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Abstract

A decrease in dopamine D2 receptor (D2R) binding in the striatum is one of the most common

findings in disorders that involve a dysregulation of motivation, including obesity, addiction, and

attention deficit hyperactivity disorder. Since disruption of D2R signaling in the ventral striatum –

including the Nucleus Accumbens (NAc) - impairs motivation, we sought to determine whether

potentiating postsynaptic D2R-dependent signaling in the NAc would improve motivation. In this

study, we used a viral vector strategy to overexpress postsynaptic D2Rs in either the NAc or the

dorsal striatum. We investigated the effects of D2R overexpression on instrumental learning,

willingness to work, use of reward value representations and modulation of motivation by reward

associated cues. Overexpression of postsynaptic D2R in the NAc selectively increased motivation

without altering consummatory behavior, the representation of the value of the reinforcer, or the

capacity to use reward associated cues in flexible ways. In contrast, D2R overexpression in the

dorsal striatum did not alter performance on any of the tasks. Thus, consistent with numerous

studies showing that reduced D2R signaling impairs motivated behavior, our data show that post-

synaptic D2R overexpression in the NAc specifically increases an animal’s willingness to expend

effort to obtain a goal. Taken together, these results provide insight into the potential impact of

future therapeutic strategies that enhance D2R signaling in the NAc.
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INTRODUCTION

The mesoaccumbens dopamine (DA) pathway modulates motivation1–3. In the nucleus

accumbens (NAc), DA mediates these effects through D1-like and D2-like receptors. A

decrease in D2 receptor (D2R) availability in the striatum, including the NAc, is a common

imaging phenotype in disorders that involve the dysregulation of motivation, including

obesity4, addiction5 and attention deficit hyperactivity disorder (ADHD)6. Moreover,

imaging studies in human subjects have shown that striatal D2R levels correlate with

characteristics such as sensation seeking and motivation7–9. These studies clearly establish

the relevance of D2R function to human disorders of motivation, and highlight the

importance of determining causal relationships between D2R expression and motivation.

One powerful approach for revealing such relationships is to combine in rodents region-

specific manipulations of D2R expression with validated methods for measuring specific

aspects of motivation.

Changes in motivated behavior can be driven by a number of underlying mechanisms,

including effort the animal is willing to expend for the reward - i.e. primary motivational

stimuli or goals10 - as well as the organism’s valuation of a reward11–13. Both of these

aspects of motivation have been shown to depend on dopaminergic transmission in the NAc.

In rodents, willingness to work for a reward is modified by altering D2R signaling in the

NAc. Blocking D2Rs in the NAc shifts the animals’ choice away from more effortful toward

less effortful behavior11 and the genetic deletion of the D2R also impairs motivated, reward-

seeking behavior14. Similarly, selective lesioning of the NAc in rats impairs their

willingness to work for a reward15,16. On the other hand, DA release in the NAc is

associated with the animal’s valuation of an appetitive stimulus even in the absence of a

work requirement to obtain the stimulus13.

The goal of the present study was to investigate whether increasing postsynaptic NAc D2R

levels can enhance motivation, and if so, whether distinct aspects of motivated behavior

might be selectively modulated. The D2R was overexpressed in the striatum using viral gene

transfer in adult mice. In order to explore the effect of D2R overexpression on motivation,

overexpression in the NAc was compared to that in the caudate/putamen in different groups

of mice. Behavior was studied using operant tasks that assess instrumental learning,

willingness to expend effort to obtain a goal, the ability to use representations of reward to

guide responding, and the capacity of reward associated cues to modulate motivation.

MATERIAL AND METHODS

Viruses

As described previously17, adeno-associated viruses 1/2 expressing either 1) D2LR fused to

mVenus or 2) GFP were used (see supplemental information).

Aequorin assay

A functional assay based on luminescence of mitochondrial aequorin following intracellular

Ca2+ release was performed as previously described18.
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Animals

All procedures were carried out in accordance with the National Institutes of Health Guide

for the Care and Use of Laboratory Animals and were approved by the Institutional Animal

Care and Use Committee at Columbia University and the New York State Psychiatric

Institute. Wild-type female congenic C57Bl/6j mice were used for behavioral experiments

(postnatal ages 90 days). D2R knockout and their C57Bl/6j WT littermates (KO)19 were

used for immunohistochemical experiments (See Supplemental Information).

Surgeries/viral injections

Viral injections were performed as previously described17. CPu was targeted with two

bilateral injections, (4 sites total, 0.75ul Virus injected into each): A-P 1.5 mm and 0, M-L

+/−1.5 mm and +/−2.5 mm, all 3 mm ventral to brain surface. NAc was targeted with a

single injection site bilaterally (2 sites total, 0.5 μl virus injected in each site), A-P 1.7 mm,

M-L +/− 1.7 mm, both 3.8 mm ventral to brain surface. All co-ordinates given are relative to

Bregma. Behavioral testing began one month after surgery.

[3H] N-methylspiperone (NMSP) binding assay

Binding assay was performed to investigate the degree of D2R overexpression (See

supplemental Information).

Behavioral Testing

Apparatus—The apparatus has been described in detail in Simpson et al. (2011) (See

supplemental information) 20.

Procedures—Seven animals in each group were used in the current study, except for the

PIT experiment where there were only 6 mice in the CPu-GFP group due to the death of one

animal. The same animals performed each of the behavioral procedures. In order to asses

instrumental learning and willingness to work in face of increasing effort, dipper training,

lever pressing training, fixed-interval (FI) training and progressive ratio (PR) testing were

performed as described in Simpson et al.20 with some modifications (see supplemental

information).

Random ratio (RR) testing: RR consists of a constant probability of reinforcement for each

lever press. The mice were first trained for 5 days in 1-hour RR5 sessions. Animals were

then tested in concurrent RR/choice procedure that has been extensively shown to assess

effort in instrumental responding11. This task consisted of having 8–12 g of lab chow

available in a dish in the operant chamber while the mouse worked on the RR schedule.

Increasing ratios were used (RR5, RR10, RR20). A previous study using a preference test

showed that evaporated milk serves as a reinforcer for mice using a preference task21. For

each RR, both concurrent choice and simple RR sessions were repeated in a pseudo-random

manner.

Devaluation Procedure: This task was used to assess alteration of the outcome value. Mice

had free access to either chow or the evaporated milk reward for 1 h in the home cage

(single-housed) prior to a lever press test conducted in a 15 minute extinction session.
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Following this session, the animals received 2 days of retraining using an RR20 procedure

prior to the second test. This test was identical to the first except that the mice were pre-fed

with the other outcome. The order of pre-feeding was counterbalanced across subjects

within each group.

Pavlovian to instrumental transfer (PIT) test: PIT was performed 2 weeks after the final

devaluation test. In the Pavlovian training an auditory stimulus (85 dB, 2000 Hz) served as

conditioned stimulus (CS). Pavlovian training consisted in 5 presentations of 2 minutes CS

with a variable ITI (mean 8 minutes) for 5 days. The evaporated milk reward was made

available for 30 seconds with a variable delay after the beginning of the tone-CS (mean 1

minute). We limited the Pavlovian training to 5 sessions since previous studies have shown

that overtraining impairs PIT22. The PIT test was conducted on the 6th day and consisted of

a 10 minute extinction followed by 5 cycles of 2 minutes CS presentation with 2 minutes

ITI, without reward delivery.

Histology/immunohistochemistry

Brain tissue preparation, immunohistochemistry, confocal microscopy and image acquisition

were performed as described previously17. The following primary antibodies were used in

this study: home-made rabbit polyclonal anti-D217 (1/500) and rabbit polyclonal anti-MAP2

(Abcam ab32454; 1/2000).

Statistical analysis

Data were analyzed using mixed ANOVAs with appropriate terms, followed by post-hoc

Bonferroni comparisons (when appropriate) or t-tests. For all the tasks analyzed, the number

of lever presses was used as the dependent measure (see also supplemental information).

RESULTS

Characterization of D2R-mVenus overexpression

To facilitate visualization of the exogenous D2Rs and discriminate between exogenous and

endogenous receptors, we generated a fusion construct of D2R tagged with mVenus at its C-

terminus. To verify that the fusion construct was functional we expressed D2R-mVenus in

HEK cells and assessed G protein activation by the agonist quinpirole using an aequorin-

based functional assay (see supplemental information). As shown in Figure 1A, fusion of

mVenus to the D2R receptor did not alter the ability of the receptor to activate G protein.

We overexpressed D2R-mVenus or GFP alone as a control in either the nucleus accumbens

(NAc) or the dorsal striatum (CPu) of adult mice using AAV-mediated gene transfer (Figure

1B) and quantified the increase in D2R expression by performing a [3H]N-methylspiperone

(NMSP) binding assay. Expression of D2R-mVenus resulted in an approximately 10-fold

increase in D2R binding in both NAc (D2R-mVenus: Bmax=17.8±1.2 pmol/mg protein,

Kd=36.3±10.4 pM; GFP: Bmax=1.65±0.15 pmol/mg protein, Kd=28.9±4.8 pM) and CPu

(D2R-mVenus: Bmax=17.3±0.5 pmol/mg protein, Kd=36.6±10.1 pM; GFP:

Bmax=1.64±0.03 pmol/mg protein, Kd=42.5±9.8 pM).Immunofluorescence experiments

revealed that D2R-mVenus had very low somatic expression (Figure 1C) and partially
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colocalized with the dendritic marker MAP2 (Figure 1D), consistent with the known

predominant post-synaptic localization of the receptor23. Together these data suggest that

our viral overexpression system leads to a large increase in functional D2R with the

expected subcellular localization.

The minimal and maximal extents of D2R-mVenus and GFP expression are depicted in the

left and right hemispheres, respectively, of coronal sections in Fig. 1E. D2R-Venus

expression in the NAc largely targeted the core in all animals and partially the shell, with

very low spread to the dorsal striatum. D2R-Venus expression in the CPu did not reach the

NAc except in one animal (see Fig. 1E) and spread throughout roughly 40–70% of the entire

CPu. We did not observe significant expression in extra-striatal areas in any of the animals.

D2R overexpression does not alter simple instrumental conditioning

D2R overexpression in the NAc or CPu did not alter learning of instrumental conditioning in

the continuous reinforcement (CRF) schedule compared to GFP overexpression as shown by

the number of lever presses (NAc: F(1, 12)=0.30; p=0.59, CPu F(1, 12)=0.02; p=0.89) (Fig. 2

A, B). Previous studies show that fixed interval (FI) training before progressive ratio (PR)

testing creates a sensitive assay of motivation24. We analyzed the number of lever presses

during FI schedules with increasing intervals (Fig. 2 A, B). D2R overexpression had no

effect at any interval tested (all p’s>0.25). All mice learned the operant response procedures

within three days of training, showing that D2R overexpression did not impact learning or

any phase of the initial training.

D2R overexpression in the NAc, but not the CPu, increases effort for a reward

To test the effect on motivation, we used the progressive ratio (PR) schedule, which assesses

the amount of effort a subject is willing to expend to obtain a reward. We analyzed only two

consecutive PR sessions because repeated exposure to PR sessions lowers operant

responding over time. Measure of the breakpoint showed a trend toward an increase in the

animals overexpressing D2R in the NAc (t=−1.68; p<0.08) but not in the CPu (t=−1.36;

p=0.20) (suppl. Figure 1). However, since in the current PR schedule the criterion doubled

for each successive trial (from 512 to 1024 to 2048 lever presses to obtain the next reward),

the number of lever presses was used as a more sensitive continuous primary outcome

measure. Independent group comparison revealed that D2R overexpression led to ~50%

increase in the number of lever presses in the NAc group (t=2.51; p=0.03) but did not alter

total lever presses in the CPu group (t=1.66; p=0.12) (Fig. 3A, B).

We next examined the performance of mice in the simple random-ratio (RR) tasks and in a

lever-pressing/chow-feeding choice procedure in which the mice can lever press for

preferred food (evaporated milk) or can consume a less preferred food (home cage chow)

that is freely available in the chamber11. Unlike the PR schedule, which measures

willingness to continue working to obtain a reward in the face of an increasing effort

requirement, this procedure allows an assessment of the animals’ choice to expend effort to

obtain a preferred food when a less preferred food is available for little effort. Overall, D2R-

overexpression had no effect on the number of lever presses emitted on the RR schedule

when home cage chow was not available (non-concurrent task), either in the NAc (virus
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effect: F(1, 12)= 1.25; p=0.28) (Fig. 3C) or the CPu (virus effect: F(1, 11)=0.65; p=0.44) (Fig.

3D). However, when tested in the choice phase (chow freely available), mice with D2R

overexpression in the NAc (Fig. 3E) showed enhanced lever presses for the reward in

response to the increasing ratio requirements (virus effect: F(1, 12)=5.51; p=0.04) and a virus

x ratio interaction (F(2, 24)=4.490; p=0.02) compared to controls. In contrast D2R

overexpression in the CPu had no effect (virus effect: F(1, 11)=0.55; p=0.47. virus x ratio

interaction: F(2, 22)= 0.67; p=0.52) (Fig. 3F). The difference in lever presses in the NAc

group was directly due to an increase in lever presses in mice overexpressing D2R since the

two GFP-expressing control groups were similar (F(1, 11)= 0.68; p=0.43).

Interestingly, analyses of the ratio (lever presses in choice)/(lever presses in no choice) in

the NAc group showed that the D2R-overexpressing animals maintained their rate of lever

pressing, whereas GFP-expressing control animals significantly decreased their lever presses

when free chow was available in the cage, (Fig. 4A). ANOVA revealed a virus effect

(F(1, 12)=11.09; p<0.01), and one-sample analysis revealed that the ratio (lever presses in

choice)/(lever presses in no choice) was significantly lower than 1 in the NAc GFP group for

each RR (overall analysis: t=−9.85; p<0.01; one-sample analysis for each RR: all p’s<0.01)

but not in the NAc D2R group (overall analysis: t=−1.14; p=0.27; one-sample analysis for

each RR: all p’s>0.1). In contrast, in the CPu group (Fig. 4B) there was no virus effect

(F(1,11)=2.81; p>0.12) and the ratios (lever presses in choice)/(lever presses in no choice)

were significantly lower than 1 in both groups (overall analysis: CPu GFP: t=−4.65; p<0.01;

CPuD2: t=−6.76; p<0.01) confirming that the animals decreased their rate of lever presses

when chow was available in the cage similar to the NAc GFP group. Mice overexpressing

D2R in the NAc (Fig. 4C) consumed significantly less free chow than controls at all three

ratios (ANOVA: F(1, 12)=31.39, p<0.01; post-hoc: all p’s<0.01), demonstrating that the

increase in willingness to work for the reward was accompanied by a reduction in

consumption of freely available, less preferred food25. In contrast, D2R overexpression in

the CPu group (Fig. 4D) had no effect on the amount of chow consumed in the choice phase

(F(1, 11)=1.65; p=0.22). Altogether, these data demonstrate that D2R overexpression in the

NAc enhances the willingness to work for the reward.

D2R overexpression does not affect the reactivity to reward, the capacity to represent
reward value or the ability of reward-associated cues to alter the motivation to respond

We tested whether the increase in lever pressing in the NAc D2R overexpressing mice in the

reinforcement schedules with high work requirement was related to differences in the

capacity to form and update representations of reward value with an outcome devaluation

procedure. After subjects have learned that bar-pressing leads to a specific outcome (milk)

they are allowed to satiate on the reward and then given the opportunity to make the

response that previously led to that outcome22, 26, 27.

In the devaluation procedure, free consumption of the evaporated milk reward prior to

testing reduced response rates in all groups significantly more than free consumption of an

alternative food, indicating a significant degree of devaluation specific to the reinforcer

obtained by bar pressing (Fig. 5A, B). ANOVA revealed a significant type of pre-feeding

effect on lever-pressing in both NAc and CPu groups (both p’s<0.01) but no effect of D2R
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overexpression in either the NAc (F(1, 12)=0.67; p=0.43) or the CPu (F(1, 12)=1.42; p=0.26),

indicating a similar sensitivity to the current value of outcomes. Post-hoc comparisons

confirmed that all groups experienced outcome devaluation when pre-fed with evaporated

milk compared to chow (all p values <0.03) independent of the overexpression (all p values

>0.13). Similarly, ANOVA revealed a pre-feeding effect on the number of head entries in

the food magazine (both p’s<0.01) but no effect of D2R overexpression in either NAc

(F(1, 12)=0.32; p=0.58) or the CPu (F(1, 12)=0.92; p=0.36) (data not shown). There was a

significant virus x pre-feeding effect (F(1, 12)=5.54; p=0.04) in the NAc group but unpaired

comparisons for each pre-feeding did not show any difference (both p’s>0.18) confirming a

similar sensitivity to the value of outcomes. There was also no difference in the amount of

free evaporated milk consumed by each group during pre-feeding (Mean (in grams) ± SEM:

NAc-GFP: 4.3 ± 0.2; NAc-D2R: 4.7 ± 0.2; CPu-GFP: 4.2 ± 0.4; CPu-D2R: 4.7 ± 0.2. t-tests:

p’s>0.3), indicating that reactivity to the reward itself was not affected by D2R

overexpression.

The ability to learn about cues associated with reward and their capacity to enhance

motivation was tested in the Pavlovian to instrumental Transfer (PIT) – a paradigm in which

a neutral stimulus is paired with an unconditioned reward and its ability to modulate the

motivation to make an instrumental response is tested22, 26, 27. Specifically, PIT was

measured by first training the mice to associate a tone-conditioned stimulus (CS) with the

occurrence of the milk reward. ANOVAs revealed that overall both NAc and CPu groups

increased their rate of head-entries during the tone compared to the inter-trial interval (ITI)

(NAc group: F(1, 12)=13.6; p<0.01, CPu group: F(1, 11)=14.6; p=0.01) and there were no

differences based on GFP or D2R overexpression (virus x session effect: NAc group:

F(1, 12)=0.04; p=0.84, CPu group: F(1, 11)=3.32; p=0.10) (suppl. Figure 2)). Thus, the

overexpression had no impact on the capacity to learn a CS-US association. The level of PIT

was tested in a session in which no primary reward was delivered, but the tone CS was

presented intermittently. During this PIT transfer test mice from both NAc (PIT ratio: t=

−3.43; p<0.01) and CPu (PIT ratio: t=−3.31; p<0.01) groups pressed significantly more

during the tone CS than during the ITI (Fig. 5C, D). Moreover, the level of PIT transfer

(increase in responding during the CS) did not differ between D2R overexpression and

control groups in the NAc (t=−0.41; p=0.69) or the CPu (t=−1.92; p=0.09) (Fig. 5C, D)

suggesting that the tone was equally effective at modulating motivation in both groups.

Similarly, the number of head entries in the food magazine was significantly increased in

both groups during the tone presentation compared to ITI (both F’s<13,60; both p’s<0.01)

but there was no effect of D2R overexpression (both F’s<0.65; both p’s>0.44) (data not

shown). The similar sensitivities of the mice to reward devaluation and PIT support the idea

that the increased motivation in NAc D2R overexpressing animals is not related to an

alteration in reactivity to the reward itself, the representation of reward value or the capacity

of stimuli associated with reward to modulate motivation; but rather to a specific

enhancement of willingness to work for the reward.

DISCUSSION

Our data show that postsynaptic D2R overexpression in the NAc - but not in the CPu – of

adult mice increases motivation. This was shown in two ways: 1) higher levels of operant
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responding as work requirements increased; and 2) higher levels of responding for the

earned reward in the presence of a less preferred but freely consumable reinforcer. The

increased motivation was not due to a change in sensitivity to the value of the reinforcer,

since the NAc D2R-overexpressing and control animals consumed similar amounts of the

food reward when freely available and all groups were similarly sensitive to devaluation of

the reward. D2R overexpression also had no effect on acquisition of Pavlovian goal tracking

or enhancement of instrumental responding in the presence of an appetitive cue, indicating

no change in the Pavlovian components of the instrumental response. Thus, augmenting

postsynaptic expression of D2Rs in the NAc in adulthood selectively enhances the ability to

sustain the instrumental response – or willingness to work - without changing the animal’s

representation of the value of the reward stimulus per se. Rather, the effect specifically

involves an alteration of the representation of how effortful the response is and/or the

computation of the difference between cost and benefit.

Imaging studies in humans suggest that optimal goal-directed behaviors and motivation

seem to correlate with higher D2R levels in the striatum7–9, 28. Similarly, high D2R

availability in the striatum is associated with a resilience against the development of

addiction29. Miscalculation of cost-benefit30, 31, 32 as well as decreased D2R availability in

the striatum6, 33–35 are common feature among human pathologies that involve a

dysregulation of motivation. Notably, increasing dopamine transmission at the D2R in the

ventral striatum correlates with improvement in symptoms in ADHD6, and in cocaine

abusers, the successful response to a motivation-based treatment is associated with enhanced

dopamine transmission at the D2R in the ventral striatum36. Our current findings are

consistent with these studies in implicating an important role for ventral striatal D2R

signaling in motivation. This may be particularly true for disorders in which a loss of

willingness to work is a prominent phenotype.

Our results are in agreement with previous studies showing a critical role for mesolimbic

D2R-mediated dopamine transmission in the regulation of decisions based upon effort

expenditure11. Salamone and colleagues have shown that dopamine signaling at the D2R has

a powerful effect on an animal’s willingness to work for a reward, based on the work-related

response costs and the value of the reinforcer itself11, 37–41. Indeed, intra-NAc infusions of

low doses of D2R antagonists or DA depletion impair motivation and shift behavior away

from food-reinforced tasks that have a high response requirement and toward low cost

options with less reinforcement11. Conversely, amphetamine administration in humans42 or

into the NAc in animals facilitates motivation43–45, as do manipulations that increase

endogenous levels of extracellular dopamine. Indeed, Cagniard et al.46 showed that knock

down of the dopamine transporter in mice, which results in elevated extracellular dopamine

as a result of decreased clearance, enhanced the tendency to work for a food reward, without

effects on Pavlovian and operant learning. Similarly, Bello et al.47 showed that mice lacking

dopamine D2 autoreceptors and thus with elevated striatal dopamine synthesis and release

due to a loss of feedback inhibition, display enhanced motivation to obtain a food reward. It

is notable that manipulations that increase extracellular dopamine levels enhance motivation,

but also lead to other behaviors such as impulsivity and/or hyperlocomotion that can

interfere with learned appetitive behaviors43, 48, 49, whereas the mice in this study did not
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display generalized increases in unconditioned behavior (suppl. Figure 3). The present

findings are consistent with the above studies showing that blocking D2R signaling impairs

motivation and that increasing extracellular dopamine can enhance motivation, but the

current study shows that potentiating postsynaptic DA signaling at D2R in the NAc

selectively enhances the organism’s willingness to work for reward.

The present results highlight a potential dissociation between D2Rs in the NAc and CPu in

modulating motivation. Recognition that the NAc is involved in goal-directed behavior has

led to the hypothesis that mesoaccumbens dopamine signaling encodes information

regarding the motivational significance of a stimulus50. Early work showed that neurotoxic

lesions of the nucleus accumbens specifically impair an animal’s response to conditioned

and unconditioned reinforcers, whereas lesions of the dorsal striatum affect behaviors such

as response initiation and reaction time to acquire the reinforcers 45, 51–53. Thus, it has been

suggested that instrumental responding for natural rewards is dependent on the NAc whereas

the dorsal striatal pathways recruit stimulus-response processes54. Given evidence that the

dorsal striatum plays a role in instrumental learning, with activity of the nigrostriatal DA

pathway acting as a reinforcement signal3, 55, it is somewhat surprising that D2R-

overexpression in the CPu did not have a significant effect on any of the tasks performed in

the current study. Indeed, previous studies demonstrated that restoring DA signaling

selectively in the dorsal striatum of DA-depleted mice is sufficient to restore reward-based

learning56. Anatomical and functional studies suggest that the dorsal striatum is divided into

a medial system that supports action-goal associations and a lateral system involved in

stimulus-response association57. The lack of effect of D2R overexpression in the CPu in the

current study could result from the concomitant alteration of both instrumental systems.

However this seems unlikely since action of DA in either one of these subregions of the

dorsal striatum seems to be able to support instrumental processes independently of

dopamine signaling in the other area58. Further studies using overexpression of D2R in

specific subregions of the CPu and operant schedules that discriminate between stimulus-

response and action-goal associations will be required to understand the role of the D2R in

the dorsal striatum for instrumental behavior.

Previous studies have shown that genetically-driven conditional overexpression of D2R in

the striatum of mice results in a reversible decrease in motivation20, 21, 24. In those studies,

the D2R was overexpressed in mice throughout their development and was associated with a

reduction in the operant responding required to earn a reward, opposite to the current

findings. However, in that transgenic mouse model the decrease in motivation likely reflects

an effect of D2R overexpression across development, which results in compensatory

alterations in the dopamine system59. Moreover, in that developmental mouse model, D2R

overexpression is of a smaller magnitude and is not selective for ventral or dorsal striatum,

but is restricted to medium spiny projection neurons throughout the striatum. In the viral

model presented here, we specifically targeted the NAc or CPU and produced a large

increase in D2R expression in all cells within these regions.

In the striatum, expression of D1R and D2R is largely segregated in neurons of the

striatonigral and striatopallidal pathways, respectively60, although a subpopulation of MSNs

in the NAc coexpress D1R and D2R and may represent a third neuronal pathway61. It is
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possible that NAc D2R overexpression in our study enhances the role of this atypical

projection pathway. Additionally, cholinergic interneurons in the striatum express D2R62

and are strongly modulated by reward probability63. Thus, the effect on motivation could

also be directly related to overexpression of D2Rs in cholinergic interneurons. Ultimately,

further studies using targeted manipulation that allows the specific overexpression of D2Rs

in discrete neuronal subpopulations in the NAc will be required to determine which neurons

are involved in the modulation of motivation. While it is not yet known which neuronal

population mediates this effect, our results provide an important proof of concept by

showing that increasing postsynaptic D2R density in the NAc selectively enhances

motivation by increasing the willingness to expend effort to obtain a goal without major

changes in other reward-related processes.

This raises the prospect that therapies that enhance postsynaptic D2R signaling in the NAc

could be successful in psychiatric disorders that involve dysregulation of motivation. Along

this line, determination of the molecular mechanisms mediating the effect of ventral striatal

postsynaptic DA D2Rs on motivation, from the level of gene regulation to specific D2R

signaling pathways in neuronal subpopulations, can reveal novel pharmacological targets for

motivation enhancement. While a challenging hurdle for pharmacological intervention,

development of a functionally-selective agonist for postsynaptic D2Rs or specific signaling

pathways coupled to these receptors is quite feasible64. Another approach that could

selectively enhance post-synaptic D2R expression in vivo in the NAc is viral-mediated

expression. Of note, adeno-associated viral gene delivery in preclinical studies, in both

rodents and non-human primates, has led to promising results in the context of

neurodegenerative diseases65. Our data support the idea that treatments that increase D2R in

specific brain regions might allow the selective modulation of motivation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of the D2R-mVenus overexpression
(A) Fusion of mVenus to the D2R receptor did not alter the ability of the agonist quinpirole

to activate G protein as demonstrated in an aequorin-based assay. Quinpirole-induced

luminescence was determined as described in Material and Methods and expressed as a

percentage of the maximal response for each construct. Results of 3 independent

experiments are represented as mean ± S.E.M fit to a sigmoidal dose response non-linear

regression. (B) Representative examples of D2R-mVenus expression by AAV injection in

NAc (top) and CPu (bottom). (C) Specificity of the anti-D2R antibody was determined by

comparison of a wildtype and D2R KO stained sections (top row). D2R-mVenus expression

highly overlaps with endogenous D2R expression (bottom row). (D) D2R-mVenus co-

localized with MAP2, consistent with a dendritic/postsynaptic localization of the receptor.

Scale bars: 30 μm. (E) Diagrammatic representation of the maximal (colors) and minimal

(gray) extent of spread of D2R-mVenus (orange) and GFP (blue) for CPu (right diagram)

and NAc (left diagram); numbers indicate distance from Bregma.
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Figure 2. D2R overexpression in the NAc or the CPu does not alter operant learning
D2R overexpression in the NAc (A) or CPu (B) did not alter learning of the operant

procedure in a continuous reinforcement schedule (CRF) or performance in fixed interval

(FI) schedules.
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Figure 3. D2R overexpression in the NAc, but not the CPu, increases effort in a progressive ratio
task and a choice paradigm
D2R overexpression in the NAc (A) but not in the CPu (B) enhanced the average number of

lever presses in a progressive ratio task. When tested in random ratio (RR) paradigms, D2R

overexpression in the NAc (C) or the CPu (D) had no effect on operant response in any of

the random ratios tested (number of sessions pooled for each ratios: RR5=13; RR10=4;

RR20=7). However, when tested in a choice lever pressing/chow feeding procedure (number

of sessions pooled for each ratios: RR5=9; RR10=8; RR20=12), mice overexpressing D2R

in the NAc (E) showed an enhancement in their rate of lever press, whereas overexpression

of D2R in the CPu (F) had no effect. (* statistically significant).
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Figure 4. Animals that overexpress D2R in the NAc - but not the CPu – maintain their rate of
lever presses in the choice procedure and eat less of the free chow
(A) Ratio (lever presses in choice)/(lever presses in no-choice) in the NAc and CPu (B)
groups. Amount of chow consumed in the choice paradigm in the NAc group (C) and CPu

(D) groups. (* statistically significant).
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Figure 5. D2R overexpression does not affect representation of outcome or incentive value
D2R overexpression in the NAc (A, C) or the CPu (B, D) had no effect on satiety

devaluation (A, B) by pre-feeding with either chow or evaporated milk, or on Pavlovian-to-

instrumental transfer (C, D).
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