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Contrasting Roles for Dopamine D1 and D2 Receptor
Subtypes in the Dorsomedial Striatum but Not the Nucleus
Accumbens Core during Behavioral Inhibition in the
Stop-Signal Task in Rats
Dawn M. Eagle, Jacky C. K. Wong, Michelle E. Allan, Adam C. Mar, David E. Theobald, and Trevor W. Robbins
Behavioral and Clinical Neuroscience Institute and Department of Experimental Psychology, University of Cambridge, Cambridge CB2 3EB, United
Kingdom

Dopamine and dopamine-receptor function are often implicated in behavioral inhibition, and deficiencies within behavioral inhibition
processes linked to attention deficit/hyperactivity disorder (ADHD), schizophrenia, obsessive-compulsive disorder, and drug addiction.
In the stop-signal task, which measures the speed of the process of inhibition [stop-signal reaction time (SSRT)], psychostimulant-related
improvement of SSRT in ADHD is linked with dopamine function. However, the precise nature of dopaminergic control over SSRT
remains unclear.
This study examined region- and receptor-specific modulation of SSRT in the rat using direct infusions of the dopamine D1 receptor
(DRD1) antagonist SCH 23390 or dopamine D2 receptor (DRD2) antagonist sulpiride into the dorsomedial striatum (DMStr) or nucleus
accumbens core (NAcbC). DRD1 and DRD2 antagonists had contrasting effects on SSRT that were specific to the DMStr. SCH 23390
decreased SSRT with little effect on the go response. Conversely, sulpiride increased SSRT but also increased go-trial reaction time and
reduced trial completion at the highest doses. These results suggest that DRD1 and DRD2 function within the DMStr, but not the NAcbC,
may act to balance behavioral inhibition in a manner that is independent of behavioral activation.

Introduction
Abnormal behavioral inhibition, e.g., the expression of impulsive
or compulsive characteristics, is a defining symptom of many
psychiatric and neurodegenerative conditions, including attention deficit/hyperactivity disorder (ADHD), Parkinson’s disease,
schizophrenia, obsessive-compulsive disorder, pathological
gambling, and addiction (Aron, 2007; Everitt et al., 2008; Barnett
et al., 2010; Fineberg et al., 2010; Koob and Volkow, 2010). These
deficits arise from dysregulation within frontal/basal ganglia circuitry that is often linked with dopamine dysfunction (Volkow et
al., 2009; Pine et al., 2010). For example, reduced dopamine D2
receptor (DRD2) expression correlates with poor behavioral control across species (Lawrence et al., 1998; Cropley et al., 2006;
Dalley et al., 2007; Hamidovic et al., 2009), and decreased striatal
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dopamine D2/D3 receptor availability is linked to methamphetamine (Lee et al., 2009) and cocaine addiction in humans
(Volkow et al., 1993) and rats (Dalley et al., 2007).
Such behavioral-inhibition deficits can be assessed using the
stop-signal task, a well characterized task with high translational
coherence across species, which measures the speed of the inhibition process [stop-signal reaction time (SSRT)] (Logan and
Cowan, 1984). Prepotent motor responses to a go stimulus must
occasionally be stopped following a stop signal, akin to stopping
oneself from pressing the car accelerator pedal further if a traffic
signal turns from green to red. By moving the stop signal closer to the
response, it becomes more difficult to stop. Impulsive subjects have
longer SSRTs, so they are less likely to stop in time (before the response is completed) compared with less-impulsive counterparts.
The putative role of dopamine in SSRT modulation arises from
the effectiveness of psychostimulants (e.g., D-amphetamine, methylphenidate) to improve SSRT in ADHD (Tannock et al., 1989; de
Wit et al., 2000; Feola et al., 2000). Recently, SSRT-improving
effects of D-amphetamine were linked to DRD2 gene expression
(Hamidovic et al., 2009). However, the precise role of dopamine
in stopping is not clear. Neither the mixed dopamine D1 receptor
(DRD1)/DRD2 antagonist cis-flupenthixol, nor the dopamine
reuptake inhibitor GBR-12909, influenced rat SSRT (Eagle et al.,
2007; Bari et al., 2009), and L-DOPA had no effect on SSRT in
children with ADHD (Overtoom et al., 2003). cis-Flupenthixol
also failed to alter SSRT-improving effects of either methylphenidate or modafinil in rats (Eagle et al., 2007).
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However, DRD1 and DRD2 may subserve different, even opposing, functions
during SSRT modulation, similar to their
roles in other forms of impulse control
[e.g., in the rodent five-choice serial reaction time task (van Gaalen et al., 2006;
Pattij et al., 2007; Pezze et al., 2007)]. Additionally, dopaminergic control of SSRT
may be regionally specific. Excitotoxiclesion studies showed dorsomedial striatal
(DMStr), but not nucleus accumbens core
(NAcbC), function to be critical for SSRT
in rodents (Eagle and Robbins, 2003a;b),
even though the NAcbC is strongly implicated in other aspects of inhibitory control (Cardinal et al., 2001).
Here, we examined both region- and
receptor-specific dopaminergic modulation of SSRT by directly infusing DRD1
or DRD2 antagonists (SCH 23390 or
sulpiride) into the DMStr or NAcbC of
rats. We predicted that DMStr, rather
than NAcbC, dopamine function might
be more critical for SSRT control.

Materials and Methods
Subjects

Figure 1. A–C, Representation of the assumptions and predictions of the race model. Probability of inhibition (C) depends on
thedistributionofthego-taskreactiontimes(GoRT),SSRT,andSSD.A,Probabilityofinhibition(whitefillunderreactiontimedistribution)
andtheprobabilityofresponse(blackfillunderreactiontimedistribution)forastopsignalfarawayfromcompletionofthegoresponse.B,
Sameprobabilitieswhenthestopsignalismovedclosertocompletionofthegoresponseandhowfewerresponsescanbeinhibited.D–H,
Thestop-signaltask.D,Anose-pokeinthecentralfoodwellbeginseachtrial.E,Apressontheleftleverbeginsthegoresponsephase.The
rightleverispresentedforalimitedtime,thelimitedhold,topromoterapidresponse.Arightleverpress(F)isrewarded(G).Onstoptrials,
during the response phase (E), a tone is played. The rat must suppress response on the right lever (H) to attain reward (G). Incorrect
responses (failure to press on go trials or right lever press on stop trials) result in a timeout period. mRT, Mean GoRT.

Subjects were 24 male Lister-hooded rats
(Charles River), housed in groups of four in
environmentally enriched cages. Experiments
were conducted during the dark phase of a reversed 12 h light-dark cycle (lights off at 07:30).
Rats weighed 260 ⫾ 2 g initially (7– 8 weeks of
age), 397 ⫾ 6 g at surgery, and 413 ⫾ 7 g at the
end of the study. Weights were maintained at
⬃95% of free-feeding weight (based on rat growth curves; Harlan). During testing, rats were fed 15–20 g of food per day (task reinforcer pellets
plus laboratory chow given 1–2 h after the end of the daily test session),
restricting weight gain to 1–2 g per week. All experiments were conducted in accordance with the United Kingdom Animals (Scientific Procedures) Act 1986.

Stop-signal task
Rats were trained in six operant-conditioning chambers, each of which
had two retractable levers, positioned to the left and right of a central
food well (Med Associates). The protocol and training have been described in detail previously (Eagle and Robbins, 2003a,b). A house light
in the roof of the chamber was on throughout the session. A pellet dispenser delivered 45 mg Noyes Formula P pellets (Sandown Scientific)
into the food well, and nose entry into the food well was monitored with
an infrared detector. A center light, above the food well, signaled reinforcer delivery. Lights above the left and right levers signaled presentation of their respective levers. A 4500 Hz Sonalert tone generator (Med
Associates) was mounted high on the wall opposite to the levers and food
well. Control of the chambers and on-line data collection were conducted using the Whisker control system (Cardinal and Aitken, 2010)
using the Stop Task program, written by A.C. Mar. Rats were tested 5 d
per week except during drug testing (see schedule below), and performed
one 25 min session per day, with a maximum of 240 trials per session.
Each trial began with a nose-poke to the central food well, after which
the left lever and left light were presented (Fig. 1). A left-lever press
resulted in presentation of the right lever and light and the left lever was
withdrawn and the light extinguished. Rats responded rapidly between
left lever and right lever presses—the go response. Response speed was
maintained by limiting the time that the right lever was available—the
limited hold (LH). The LH was set during training at a value that main-

tained the maximum performance of both fast, accurate go trials and
accurate no-delay stop trials. LH ranged between 1.2 and 1.4 s (mean ⫾
SEM, 1.36 ⫾ 0.01) and remained at a constant value for each rat throughout the study. During go trials, rats were rewarded with one pellet for
pressing the right lever but received a timeout of 5 s in darkness if the
right lever was not pressed within the LH period.
A stop-signal tone (40 ms, 4500 Hz, 80 dB SPL) was presented on 20%
of the trials at a predetermined time between the left and right lever
presses. Stop trials were randomized within the session to discourage
anticipatory slowing of response speed. On stop trials, rats initiated the
same response as on go trials but, following the stop signal, they were
required to withhold the right lever press for the duration of the LH
period. A correctly withheld response was rewarded with one pellet
and an incorrect stop-trial response (right lever press) gave a 5 s
timeout. On a few trials designated as stop trials, the rat responded on
the right lever before the stop-signal onset (more common for late
tone presentations); these trials were reclassified as go trials to maintain the overall proportion of valid stop trials in each session at 20%.
Rats were trained to stable baseline performance (at least 3 consecutive days of ⬎70% accuracy on both stop and go trials with a fixed LH,
with training completed for all rats at session 25) before the experimental protocol began. One rat failed to train effectively and was
excluded from the study.

Experimental design
Before surgery, rats were tested with one set of stop-signal delays (SSDs)
to generate inhibition functions and calculate SSRT. This ensured that
the rats were performing the stop-signal task correctly, to conform with
the constraints of the race model (Logan and Cowan, 1984). Rats first
completed three no-delay sessions to calculate mean reaction time on go
trials (GoRT) for each individual. SSDs for each rat were relative to its
own mean GoRT, which controlled for individual differences in GoRT.
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The inhibition function was measured over five sessions with SSDs presented in pseudorandomized order (from the set GoRT-600 ms, GoRT500 ms, GoRT-400 ms, GoRT-300 ms, GoRT-200 ms), with one SSD per
session. Rats received bilateral cannulation surgery, recovered for 5 d
postsurgery, then were retrained to a stable baseline level of performance
(7 d) and retested with one experimental set of SSDs to produce an
inhibition function and calculate SSRT.
On drug testing days, rats received a two-stage session. Stage 1 was a 10
min, 80-trial session with no delay to the onset of the stop-signal in stopsignal trials, from which mean GoRT for each rat was calculated. Stage
2 began 2–3 min after the end of stage 1 (to allow calculation of mean
GoRT from stage 1 data) and SSDs were set relative to mean GoRT from stage 1,
at GoRT-300 and GoRT-500 ms. Rats received a 20 min, 160-trial session with
these two SSDs presented together (but randomly ordered) within the session.

Surgery
DRD1 (n ⫽ 12) and DRD2 (n ⫽ 12) groups were matched on presurgery
task performance. Rats were anesthetized with ketamine (Ketaset, 100
mg/kg i.p.; Vet Drug) and xylazine (Rompun, 10 mg/kg i.p.; Vet Drug),
and secured in a stereotaxic frame fitted with atraumatic earbars, with the
incisor bar set at ⫺3.3 mm relative to the interaural line to give a flat skull
position. Bilateral guide cannulae (Plastics One), which consisted of a
plastic body holding two 22-gauge stainless steel cannulae 3.6 mm
apart, were implanted at the following coordinates: AP ⫹1.5 mm
from bregma, lateral ⫾1.8 mm from the midline, DV ⫺1.8 mm from
dura, calculated from a stereotaxic atlas (Paxinos and Watson, 1986).
The cannulae were placed such that infusions could be made to the
DMStr and subsequently to the NAcbC through the same guides.
Cannulae were secured to the skull with dental acrylic and stainlesssteel screws, and wire stylets (Plastics One) occluded the guides to
maintain patency. Following surgery, animals recovered in their
home cages for 5 d before returning to testing. One rat did not recover
from surgical anesthesia.

Microinfusion procedure
Stable performance was reestablished on the stop-signal task (5 d). Rats
then received intracerebral infusions, as described below, of either DRD1
antagonist SCH 23390 or DRD2 antagonist sulpiride (Research Biochemicals). Drugs were freshly prepared on each test day. SCH 23390 was
dissolved in 0.9% NaCl vehicle. Sulpiride was dissolved in acidified 0.9%
NaCl and the final pH was adjusted to ⬃7.0 using 0.1 M NaOH.
The infusion experiments were run on a weekly cycle of baseline, drug,
day off, baseline, drug, day off, day off. On days off, rats received no
behavioral testing and remained in their home cages. On drug testing
days, for both experiments 1 and 2, rats received two phases of habituation to the cannulae before drug testing to ensure that behavioral
effects relating to cannula insertion or presentation of vehicle alone
were minimized. Behavioral testing began 5 min after the end of the
drug-infusion procedure, following the methodology presented by
Pezze et al. (2007).
Microinfusions were delivered through a 28-gauge bilateral injector
(Plastics One) that was inserted through the guide cannula and extended
3.0 mm (for DMStr) or 5.0 mm (for NAcbC) beyond the tip of the guide
cannulae. The precise infusion procedures at each stage of the experiment are described below:

Experiment 1: DMStr
Habituation (1 d). The injector was inserted through the guide cannulae
and left in place for 1 min.
Vehicle stabilization (1 d). The injector was inserted and left in place for
1 min. Rats received a 1 min (0.5 l) infusion of vehicle per brain hemisphere and the injector was left in place for a further 1 min after infusion
to allow sufficient time for diffusion into the surrounding tissue to minimize backflow along the cannula track. Rats achieved a high level of task
performance (⬎200/240 trials) after 1 d at this stage.
Drug testing phase (4 d). The procedure was identical to the vehicle
stabilization phase, but DRD1-group rats were infused with SCH 23390
[vehicle, 1.0, 10.0 ng (additional dose 100 ng) in 0.5 l per hemisphere]
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and DRD2-group rats were infused with sulpiride [vehicle, 0.1, 1.0 ng
(additional dose 0.01 ng) in 0.5 l per hemisphere]. The first three doses
of drug/vehicle were presented according to a Latin square design. Doses
and infusion timings were based on a previous study (Pezze et al., 2007),
with the minimum doses of SCH 23390 and sulpiride being above levels
that show significant binding to their respective receptor subtypes [0.003
ng of SCH 23390 has ⬃12.3% DRD1 occupancy and 0.005 ng of
sulpiride has ⬃22% DRD2 occupancy (Hemsley and Crocker, 2001)].
This, and similar, methodology produced significant behavioral effects following infusions of DRD1 and DRD2 antagonists in the
NAcbC (Pattij et al., 2007; Pezze et al., 2007). The final dose was
determined on the basis of preliminary analysis of the other doses to
select a dose that might have the maximum effect on SSRT with the
minimum effect on go-trial parameters (for SCH 23390, a higher
dose; for sulpiride, a lower dose).

Experiment 2: NAcbC
Vehicle stabilization (1–2 d). This procedure was identical to experiment
1. Some rats failed to complete sufficient trials to permit SSRT calculation after 2 d of vehicle stabilization in the NAcbC site and did not
continue to the drug testing phase of this experiment.
Drug testing phase (2 d). The DRD1-group rats were infused with SCH
23390 (vehicle, 100 ng in 0.5 l per hemisphere) and DRD2-group rats
were infused with sulpiride (vehicle, 0.01 ng in 0.5 l per hemisphere).
Doses were selected from the set used for DMStr infusions on the basis of
having a large effect on SSRT while having as small an effect as possible on
go-trial parameters. Vehicle/drug presentation was counterbalanced for
order-of-presentation effects.

Behavioral measures
SSRT was the main measure of behavioral inhibition (calculated from
trials in which there was a delay between the start of the trial and presentation of the stop signal: a measure of the time required to inhibit the
response). This was contrasted with stopping on trials in which there was
no delay to the stop signal (stop-trial accuracy—more representative
of a no-go-like ability to stop). In addition, we measured GoRT and
the number of trials completed within a session, both in the no-delay
phase (stage 1) and in the delay phase (stage 2). Drug effects on GoRT
are presented for stage 2 go-trials to be directly comparable to SSRT
(GoRT from stage 1 was used only to calculate SSDs for stage 2 stopsignal trials).
Although it is possible to investigate performance monitoring using
the stop-signal task, our study was not designed to collect sufficient data
about the relevant performance measures (i.e., posterror) for this type of
analysis to be practical. The data sample size from a single session at each
drug dose was too small to properly analyze performance monitoring (in
terms of reaction-time distributions of posterror trial performance)
without introducing significant levels of error into the analysis.

Statistical analysis
Behavioral data were subjected to ANOVA using a general linear model
with significance at ␣ ⫽ 0.05 using full-factorial models. Homogeneity of
variance was verified using Levene’s test. For repeated-measures analyses, Mauchly’s test of sphericity was applied and the degrees of freedom
corrected to more conservative values using the Huynh-Feldt epsilon for
any terms involving factors in which the sphericity assumption was violated. Corrected degrees of freedom are shown to the nearest integer.
Following repeated-measures analyses, simple one-way ANOVA or
paired t tests were used to investigate within-subjects and between-subjects
factors, with ␣ adjusted using Sidak’s method (Howell, 1997). Spearman’s
ranked correlation analysis was performed to detect any interdependency of
SSRT and GoRT variables. p Values ⬎0.1 are reported as nonsignificant
(n.s.). All figures show group means with error bars of ⫾1 SEM.

Assessment of cannula placement
After behavioral testing had been completed, rats were deeply anesthetized by intraperitoneal injection of 1.5–2.0 ml of sodium pentobarbitone (Euthatal; May and Baker) and were transcardially perfused with
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Figure 2. Schematic sections of rat brain showing cannula tip placements in the DMStr and
NAcbC for rats receiving DRD1 antagonist SCH 23390 (white circles) or DRD2 antagonist sulpiride
(black circles). Within-subject design allowed infusions to DMStr followed by NAcbC in all rats.
For rats that completed both DMStr and NAcbC infusions, DMStr infusion site was estimated
from the position of cannula tips in the NAcbC at the end of the experiment. Sections taken from
Paxinos and Watson (1986).
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Figure 3. A, B, Inhibition functions for rats that received infusions to DMStr (A) and NAcbC
(B). There were no baseline differences in performance between the group that received DRD1
antagonist SCH 23390 and the group that received DRD2 antagonist sulpiride infusions in each
phase of the experiment.

The presurgical inhibition functions for the rats that completed
experiment 1 (dopamine group ⫻ delay, F(2,30) ⫽ 0.46, n.s.) (Fig.
3A) and experiment 2 (dopamine group ⫻ delay, F(2,14) ⫽ 0.52,
n.s.) (Fig. 3B) showed that the DRD1 and DRD2 groups were
matched for inhibitory performance baseline before infusions
and that there was no difference in inhibitory performance between the rats that took part in experiment 1 and those that
carried on to experiment 2 [dopamine group ⫻ experiment (1 or
2), F(1,14) ⫽ 0.69, n.s.].

SCH 23390 decreased, or improved, SSRT (dose F(3,21) ⫽ 4.43, p ⱕ
0.015; 0 vs 1 ng, F(1,7) ⫽ 9.57, p ⱕ 0.017, 0 vs 10 ng, F(1,7) ⫽ 6.36,
p ⱕ 0.04; 0 vs 100 ng F(1,7) ⫽ 5.17, p ⱕ 0.05) (Fig. 4 A). Conversely, the DRD2 antagonist sulpiride greatly increased, or impaired, SSRT, with the greatest effect at the highest dose (dose
F(3,23) ⫽ 5.20, p ⬍ 0.01; 0 vs 0.01 ng, F(1,8) ⫽ 5.42, p ⱕ 0.05; 0 vs
0.1 ng, F(1,8) ⫽ 11.53, p ⬍ 0.01; 0 vs 1 ng, F(1,8) ⫽ 15.70, p ⬍ 0.01)
(Fig. 4 A).
The effects of both dopamine receptor antagonists on behavioral inhibition were specific to SSRT (i.e., to the speed of the
inhibitory process). Neither drug significantly affected the
overall ability to inhibit, as measured by accuracy of stopping on
no-delay (no-go) stop-signal trials, in which there was no delay between go-response initiation and stop-signal onset (SCH 23390,
dose F(3,21) ⫽ 2.35, n.s.; sulpiride, dose F(3,27) ⫽ 1.68, n.s.) (Fig. 4B).
DRD1 and DRD2 antagonists had different effects on the go
response, both in comparison with their respective effects on
stopping and in comparison with one another. Although SCH
23390 affected SSRT, it had no effect on GoRT (dose F(2,17) ⫽
0.04, n.s.) (Fig. 4C). In contrast, sulpiride increased GoRT, most
significantly at the two highest doses (dose F(3,27) ⫽ 3.36, p ⬍
0.05; 0 vs 0.01 ng, F(1,9) ⫽ 0.23, n.s.; 0 vs 0.1 ng, F(1,9) ⫽ 7.00, p ⱕ
0.03; 0 vs 1 ng/l, F(1,9) ⫽ 6.49, p ⱕ 0.03) (Fig. 4C). It was unlikely
that this slowing of GoRT (and slowing of SSRT) at higher doses
of sulpiride was representative of a generalized motor slowing, as
there was no correlation between GoRT and SSRT for any dose of
sulpiride (all rs ⬍ 0.50; all ps ⬎ 0.1).
Sulpiride also significantly reduced the number of trials completed in a session; this effect was most marked during the second
phase of the session (no-delay: dose F(3,24) ⫽ 1.56, n.s.; SSD: dose
F(3,27) ⫽ 6.25, p ⬍ 0.01) (Fig. 4 D). Further analysis showed that
this effect was maintained by the highest dose of sulpiride alone
(sulpiride, 0 vs 0.01 ng, F(1,8) ⫽ 0.01, n.s.; 0 vs 0.1 ng, F(1,8) ⫽ 2.48,
n.s.; 0 vs 1.0 ng, F(1,8) ⫽ 14.56, p ⬍ 0.01), suggesting that the highest
dose of sulpiride may have affected motivation to work for reward
later in the session.
SCH 23390 had no effect on trial completion, either during the
first, no-delay phase of the session (dose F(3,22) ⫽ 1.21, n.s.) or during
the second, SSD phase of the session (dose F(3,18) ⫽ 1.56, n.s.).

Experiment 1: infusion of dopamine receptor antagonists into
the DMStr
Intra-DMStr infusions of D1 and D2 dopamine receptor antagonists had opposite effects on SSRT (Fig. 4A). The DRD1 antagonist

Experiment 2: infusion of dopamine receptor antagonists into
the NAcbC
When infused directly into the NAcbC, neither SCH 23390 nor
sulpiride significantly affected any measure of stop-signal task

⬃100 ml of PBS, pH 7.4, followed by 250 ml of formaldehyde solution
[4% (w/v) paraformaldehyde in PBS]. The brains were removed and
postfixed in 4% (w/v) formaldehyde solution for 24 h and then transferred to 20% (w/v) sucrose in PBS until they sank. The tissue was serially
sectioned at 60 m on a freezing-stage sledge microtome, and a 1:3 series
was mounted on slides. Sections were stained with Cresyl Violet and
visualized microscopically under conventional bright-field illumination.
Cannula tip placements were verified for the NAcbC infusion sites and
mapped onto standardized coronal sections of the rat brain (Fig. 2)
(Paxinos and Watson, 1986). DMStr infusion sites were estimated from
the NAcbC placements, in all rats.

Exclusions and final groups
Of 22 rats that received surgery, five were removed from experiment 1
(SCH 23390, n ⫽ 3; sulpiride, n ⫽ 2) and a further four rats were removed from experiment 2 (SCH 23390, n ⫽ 1; sulpiride, n ⫽ 3) because
they failed to complete the full set of drug infusions. In experiment 1, two
rats had blockages in one or both cannulae and three rats lost the cannula
head mounts in the home cages. In experiment 2, one rat lost cannula
mounts and six rats failed to perform on the task with mock or saline
infusions to the NAcbC (go or stop accuracy reduced ⬍50% compared
with noninfusion days), so it was not possible to calculate comparable
SSRT values from the data. After cannula placements were assessed, one
rat was removed from the DRD1 group and two rats from the DRD2
group for experiment 2 because the cannula tip extended into the nucleus
accumbens shell rather than the NAcbC (these rats were included in
experiment 1 as the predicted cannula placement was within the DMStr
region). The final group sizes for each experiment were as follows:
sulpiride: DMStr, n ⫽ 9 and NAcbC, n ⫽ 4; SCH 23390: DMStr, n ⫽ 8
and NAcbC, n ⫽ 6.

Results
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we reexamined the data from experiment 1 for each drug to compare performance of the subgroup of rats that completed both
experimental phases (i.e., in both DMStr and NAcbC groups)
with those that were only included in the analysis for experiment
1 (i.e., only in the DMStr group). There were no significant experimental subgroup ⫻ dose effects on any behavioral measure
for either SCH 23390 or sulpiride (SCH 23390: experimental
subgroup ⫻ dose for SSRT, F(3,18) ⫽ 0.45, n.s.; all other measures,
F ⬍ 1.68, n.s.; sulpiride: experimental subgroup ⫻ dose for SSRT,
F(3,21) ⫽ 1.61, n.s.; all other measures, F ⬍ 2.13, n.s.). Therefore,
the DMStr-specific effects of SCH 23390 and sulpiride on SSRT,
GoRT, and trial completion did not result from including rats in
the DMStr group that were subsequently absent from the final
analysis of the NAcbC group.
Additionally, we assessed whether there were baseline differences between the two dopamine receptor antagonist groups that
could account for differences in behavioral effects of each of these
antagonists. There were no significant differences between DRD1
and DRD2 vehicle infusions for any measure on the stop signal
task. This was the case for both experiment 1 (dopamine group
SSRT, F(1,15) ⫽ 1.94, n.s.; all other measures, F ⬍ 0.55, n.s.) and
experiment 2 (dopamine group SSRT, F(1,7) ⫽ 0.39, n.s.; all other
measures, F ⬍ 2.64, n.s.).

Discussion

Figure 4. Behavioral effects of infusions of DRD1 antagonist SCH 23390 or DRD2 antagonist
sulpiride into DMStr or NAcbC. A, B, Effects on inhibition: SSRT (A) and no-go-like (B) inhibition
measured with no-delay to the stop signal. C, D, Effects on response activation: GoRT (C) and
trial completion (D) during stage 1 (no-delay) or stage 2 (with delays) within each session. Error
bars represent 1 SEM. *p ⬍ 0.05 compared with vehicle.

performance. SCH 23390 had no effect on SSRT (dose F(1,5) ⫽
0.09, n.s.), GoRT (dose F(1,7) ⫽ 3.07, n.s.), or stop-trial accuracy
(in no-delay, no-go trials, dose F(1,7) ⫽ 1.28, n.s.). Sulpiride had
no significant effects on SSRT (dose F(1,3) ⫽ 0.16, n.s.), GoRT
(dose F(1,3) ⫽ 0.16, n.s.), or no-delay stop-trial accuracy (dose
F(1,3) ⫽ 0.17, n.s.). Neither drug significantly affected the total
number of trials completed in a session, in the no-delay section of
the session, or in the SSD section of the session (SCH 23390
no-delay dose F(1,7) ⫽ 0.01, n.s.; SCH 23390 SSD dose F(1,7) ⫽
0.09, n.s.; sulpiride no-delay dose F(1,3) ⫽ 4.13, n.s.; sulpiride SSD
dose F(1,3) ⫽ 4.09, n.s.; trials slightly reduced by sulpiride in both
cases).
Control for differences in group composition and baselines
Some of the rats that completed experiment 1 failed to complete
experiment 2. It is possible that the DMStr-specific effects of
drugs on the stop-signal task were related to this difference in
subject-group composition. To examine this possible confound,

We showed that stopping is directly modulated by dopamine in
the striatum, but that this action is dopamine receptor-specific
and anatomically constrained. Dopamine D1 and D2 receptors in
the dorsomedial striatum, but not nucleus accumbens core, had
clearly opposing functions to control the speed with which an
action was stopped (SSRT). The DRD1 antagonist SCH 23390
decreased (i.e., speeded) SSRT, allowing faster inhibition following an instruction to stop but having little or no effect on
the speed or likelihood of action at other times. This suggests
that, normally, dopamine acting at D1 receptors in the DMStr
has a very specific function during response control: to retard
the imposition of behavioral inhibition, thus making it more
likely that a response is completed. Conversely, the DRD2
antagonist sulpiride increased (i.e., slowed) SSRT, suggesting
that dopamine acting at D2 receptors accelerates braking of
responding, making it more likely that a response is inhibited.
Although the two higher doses of sulpiride also increased response time on go trials, there was no correlation between the
two measures, confirming that SSRT and GoRT are independent measures and that increased SSRT is unlikely to result
from generalized motor slowing.
Several recent studies have linked reduced DRD2 function
with impaired behavioral inhibition and SSRT control in particular; e.g., in ADHD and chronic drug use (Volkow et al., 1993;
Hamidovic et al., 2009). However, our study is the first to show
the regional specificity with which DRD2 controls response braking, i.e., within the dorsomedial but not ventral striatum, the
latter of which is implicated in the control of some other forms of
behavioral inhibition (for review, see Eagle and Baunez, 2010).
Perhaps more intriguing is that our study provides the first evidence that dopamine acting at DRD1 has an opposing action on
SSRT to that of DRD2 within the same critical region of the
striatum. Such a role for DRD1 is not entirely surprising, given
the purported roles of DRD1 and DRD2 families of receptor
subtypes in direct and indirect pathways within the basal ganglia
during activation and suppression of motor behavior, respectively (Alexander and Crutcher, 1990; DeLong, 1990; Gerfen and
Wilson, 1996). Dopamine facilitates striatonigral neurons through
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DRD1 and inhibits striatopallidal neurons through DRD2 (Gerfen
and Wilson, 1996). Thus, according to existing models of striatal
control (Frank and O’Reilly, 2006; Frank et al., 2007), dopamine
might promote a cortically determined action via DRD1 in the striatum and inhibit conflicting actions via DRD2. However, we have
shown an alternative mechanism for behavioral control to these existing models, which has clear anatomical specificity and may complement the model of behavioral control proposed by Frank and
colleagues (2007). In a system where action and inhibition processes
compete, and whichever completes first is the expressed behavior
(action or inhibition, respectively) (Logan and Cowan, 1984), dopamine acting at DRD1 within the direct pathway effectively promotes
action because the competing inhibition process is slowed and may
not complete in time before the action occurs. Conversely, dopamine acting at DRD2 within the indirect pathway reduces action
because inhibition completes more rapidly and response braking is
expressed. Therefore, any change in either relative DRD1/DRD2 receptor availability or in the accessibility of dopamine to act at one or
other receptor subtype would significantly influence the balance of
behavioral activation/inhibition at a striatal level. Indeed, the lowest
dose of sulpiride may have impaired response braking both by
blocking dopamine binding at DRD2 and, via its action at
presynaptic autoreceptors, by increasing dopamine availability to act at DRD1.
However, although existing models propose that that the
role of striatal dopamine in inhibitory control over behavior is
more prominent for the ability, or decision, to inhibit (more
closely reflecting the no-go form of inhibition found in go/
no-go tasks), our study suggests that dopamine also plays a
role in determining the speed at which this behavioral inhibition proceeds once the decision to stop has been made (neither
DRD1 nor DRD2 blockade within the DMStr affected no-go/
no-delay inhibition in our study). Therefore, dopamine can
influence inhibition both at the decision-making stage and in
terms of controlling the speed of processing of the behavioral
output of this decision. These subtly different models go partway toward elucidating the complex role of the striatum in
behavioral control. Furthermore, as our study provides clear
evidence for regional differentiation of function within the
striatum, most likely reflecting differences in its cortical innervation, it is probable that information about both behavioral
activation and inhibition can be integrated at different stages
in the process, possibly within the striatum itself, to be subsequently output via the motor-output circuitry of the direct
and indirect basal ganglia pathways.
Although the balance of DRD1/DRD2 function in the DMStr
is clearly implicated in SSRT control, the NAcbC appears to play
no role in the dopaminergic modulation of SSRT. This concept of
a dorsal/ventral striatal division of SSRT control replicates evidence from lesion studies (Eagle and Robbins, 2003a,b), despite
there being a clear role for the NAcbC in other forms of behavioral inhibition, such as impulsive-choice control and waiting
(Cardinal et al., 2001; Christakou et al., 2004). For example, nearidentical methodology to this study produced marked effects of
DRD1/DRD2 antagonists within the NAcbC on 5-CSRTT performance (Pezze et al., 2007), confirming that our methodology
was sufficient to induce performance deficits on other measures
of behavioral control. This may reflect discrete corticostriatal circuitry linked to response braking.
Further evidence from rat lesion studies shows regional
differentiation within the prefrontal cortex, as well as the
striatum, during SSRT control, implicating the medial division of
the orbitofrontal cortex [comprising medial and ventral OFC
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(m/vOFC)]. m/vOFC lesions increased SSRT, whereas lesions
within the dorsomedial (prelimbic) or ventromedial (infralimbic)
prefrontal cortex did not affect SSRT, despite being critical to other
forms of inhibitory control (Eagle and Robbins, 2003b; Eagle et al.,
2008; for review, see Eagle and Baunez, 2010; and Dalley et al., 2004).
The role of the rat cingulate cortex in SSRT control is not yet known.
The m/vOFC projects strongly to DMStr but not NAcbC (Schilman
et al., 2008), defining a frontostriatal circuit through which response
braking may be controlled. Although the role of the OFC in behavioral inhibition is hotly debated, growing evidence points toward the
m/vOFC being functionally distinct from the more lateral division of
the OFC [including lateral OFC, dorsolateral OFC, and dorsal and
ventral anterior insular (AId and AIv)] (Rudebeck et al., 2008). Unlike the m/vOFC, regions within this lateral OFC subdivision project
strongly to the core and shell of the nucleus accumbens (AId and
AIv, respectively), rather than the DMStr (Voorn et al., 2004). This
lateral OFC may have a different role from m/vOFC in behavioral
control that is unrelated to behavioral inhibition per se (for review,
see Schoenbaum et al., 2009).
In human studies, ventrolateral [right inferior frontal gyrus
(RIFG)] and medial prefrontal (pre-SMA/cingulate) regions
are important for effective behavioral inhibition. However,
the precise interplay between these structures and the anatomical circuitry underlying their integration with the basal ganglia during response braking is still not entirely clear. Several
neurobehavioral and functional imaging studies proposed the
hyperdirect pathway as a candidate for rapid processing of
SSRT inhibition (Aron and Poldrack, 2006). This pathway
links cortical regions [probably RIFG and supplementary motor area in humans, but see recent human imaging evidence
against this using a functional connectivity analysis (Duann et
al., 2009)] and subthalamic nucleus, each of which is implicated in SSRT control (Aron et al., 2007). It is argued that only
this pathway could maintain the necessary speed of information processing to enable rapid inhibition (for review, see
Chambers et al., 2009). However, our study provides the first
clear evidence that temporary disruption of striatal function
can severely disrupt SSRT processing speed. This adds to evidence from previous lesion studies that strongly implicates the
DMStr (potentially translating to the head of the caudate in
humans) in SSRT control (Eagle and Robbins, 2003a), as well
as from human imaging studies that implicate the caudate
during stopping (Li et al., 2008; Boehler et al., 2010). Our evidence
does not oppose the possibility of hyperdirect SSRT modulation
under some special circumstances. However, a hyperdirect pathway
might be unnecessary for rapid processing speed, since such speeds
of information transfer can be achieved perfectly well via a striatal
route (Nambu et al., 2000, 2002; Chambers et al., 2009). We suggest
that both direct and indirect routes through the basal ganglia may be
as important as the hyperdirect pathway, or more so, for controlling
the speed at which responses are inhibited, especially where additional information, such as context, can add to the appropriateness
of a rapid braking process (Aron, 2010).
In summary, we have produced the first conclusive evidence that
direct receptor-specific interference of dopamine transmission
within the rat dorsomedial striatum affects the ability to rapidly “put
the brakes on” an impending response. These findings are a significant step toward understanding how the brain controls the expression of unwanted actions and may contribute to improved
treatment strategies for disorders such as ADHD and drug addiction, in which behavioral inhibition is often severely compromised.
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