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Impulsive choice, often characterized by excessive preference for small, short-term rewards over larger, long-term rewards, is a
prominent feature of substance use and other neuropsychiatric disorders. The neural mechanisms underlying impulsive choice are
not well understood, but growing evidence implicates nucleus accumbens (NAc) dopamine and its actions on dopamine D2
receptors (D2Rs). Because several NAc cell types and afferents express D2Rs, it has been difficult to determine the specific neural
mechanisms linking NAc D2Rs to impulsive choice. Of these cell types, cholinergic interneurons (CINs) of the NAc, which express
D2Rs, have emerged as key regulators of striatal output and local dopamine release. Despite these relevant functions, whether D2Rs
expressed specifically in these neurons contribute to impulsive choice behavior is unknown. Here, we show that D2R upregulation
in CINs of the mouse NAc increases impulsive choice as measured in a delay discounting task without affecting reward magnitude
sensitivity or interval timing. Conversely, mice lacking D2Rs in CINs showed decreased delay discounting. Furthermore, CIN D2R
manipulations did not affect probabilistic discounting, which measures a different form of impulsive choice. Together, these
findings suggest that CIN D2Rs regulate impulsive decision-making involving delay costs, providing new insight into the
mechanisms by which NAc dopamine influences impulsive behavior.
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INTRODUCTION
Choosing between different reward options requires considera-
tion of their respective costs and benefits. For instance, increasing
delay costs can diminish the subjective value of a reward, leading
to a preference for immediate rewards [1]. The degree of
“discounting” of future rewards, typically measured in humans
and animals using delay discounting tasks [2], varies widely
among healthy individuals. However, delay discounting can
become maladaptive, leading to an excessive bias towards
proximal, often less valuable rewards. Indeed, excessive impulsive
choice is strongly implicated in substance use disorders (SUDs),
attention-deficit hyperactivity disorder (ADHD), schizophrenia and
other neuropsychiatric illnesses, as well as in obesity [3–6].
Excessive delay discounting also correlates with risky sexual
behavior and overall lack of health monitoring and poor treatment
compliance [3, 7]. It is not surprising that delay discounting has
been proposed as a trans-disease and trans-diagnostic process,
reflecting its potential as a candidate treatment target [3, 8].
However, the underlying neural substrates and cellular mechan-
isms remain to be fully understood.
Neuroimaging studies in humans and neuropharmacological

and lesion studies in rodents suggest a critical involvement of the
nucleus accumbens (NAc) in impulsive choice. Activation of the
human ventral striatum, which comprises the NAc, correlates with
the subjective value of delayed rewards [9, 10]. Lesions of the NAc

core subregion in rats reduce preference for large, delayed
rewards without affecting sensitivity to reward magnitude [11, 12],
although partial inactivation of the NAc core can decrease delay
discounting [13].
The activity of midbrain dopamine neurons has similarly been

implicated in delay-based decision-making [14, 15]. Given the
dense dopaminergic innervation of the NAc and the high
prevalence of excessive choice impulsivity in disorders that
feature ventral striatal dysfunction [3, 16], NAc dopamine has
been suspected as a key modulator of the region’s role in
impulsive choice. While dopamine denervation in the NAc failed
to alter delay discounting [17], more recent work has demon-
strated that phasic dopamine release in the NAc in vivo encodes
delay-related costs and the changing subjective value of rewards
[18, 19]. Furthermore, optogenetically-evoked NAc dopamine
release specifically alters delay-based, but not magnitude-based
choices [19].
Various cross-species studies suggest that dopamine D2

receptors (D2Rs) are critical mediators of dopamine’s actions in
these behaviors. Systemic blockade of D2Rs, but not D1 receptors,
reduces the value of delayed rewards in rats [20], suggesting a
causal link between impulsive choice and D2R function. Because
such approaches are likely to engage with D2Rs expressed brain-
wide, the specific contribution of D2Rs within the NAc remains
unclear. Positron emission tomography (PET) imaging findings
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indicate that low D2R availability in the NAc core in rats is
correlated with increased impulsivity in a delay discounting task
[21, 22]. A similar correlation has been reported in ventral striatum
of pathological gamblers [16], but whether D2R expression in the
NAc leads to impulsive choice involving delayed rewards is
unresolved. While neuroimaging and pharmacological studies
provide strong support for a role of NAc D2Rs in impulsive choice,
they lack the resolution necessary to identify the specific cellular
substrates and mechanisms of dopamine-D2R actions. This is
especially relevant in the NAc, where D2Rs are widely expressed in
spiny projection neurons (SPNs), cholinergic interneurons (CINs),
and in presynaptic dopaminergic and glutamatergic axon
terminals and can have distinct cellular signaling outcomes [23].
Moreover, given the greater relative abundance of SPNs,
observations made with global approaches may obscure impor-
tant cellular and behavioral contributions of D2Rs expressed in
sparser neuronal populations.
Among these, CINs — the main source of acetylcholine in

striatum [24, 25] — emerge as an intriguing candidate substrate
for impulsive behavior. First, CINs influence striatal output by
modulating cortico-striatal plasticity in SPNs [26, 27], which are
thought to play key roles in action selection and reward valuation
[28, 29]. Second, CINs not only powerfully control local dopamine
release [30–32], but their cue-evoked firing activity and acetylcho-
line release is, in turn, sensitive to dopamine actions on D2Rs
[33–35]. Third, recent work involving systemic administration of
cholinergic receptor agonists and antagonists has suggested a
complex involvement of acetylcholine in delay and probabilistic
discounting tasks [36–39]. However, whether D2R function in NAc
CINs is critical to impulsive choice has not been investigated.
We recently reported that selective D2R overexpression in NAc

CINs impairs learning to suppress responding in a Go/No-Go task
when an inhibitory response was required [34]. While this finding
is consistent with increased action impulsivity, it is unknown
whether NAc CIN D2Rs contribute to impulsive choice behaviors.
To this end, we used region- and cell type-selective approaches to
alter D2R expression in NAc CINs. We found that higher D2R levels
in these neurons increase impulsive choice, but only when it
involved temporal, but not probabilistic costs. This effect was not
associated with altered sensitivity to reward magnitude or
impairments in timing. These findings suggest a novel interaction
between NAc dopamine and acetylcholine in mediating delay-
based impulsive choice.

MATERIALS AND METHODS
Please see Supplementary Material for additional methods
Mice. Adult male and female hemizygous ChAT-Cre mice (B6.FVB(Cg)-
Tg(Chat-cre)GM60Gsat/Mmucd, GENSAT; MMRRC stock no. 030869-UCD)
[40], backcrossed > ten generations to C57BL/6 J background, were used in
D2R overexpression experiments. For knockout experiments, mice were
generated from crosses of hemizygous ChAT-IRES-Cre (ChATtm1(cre)Lowl/
MwarJ; JAX stock no. 031661) to Drd2loxP/loxP (Drd2tm1.1Mrub/J, JAX stock no.
020631) [41] mice. The ChAT-IRES-Cre/Drd2loxP progeny were then crossed
to Drd2loxP/loxP to generate ChAT-IRES-Cre/Drd2loxP/loxP (CIN-D2KO) and
Drd2loxP/loxP(WT controls). Mice averaged approximately 6 months of age
and were age-matched across groups. Body weights did not significantly
differ between groups. Mice were housed in groups of 3–5 per cage on a
12-h light/dark cycle, and all experiments were conducted during the light
cycle. All experimental procedures were performed in accordance with NIH
guidelines and were approved by Institutional Animal Care and Use
Committees of Fordham University and of the New York State Psychiatric
Institute.

Surgical Procedures. Mice (>10 weeks) underwent stereotaxic surgical
procedures under ketamine and xylazine-induced anesthesia in which they
received Cre-dependent double-inverted open-reading frame (DIO) adeno-
associated virus (AAVs) bilaterally into the NAc (400 nL/side). Infusions
were done using Bregma-based coordinates: AP, + 1.70mm; ML, ±
1.20mm; DV, −4.1 mm (from dura) at a rate of 20 nl/s (20 pulses, 5 min).

Viruses used: AAV2/9-EF1a-DIO-D2R(S)-P2A-EGFP [34]; AAV2/5-hSyn-DIO-
EGFP (Addgene # 50457-AAV5) or AAV2/9-Syn-DIO-EGFP (Addgene #
100043-AAV9). Assignment of AAV was counterbalanced for sex, age, and
home cage origin. Behavior experiments began at least 4 weeks following
viral infusions, and mice were food-restricted and maintained at 85–90% of
their baseline body weight; water was available ad libitum.

Delay Discounting and Probability Discounting Tasks. After successful
completion of the criteria for trough and lever press training (see
Supplementary Materials and Methods for more information), mice were
trained on a delay discounting procedure adapted for mice [42]. Delay
discounting sessions began with 10 forced choice trials. In forced choice
trials, one of the lever lights appeared for 5 s before the extension of its
associated lever; only one lever was presented in forced trials. In forced
“delayed” trials, pressing of the corresponding lever led to the large reward
after a delay. In “forced immediate” trials, responding on the alternate lever
led to a small reward with no delay. The order of forced trials was
alternated. Both levers were rewarded on a fixed ratio (FR-1) schedule and
retracted following a press. In the remaining 20 “free choice” trials, both
levers were extended following 5-s presentation of both lever lights. Levers
remained extended until a press on either lever was made. New trials
began following a variable intertrial interval (ITI) (mean = 29 s). For the first
14 daily sessions, the delay to the small and large rewards was set to 0 s to
assess preference for reward size. These sessions were followed by sessions
in which the delay to the large reward was increased across sessions, while
the delay to the small reward remained at 0 s. Time delays (2, 4, 6, 8, and
10 s) to the large reward following a lever press were presented in separate
sessions (3 sessions for each delay) in ascending order [42].
Following successful completion of trough and lever press training,

separate cohorts were trained on the probabilistic discounting task [42].
The initial training phase for this task was identical to that of the delay
discounting task. Here, the probability of receiving the large reward was
decreased (80, 60, 50, 40, 33, 20%) across sessions. Each probability was
presented for 3 consecutive days.

Timing Tasks. A different cohort of mice underwent training on a
temporal discrimination task [43]. For discrimination training, mice learned
to press one of the two levers after a 2-s tone (“short”) and the other
following an 8-s tone (“long”) to earn a reward. The durations of the short
and long tones were increased from 2 to 6 s and from 8 to 24 s and original
lever assignments were maintained. The same mice were then trained for
the peak interval task. Here, trials began with lever extension. Lever presses
were only rewarded if they occurred after a fixed interval following lever
extension. Each reinforcement was followed by a variable ITI (mean = 30 s)
during which the lever remained retracted. New trials were signaled by
lever extension. In peak interval training, a target interval of 24 s was used,
as described [44]. In peak trials, the lever was extended for 72–96 s, but
lever presses had no consequences. Each session consisted of 36 FI-24 s
trials and 24 peak trials.

Data analysis. In discounting tasks, the percent of free choice trials in
which the large reward option was chosen was determined for each delay
or probability by dividing the number of presses on the large reward lever
by the total number of presses. The total number of presses always
equaled the total number of trials. Data were presented as the average of
the last 2 sessions at each delay or probability. Mice that did not achieve
≥50% large choice after averaging the last two sessions of initial choice
training (in the absence of delay or probability costs) were excluded from
the analysis. Press latency in each trial was calculated as the period from
lever extension to the lever press, and session medians were obtained for
each lever and for both levers combined. Data are presented as the mean
of the median latency. For temporal discrimination, data was expressed as
the percentage of correct responses made on a given lever based on the
sample duration presented. Peak interval data used for analysis was
averaged across the last 5 sessions. Sample sizes were determined by
performing statistical power analyses based on effect sizes observed in
preliminary data or on similar work in the literature. Statistical analyses
were performed using GraphPad Prism 9 (GraphPad) and MATLAB
(MathWorks). Data are expressed as mean ± standard error of the mean
(SEM). Unpaired two-tailed Student’s t tests were used to compare two-
group data. Analyses of behavior data across time/sessions or following
progressive changes in delay or probability were done using two-way
repeated measures ANOVA. Temporal discrimination data was analyzed
using three-way ANOVA, when appropriate. Tukey multiple comparisons
tests were used to compare within-group means. For all analyses,
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p values < 0.05 were considered statistically significant. Investigators were
blinded to the genotype throughout behavioral assays and data analysis.

RESULTS
D2R upregulation in NAc CINs increases delay discounting
To determine whether increased D2R levels in NAc CINs contribute
to impulsive choice, we first delivered Cre-dependent (AAV)
expressing D2R-EGFP or EGFP bilaterally into the NAc of ChAT-Cre
mice (8 mice/group). This manipulation led to efficient transduc-
tion of D2Rs in CINs in the NAc, particularly within the core
subregion (Figs. 1A and S1). We have previously demonstrated,
using single molecule fluorescent in situ hybridization, that this
vector results in 2.4-fold D2R overexpression in NAc CINs [34]. Four
weeks after surgery, mice were trained on a delay discounting task
adapted to mice [42, 45] that measures the choice between
pressing one lever to obtain a small, immediate reward or pressing
another lever to obtain a three times larger reward that is
presented after increasing delays (Fig. 1B).
We first assessed the percent choices made on the “large” lever

in the absence of delays to either lever over the course of two
weeks (Fig. 1C). We observed a significant main effect of session
block, and Tukey’s multiple comparisons test revealed significant
simple main effects within the D2 group (Block 1 vs 5 and 1 vs 7),

but not within the EGFP group. However, we found no main effect
of virus or a virus x session block interaction, suggesting that D2R
upregulation does not alter the sensitivity to the two different
reward sizes presented in this task. Following this initial phase,
mice experienced increasing delays to the large reward following
a lever press, while the small reward continued to be delivered
without delay. Delays to the large reward were presented in
separate sessions for 3 days each. As seen in Fig. 1D, both groups
showed discounting of the large reward as delays increased
(decreasing choice of the large reward). This discounting,
however, was significantly steeper in D2R-overexpressing mice
compared to controls, suggesting that D2R upregulation in NAc
CINs increases impulsive choice. These effects did not appear to
be sex-specific (Fig. S2A, B). Mice did not show significant
alterations in the median latency to press levers in the forced
trials at the start of each session or in the free choice trials
(Figs. 1E, F and S3). Figure 1G, H show that the same viral
manipulation in a different cohort of mice did not alter distance
traveled in an open field. These results suggest that D2R
upregulation increases intertemporal choice without general
alterations in motivation or locomotor activity.

D2R upregulation in NAc CINs does not alter probabilistic discount-
ing. Because rewards obtained after long delays in our delay
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Fig. 1 D2R upregulation in NAc CINs increases delay discounting. A Top, low magnification image of AAV-DIO-D2-EGFP expression in CINs
of the NAc (shown within dotted lines; scale = 500 µm). Bottom, higher magnification within the NAc core showing typical CIN morphology
and co-localization of AAV-DIO-D2-EGFP and ChAT immunolabeling (a.c., anterior commissure; scale = 30 µm). B Schematic illustration of the
delay discounting task. On free choice trials, two lever options are presented, each leading to a small or a large reward. The delay to the large
reward is progressively increased across sessions (0–10 s), while the small reward is given with no delay. C In the absence of delays to either
reward, EGFP and D2R-overexpressing mice similarly increased preference for the large reward option after 14 training sessions (shown
here as blocks of 2 sessions). Delay main effect: F (6, 84)= 2.608, p= 0.0229; virus effect: F (1, 14)= 0.07516, p= 0.7880; virus x delay interaction:
F (6, 84)= 1.257, p= 0.2861. D As delays to the large reward were progressively increased, a 2-way RM ANOVA found a significant main effect of
delay (F (5, 70)= 43.47, p < 0.0001) as well as a significant virus x delay interaction: F (5, 70)= 6.13, p < 0.0001, * denotes significant interaction.
n= 8 mice/group, 5 females, 3 males per group. Data is expressed as the average of the last 2 days at each delay. E, F. D2R upregulation did
not alter the median press latency during forced trials (virus effect: F (1, 14)= 0.5845, p= 0.4572; virus x delay interaction: F (5, 70)= 1.131,
p= 0.3522) or during free choice trials (virus effect: F (1, 14)= 0.4418, p= 0.5171; virus x delay interaction: F (5, 70)= 0.8204, p= 0.5393). Values
expressed as mean of median latencies ± S.E.M. G, H. No significant group changes were observed in either distance traveled in 5-min
bins over a 90-min period in an open field using a different cohort of mice (virus effect: F (1, 18)= 0.1850, p= 0.6722; virus x delay interaction:
F (17, 306)= 1.087, p= 0.3651), or in mean total distance traveled over 90-min (t (18)= 0.4301, p= 0.6722). EGFP, n= 9 (3 females, 6 males); D2,
n= 11 (5 females, 6 males).
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discounting paradigm could be perceived as being less certain
than those obtained after short delays [46, 47], it is possible that
the effect of CIN D2R upregulation on delay discounting is largely
driven by an enhanced intolerance to reward uncertainty. We
addressed this issue using a probabilistic discounting task in
which subjects must choose between a small, certain reward or a
larger reward delivered with decreasing probability (Fig. 2A). While
performance in probability discounting and delay discounting
depends on an intact NAc core, these two forms of choice
behavior are generally considered dissociable processes [11, 46].
We used a variation of the probabilistic discounting paradigm

[42] in a different cohort of ChAT-Cre mice overexpressing either
D2Rs or EGFP in NAc CINs. Initial training for this task was identical
to the delay discounting task, involving two levers that, when
pressed, led to a large or a small reward with 100% probability and
0-s delay. Mice from both groups similarly increased their
preference for the large reward across these sessions (Fig. 2B).
Following this phase, the probability of the small reward remained
at 100%, while the large reward progressively decreased across
sessions, and % preference for the large, probabilistic reward was
determined. Two-way RM ANOVA indicated that while there was a
main effect of probability on discounting (decreased large certain
reward choices), there was no significant effect of D2R upregula-
tion (Figs. 2C and S2C, D). These results contrast with our delay
discounting findings, suggesting that augmented CIN D2R
expression preferentially increases impulsive choice behavior
involving delayed reinforcement.

D2R upregulation in NAc CINs does not alter timing. The ability to
accurately represent the time it takes to receive a reward following
a press is a key behavioral sub-component in delay discounting
tasks [48]. Thus, it is conceivable that CIN D2R upregulation results
in an overestimation of time intervals, thereby reducing tolerance
of delays compared to controls. To test this hypothesis, we first
used a temporal discrimination task to determine whether D2R
upregulation altered the ability to correctly categorize two
auditory tones of different durations as “short” or “long” [43]. A
single press on one lever was rewarded following a 2-s (“short”)
tone, while pressing the other lever was rewarded following an 8-s
(“long”) tone (Fig. 3A, B). The mean percentage of correct
responses during “short” or “long” trials across test sessions was
not affected by D2R upregulation. To determine whether there
might be distortions that are specific to particular time ranges [43],
we proportionally increased the tone durations for the previously
defined “short” and “long” levers to 6 s and 24 s in the same

animals (Fig. 3C). Following the switch to the 6-s (“short”) versus
24-s (“long”) sessions, mice initially exhibited near chance
performance in both trial types, likely due to the similarity
between the 6-s and the 8-s tone, which was previously mapped
to the “long” lever. Discriminative performance improved in both
groups of mice with training without an effect of D2R upregula-
tion.
Using the same mice, we then examined whether D2R

upregulation impacted the precision and accuracy of timing using
a peak interval task. In this procedure, mice initially learned that
lever responses are only rewarded if they occur after a fixed
interval of 24 s (FI-24). Peak trials, in which the lever is extended
but responses are not rewarded, are then introduced randomly
with FI trials [44]. Figure 3D shows the response rate during these
peak probe trials, averaged over the final 5 sessions, in which
control mice showed stable performance in both response rate
and timing precision. The response rates and their distribution
were similar in both D2R-overexpressing mice and control EGFP
mice, with the highest mean response rates near the target of 24 s.
For a quantitative analysis of peak trial performance, we fit a
Gaussian probability density function to peak trial data from
individual mice, as previously done [44, 49].

y ¼ ae�0:5
x�x0
b

� �2

We found no significant differences in best-fit parameter values
for peak location (x0) or peak width (b) suggesting no D2R-
mediated alterations in the accuracy and precision in timing 24-s
intervals (Fig. 3E, F). Moreover, we did not find alterations in
maximal response rate estimates reflected in the peak height
parameter (a) (Fig. 3G), suggesting that motivation was not
affected, consistent with our previous findings in a progressive
ratio task [50]. These results, together with the temporal
discrimination data, suggest that timing is not fundamentally
altered by increased D2R expression levels in NAc CINs.

Genetic inactivation of CIN D2Rs decreases delay discounting
but does not affect probabilistic discounting
To determine whether D2Rs in CINs are required for impulsive
choice, we used ChAT-IRES-Cre x Drd2loxP/loxP (CIN-D2KO) mice,
which lack the D2R gene in striatal CINs. This strategy has been
routinely used for the study of striatal CIN function and associated
behavior [35, 51–53]. While this approach has the potential to
impact cells that co-express ChAT and D2R outside the NAc, no
studies, to our knowledge, have demonstrated D2R expression in

Fig. 2 D2R upregulation in NAc CINs does not alter probabilistic discounting. A Schematic illustration of probabilistic discounting task. On
free choice trials, two lever options are presented, each leading to a small or a large reward. The probability of receiving the large reward is
progressively decreased across sessions (100–20%), while the small reward is always given. B With increased training, both EGFP and D2R-
overexpressing mice increased preference for the large reward when both options were equally probable to yield reward (100%) probability;
session block effect: F (6, 84)= 17.85, p < 0.0001; Tukey’s test showed significant differences between session blocks 1 and 7 for both
groups (adjusted p values < 0.0001). No significant main effects of virus (F (1, 14)= 0.08267, p= 0.7779) or virus x session block interactions
(F (6, 84)= 0.9243, p= 0.4818) were observed. C. A significant main effect of probability was detected (F(6, 84)= 38.39, p < 0.0001), with both
groups showing significant simple main effects within-group (100% vs. 33% or 20%, adjusted p values < 0.0001), but this effect was not
significantly different following D2R upregulation (virus: F (1, 14)= 0.8632, p= 0.3686; virus x probability: F (6, 84)= 0.7642, p= 0.6001, n= 8
mice/group). EGFP: 3 males, 5 females; D2: 4 males, 4 females.
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extrastriatal cholinergic neurons. As shown in Fig. 4A, CIN-D2KO
did not differ from Drd2loxP/loxP control mice in increasing their
preference for the large reward in delay discounting 0 s phase,
suggesting that a lack of CIN D2Rs does not alter reward
magnitude sensitivity. However, compared to Drd2loxP/loxP mice,
CIN-D2KO mice showed decreased delay discounting as evi-
denced by the greater choice of the large reward option at longer
delays (Fig. 4B). This effect did not appear to be sex-specific
(Fig. S4). No genotype differences were found in the press latency
during forced or free choice trials (Figs. 4C, D and S5). Moreover,
no alterations in open field locomotion were observed in a
different cohort of mice (Fig. 4E, F).
We then tested whether absence of CIN D2Rs would impact

probabilistic discounting. Using a new cohort of CIN-D2KO mice,
we found no effect of genotype on performance in the initial
training, when probability of either choice was 100% (Fig. 4G).
Moreover, unlike the effect on delay discounting, CIN-D2KO mice
showed no alterations in probabilistic discounting (Figs. 4H and
S4). These findings suggest that CIN D2Rs are required for
appropriate discounting of delayed rewards, but do not play a role
in discounting of probabilistic rewards.

DISCUSSION
Using Cre-mediated recombination with AAV gene transfer, we
have found that selectively overexpressing D2Rs in CINs of the
adult NAc leads to a significant increase in impulsive choice as
measured in a delay discounting task. This effect was not
associated with gross alterations in sensitivity to reward

magnitude or in the ability to time intervals. In line with these
results, CIN-D2KO mice, which lack the Drd2 gene in striatal CINs,
showed decreased delay discounting. No alterations in probabil-
istic discounting, a related form of cost-based decision-making,
were observed with either D2R manipulation. Together, these
findings indicate that D2R expression levels in CINs powerfully
regulate impulsive decision-making involving delay costs.
Brain imaging and autoradiography studies have reported a

correlation between lower D2R availability in ventral striatum,
especially the NAc core, and higher trait-like motor and choice
impulsivity in rats [21, 22]. Whether alterations in NAc D2R levels
or function cause impulsive choice behavior, however, has been
difficult to demonstrate conclusively. Many of the studies to date
have involved acute systemic administration of D2R/D3R pharma-
cological agents. Some reported increased sensitivity to delay
costs with D2R antagonism [20, 54], whereas others showed no
effect with either antagonists or agonists [2, 55, 56]. Such
discrepancies may relate, to some extent, to the combined impact
of these agents on the NAc and relevant extrastriatal regions (e.g.,
prefrontal cortex, amygdala, and ventral tegmental area or VTA),
whose D2R signaling may have varied roles in impulsive decision-
making [57–61]. However, the few studies that have performed
intra-NAc microinfusions of raclopride, eticlopride or quinpirole
have shown no effect of NAc D2Rs in delay discounting [62, 63]. It
is conceivable that even within the NAc, concurrent blockade of
D2Rs in different cell types may mask their unique contributions.
For example, shRNA-mediated knockdown of D2Rs in the VTA
increases delay discounting [58]. While VTA dopamine neurons
have brain-wide projections, it is plausible that presynaptic D2Rs

Fig. 3 CIN D2R upregulation in NAc does not alter timing. A Schematic representation of the temporal discrimination task. In each session, a
single response on one of two lever options is rewarded based on the duration of the sample auditory stimulus. Two tone durations are
presented in each session. B Mean proportion of correct responses on the corresponding lever in 2-s tone trials (short, left) or 8-s tone trials
(long, right) across blocks of 2 sessions was not altered by D2R upregulation. A 3-way ANOVA showed no virus main effect, F (1, 65)= 0.005903,
p= 0.9390, and no significant virus x tone duration x session block (F(4, 65)= 0.9819, p= 0.4237) or virus x session block (F (4, 65)= 0.05092,
p= 0.9950) or virus x tone duration (F (1, 65)= 0.2230, p= 0.6383) interactions; n= 8 EGFP (7 females, 1 male), 7 D2 (6 females, 1 male). C The
duration of tones was proportionally increased to 6 s (short, left) and 24 s (long, right). While there was a significant main effect of session block
on discrimination of tone durations (F (7, 104)= 21.52, p < 0.0001), no significant main effect of virus (F (1, 104)= 1.890, p= 0.1721), or virus x tone
duration x session block (F (7, 104)= 0.2323, p= 0.9766), virus x session block (F(7, 104)= 0.6384, p= 0.7232), or virus x tone duration (F (1, 104) =
0.07523, p= 0.7844) interactions were found. D Mean lever press rate during peak trials in the final five sessions of the 24-s peak interval task.
E–GMean best-fitting parameters (derived from fitting to Gaussian function) for peak location (timing accuracy), peak width (timing precision), or
peak height (peak response rate). No significant differences were observed in any of these parameters using unpaired t tests.
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in dopaminergic afferents to the NAc play a role in limiting
impulsive decision-making. In contrast, our findings clearly
demonstrate that D2Rs in NAc CINs increase delay discounting.
Therefore, it is possible that the global reductions in NAc D2Rs
previously observed in higher trait impulsive choice are occurring
in SPNs or VTA dopamine axon terminals, which account for most
striatal D2Rs. Our data suggest that an unappreciated increase in
D2R levels could be simultaneously occurring in CINs and
contributing to impulsive phenotypes. Thus, dopamine’s dynamic
encoding of reward value in the face of delay costs might entail
complex modulation of D2R function across different neuronal
populations. We previously showed that increasing D2R levels in
NAc CINs significantly increases pauses in CIN firing in response to
VTA dopamine terminal stimulation, an effect blocked by a D2R
antagonist [34]. If additional CIN D2R receptors promote impulsive
choice by perturbing dopamine-to-CIN signaling, then it is
conceivable that reducing CIN D2R function pharmacologically,
or by other means, could reverse this phenotype.
Growing evidence has also implicated cholinergic neurotrans-

mission in delay discounting. Chronic smokers show greater
impulsive choice, suggesting a permissive role for nicotinic
acetylcholine receptor (nAChR) function [64, 65]. Likewise, acute
nicotine administration in rats leads to enhanced choice

impulsivity, an effect that is prevented by nAChR blockade
[36, 37]. However, conflicting results have also been described
[38, 39]. Because these studies also relied on systemic delivery, the
specific brain areas and cell types that are critically involved
remain to be defined. The behavioral effects that we observed
following selective targeting of NAc CINs clearly identify these
neurons as a key node in the neurocircuitry underlying impulsive
choice.
In our task design, which has been previously used for mice

[42, 45, 66], delays to the large reward were presented across
different sessions. In contrast, many studies of delay discounting
(primarily in rats) have used within-session shifts in delay, which
may require greater moment-to-moment cognitive flexibility
compared to across-session designs [2]. Our delay discounting
protocol also presents delays in ascending order and without a
cue to signal the delay to the large reward. While these are
common parameters in rodent delay discounting tasks, the order
of delay presentation (ascending vs. descending) or the signaling
of delays can considerably influence how acute dopaminergic
manipulations impact delay discounting [59, 67–70] (but also see
[71]). Whether alterations in CIN D2R expression similarly impact
delay discounting in other variations of the task remains to be
determined.

Fig. 4 Lack of CIN D2Rs decreases delay, but not probabilistic, discounting. A ChAT-IRES-Cre mice were crossed to Drd2loxP/loxP mice to
obtain mice lacking D2Rs in CINs (CIN-D2KO). CIN-D2KO and control Drd2loxP/loxP mice increased preference for the large reward with training
in the absence of delays to either reward option (session block effect: F (6, 78)= 9.206, p < 0.0001; Tukey’s test showed significant within session
effects in both groups between session blocks 1 and 7 (adjusted p values < 0.001), but no effect of genotype: F (1, 13)= 1.651, p= 0.2213, and
no genotype x session block interaction: F (6, 78)= 0.607, p= 0.7237). B Compared to Drd2loxP/loxP mice, CIN-D2KO mice showed
greater preference for the large reward at longer delays (decreased delay discounting). Delay effect: F (5, 65)= 72.56, p < 0.0001; genotype x
delay: F (5, 84)= 4.756, p < 0.001, * denotes significant interaction. Drd2loxP/loxP, n= 8 (5 females, 3 males); CIN-D2KO, n= 7 (4 females, 3 males).
One Drd2loxP/loxP did not reach the criterion of ≥50% large choice on Session Block 7 and was excluded from the analysis. C, D Two-way
ANOVA showed a significant main effect of delay on median press latency during forced trials (F (5, 65)= 2.628, p= 0.0317), but no genotype
effect: F (1, 13)= 0.05419, p= 0.8195; genotype x delay interaction: F (5, 65)= 0.5731, (p= 0.7203) or during free choice trials (genotype effect:
F (1, 13)= 0.5917, p= 0.4555; genotype x delay interaction: F (5, 65)= 0.4477, p= 0.8135). No delay effect was seen during free choice trials
(F (5, 65)= 1.349, p= 0.2554). Values expressed as mean of median latencies ± S.E.M. E, F No significant group differences were observed
in either distance traveled in 5-min bins over a 90-min period in an open field using a different cohort of mice (genotype effect:
F (1, 14)= 0.1786, p= 0.6790; virus x delay interaction: F (17, 238)= 0.7946, p= 0.7946), or in mean total distance traveled over 90-min
(t (14)= 0.4226, p= 0.6790). n= 8 mice per group (4 females, 4 males/ group). G Using a third cohort of mice, no significant group differences
were found in the preference between reward options during training (when both options were given at 100% probability). Session block
effect: F (6, 72)= 0.7816, p= 0.5871; genotype (F (1, 12)= 0.3588, p= 0.5603); genotype x session block interactions (F (6, 72)= 0.9471, p= 0.4672)
were observed. H No significant group differences were observed in probabilistic discounting in same cohort as in G (probability effect):
F (6, 72)= 14.26, p < 0.0001; genotype x probability: F (6, 72)= 0.9263, p= 0.4814, Drd2loxP/loxP, n= 8 (4 females, 4 males); CIN-D2KO, n= 6 (3
females, 3 males), 1 CIN-D2KO did not reach the criteria of ≥ 50% large choice on Session Block 7 and was excluded from the analysis.
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Because our task design involves ascending delays, it could be
argued that the effects on delay discounting may be, to some
extent, due to alterations in learning or adapting to new
contingencies. We found no effect of either D2R manipulation
on probability discounting, which is measured with the same
increasing-cost design as delay discounting, or on learning to
categorize interval durations in the timing tasks. Therefore, it is
unlikely that general alterations in learning or behavioral flexibility
play a major role in the D2R-mediated effects, but changes that
are specific to delay discounting cannot be completely ruled out.
Previous work has also shown that individual differences in the

degree of delay discounting (e.g., low vs high impulsivity) can
influence how brain manipulations, like lesions or pharmacological
agents, alter subsequent discounting [59]. Whether the effect of
our D2R manipulations depends on individual differences in
baseline discounting is unclear given our experimental design but
future work could address this question by performing D2R
manipulations after mice have been pre-assessed on the delay
discounting task.
Performance in both probabilistic discounting and delay

discounting tasks depends on an intact NAc core and can be
sensitive to D2R blockade or nicotine [11, 20, 39, 72, 73]. However,
the manipulations of CIN D2Rs in our study did not affect
probabilistic discounting, indicating that these receptors selec-
tively contribute to decision-making involving delay costs. Similar
behavioral dissociations have emerged in studies that tested both
discounting paradigms [39, 74, 75]. Furthermore, accumulating
evidence indicates that certain SUDs are associated with increased
delay discounting but not probability discounting [76–78], which
has been supported by preclinical literature [79]. Our findings
reinforce the notion that distinct cellular mechanisms underlie
these different forms of discounting and propose a role for striatal
dopamine and acetylcholine interactions in impulsive choice.
Although intra-NAc delivery of D2R agonist increases risk-seeking
behavior, biasing choice toward larger, probabilistic rewards [80],
it is possible that D2R-expressing cell types in the NAc other than
CINs play a more prominent role in this behavior. Supporting this
hypothesis is the fact that phasic activity in D2R-expressing SPNs is
sufficient to decrease risk preference [80]. Whether D2Rs in SPNs
mediate probabilistic discounting would need to be directly
tested.
Altered sensitivity to reward magnitude can result in impulsive

choice if an animal is unable to perceive a large reward as more
valuable than a small reward. Neither of our CIN D2Rs manipula-
tions affected discrimination between the large and small
reinforcers in sessions involving no delay or probability costs.
These findings, which are line with several studies using NAc
lesions and systemic D2R or cholinergic receptor drugs
[11, 36, 38, 63, 73, 81, 82], suggest that CIN D2Rs are unlikely to
modulate delay discounting through alterations in processing the
reward magnitude of the choices presented. However, a more
subtle effect of CIN D2Rs on reward magnitude sensitivity could
be addressed with task variations that systematically adjust
reward magnitude [13, 83].
The ability to accurately represent the time interval between a

reward-seeking action and reward retrieval is intricately linked to
delay intolerance. For example, overestimation of elapsed time
could reduce preference for the larger delayed reward [84].
Indeed, individuals deemed impulsive on delay discounting tasks
are more prone to timing errors compared to control subjects [85].
Similarly, rats that showed higher timing precision in peak interval
and temporal discrimination tasks also show reduced delay-based
impulsivity [48, 86]. Multiple studies also support a role of
dopamine in timing [87–89]. Transgenic mice that selectively
overexpress D2Rs in striatal SPNs since early in development show
reduced timing precision in a peak interval task as well as deficits
in timing long sample durations in a temporal discrimination
paradigm [43, 44]. In contrast, we did not observe an effect of CIN

D2R upregulation in either timing task, suggesting that the effect
of CIN D2Rs on delay discounting does not involve alterations in
the representation of time.
Choices made in delay discounting tasks require a dynamic,

subjective assessment of reward value that integrates the
magnitude and the changing delay properties of a reward [9].
The NAc appears to be a key site for this integration across
species. In humans, neural activity in the ventral striatum during
delay discounting is more strongly correlated with subjective
value than to objective reward characteristics like magnitude and
delay [9]. Furthermore, inactivation of the NAc core in rats
decreased discounting only in a task that measured sensitivity to
both delay and magnitude but had no effect when these factors
were independently adjusted [13]. The cellular mechanisms
underlying integration of these reward characteristics in inter-
temporal choice, however, are not well understood, but they may
involve distinct subsets of striatal neurons whose activity is
modulated by both reward size and delay [90–92]. Further, cue-
evoked activity of a subset of neurons in the dorsal caudate
nucleus encodes the temporally discounted value of rewards but
not reward magnitude or delay alone [91]. Whether a similar
dynamic computation of subjective value occurs in specific
subset(s) of NAc neurons during delay discounting tasks remains
to be determined, but recent evidence indicates that NAc
dopamine may contribute to this process. For instance, cue-
evoked dopamine release in NAc not only encodes the relative
value of small and large reward options, but also how that value
changes with increasing delays [19]. Because cue-evoked dopa-
mine and acetylcholine signals temporally coincide in mouse
striatum [34, 35], it is tempting to speculate that D2R-dependent
modulation of NAc CINs contributes to integration of reward size
and delay information in impulsive decision-making.
Growing evidence suggests that discounting of delayed

rewards is a stable, heritable trait that contributes to the etiology
and treatment outcomes of various mental health disorders
[3, 8, 93]. Despite the important clinical implications, few
pharmacological interventions are currently available that are
specific to impulsivity and that are based on an understanding of
its complex subdomains and underlying neurocircuitry. Our
findings identify NAc CIN D2Rs as critical players in the
mechanisms of delay-based impulsive choice. This new informa-
tion refines our current understanding of the contributions of
striatal dopamine and acetylcholine to impulsive behavior and
raise the possibility that modulation of NAc acetylcholine might
hold promise for more targeted treatments for choice impulsivity.
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