated with cocaine reward.
Although the reinforcing effect of reward consumption is medi-
ated mainly via the NAc, cocaine-associated seeking has been
shown also to involve the DStr (Vanderschuren et al., 2005; See et
al., 2007). Thus, whereas the DStr is not engaged in mediating
reinforcing effects of the drugs during early exposure, DA signal-
ing in this structure is recruited during the transition toward
compulsive, uncontrolled, chronic use (Porrino et al., 2004;
Everitt and Robbins, 2005). Therefore, the altered DA release
within the DStr is of particular interest for the enhancement of
cocaine-seeking behavior in the Vglut2f/f;DAT-Cre mice.

Sensitized phenotype caused by neuroadaptations increases
responsiveness to reward
Palatable food and drugs of abuse, as well as drug-paired cues,
stimulate DA release (Di Chiara and Imperato, 1988; Bassareo
and Di Chiara, 1999), and, moreover, human imaging studies
indicate that the amount of DA released is correlated to the he-
donic impact of psychostimulants (Drevets et al., 2001) and pal-
atable food (Small et al., 2003). In light of this, our findings of
reduced striatal DA concomitant with elevated reward-seeking
and -taking behavior may seem contraintuitive. How can our
results be explained?

First, we observed an upregulation of D1R and D2R binding
sites in the striata of cKO mice. Both of these receptor types
previously have been shown to mediate behavioral and biochem-
ical effects of acute and repeated cocaine administration (Xu et
al., 1994; Caine et al., 2002; Caine et al., 2007; Welter et al., 2007).
D1R mediates reward learning in response to palatable food
(Hikida et al., 2010), and targeted loss of D1R decreases operant
responding for sucrose (El-Ghundi et al., 2003). Sucrose prefer-
ence is reduced by D2R antagonism (Hsiao and Smith, 1995),
whereas upregulated D2R levels in the NAc have been reported in
some rodent studies of repeated cocaine administration (Peris et
al., 1990; Maggos et al., 1998; Briand et al., 2008). The elevated
D1R and D2R levels observed in this study could thus lead to the
increased responsiveness to palatable food and cocaine. Further-
more, the basal expression level of DA-regulated IEGs Nur77 and
c-fos was increased in both the NAc and DStr of the cKO mice
in such a potent manner that cocaine could not further in-
crease these levels. Together, these data suggest that loss of
VGLUT2/DA has produced a potent, sensitized neurobiolog-

Figure 5. Decreased DA release in ventral and dorsal striatum of cKO mice. A, Graphical
illustration of placement of DA-selective electrode for in vivo amperometric measurements in

4

DStr and AcbC (bregma, 1.10 mm). B, Representative DA trace illustrating the calculation of
redox ratio for each peak. C, G, DA amplitude, defined as the peak DA concentration (micro-
moles) from baseline in AcbC and DStr in response to four consecutive ejections of 120 mM KCl.
D, H, trise, defined as time (seconds) between ejection and peak maximum (F, J), in AcbC and
DStr for the four releases of DA. E, I, t80, defined as the time (seconds) from peak amplitude until
the signal reached 20% of the peak amplitude (F, J), in AcbC and DStr for the four KCl-evoked
releases of DA. F, J, Schematic illustrations of the first post-KCl ejection recordings of DA, based
on graph values, for AcbC (F) and DStr (J). Insets show analysis of peak area, defined as area
under curve. Four consecutive KCl ejections (numbered 1– 4 on x-axes) were used, spaced by 5
min for DStr and 10 min for AcbC. AcbC data are from n � 7 Ctrl and n � 7 cKO mice. DStr data
are from n � 11 controls and n � 12 cKO mice. Group data represent mean � SEM. Significant
main genotype effects observed by ANOVA analysis are illustrated by ##p � 0.01 and ###p �
0.001; differences by post hoc test are shown by *p � 0.05, **p � 0.01, and ***p � 0.001.
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ical phenotype, which may mimic the biochemical changes
induced by repeated exposure to psychostimulants (Peris et
al., 1990). These adaptations possibly occur in response to the
reduced DA levels and may contribute to the signs of increased
reward responsiveness reported here, including elevated self-
administration of low-dose cocaine and reduced threshold for su-
crose preference.

Second, an alternative explanation relates directly to the re-
duced DA release. Studies of cocaine self-administration, electri-
cal brain self-stimulation, and compulsive intake of palatable
food after genetic or pharmacological manipulations of the DA
system previously have shown a negative correlation between
reward taking and DA signaling (Seeger et al., 1981; Caine et al.,
2002; Johnson and Kenny, 2010). Moreover, human studies sug-
gest that cocaine addicts exhibit decreased DA levels in the stria-
tum in response to drug reward (Volkow et al., 1997). Thus, it has
been speculated that DA hypofunction stimulates drug taking to
normalize DA levels (Blum et al., 1996; Koob and Le Moal, 2001).
Similar effects could possibly contribute to the elevated reward
taking also in Vglut2f/f;DAT-Cre mice. However, such reward defi-
ciency is typically associated with reduced DA receptor binding
(Volkow et al., 2008; Johnson and Kenny, 2010) and a general
(nondose-dependent) increase in self-administration (Ahmed
and Koob, 1998), not with elevated receptor levels and increased
sensitivity to reward as observed here. Thus, although DA hypo-
function may be correlated to the behavior of the cKO, we argue
that a sensitized phenotype is a more plausible explanation for
this correlation than reward deficiency mechanisms.

Spatiotemporal regulation of VGLUT2 of putative relevance
to the observed reward dysfunction
Both the behavioral and biochemical findings of the present
study suggest a functional role for VGLUT2 in DA neurons of
both the substantia nigra pars compacta (SNc), which gives rise
to the main projection to the DStr, and the VTA, which projects
most densely to the NAc and, to a lesser degree, to the DStr.
Studies examining the expression of Vglut2 in midbrain DA neu-
rons have shown this cophenotype to be present in both the SNc
and VTA from early development to adult stages (Dal Bo et al.,
2004; Mendez et al., 2008; Birgner et al., 2010). However, it has
been emphasized that the cophenotype is more abundant in VTA
than SNc neurons, at least in the postnatal rat (Dal Bo et al., 2004,
2008; Kawano et al., 2006; Mendez et al., 2008; Yamaguchi et al.,
2011). Moreover, whereas VGLUT2 protein has been detected in
DA axon terminals (tyrosine hydroxylase-positive) of both the
NAc and DStr in the preadolescent rat, it could no longer be
observed in the adult (Bérubé-Carrière et al., 2009; Moss et al.,
2011). This spatiotemporal regulation of Vglut2 expression has
been suggested to mediate neuronal survival (Dal Bo et al., 2008)
and formation and maintenance of synaptic contacts (Bérubé-
Carrière et al., 2009) and could be of importance for the reward
dysfunction at the behavioral and biochemical levels observed
here in the cKO mice. Furthermore, VGLUT2 was recently shown
to coprecipitate with VMAT2 in vesicular preparations from the
NAc of young mice (Hnasko et al., 2010), and it was suggested in
the same study that VGLUT2 may facilitate DA packaging in a
similar manner as VGLUT3 promotes packaging of acetylcho-
line, by a process referred to as vesicular synergy (Gras et al.,
2008). Although this process remains to be confirmed in DA
neurons, loss of VGLUT2 could lead to lower DA release because
of less efficient packaging.

It was recently demonstrated that glutamate is released by the
mesoaccumbal DA projection in response to electrical stimuli

mimicking the activation pattern elicited by primary reward and
reward-predicting cues (Tecuapetla et al., 2010). Therefore, it is
intriguing to speculate that absence of VGLUT2-mediated gluta-
mate corelease from DA neurons, and the ensuing loss of excit-
atory drive, could have a direct impact on reward-dependent
changes in the excitability and firing of medium spiny neurons of
the striatum (Wolf, 2010). Given the strong implication for
addictive-like behavior, it is crucial that the mechanisms by
which VGLUT2 in DA neurons impacts on the reward system be
addressed shortly.

We found a physiological role for VGLUT2/DA in the reward
system by contributing to reward consumption and reward-
associated learning. We report strong evidence suggesting that loss of
VGLUT2 leads to an addiction-like phenotype substantiated by syn-
aptic neuroadaptations in both ventral and dorsal striatum. These
findings indicate that alterations in the glutamate–DA cophenotype
could be at the origin of reward-related disorders and that further
characterization of this cophenotype might contribute to the de-
velopment of new strategies for treatment of these disorders.
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