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The Flexible Approach Hypothesis: Unification of Effort
and Cue-Responding Hypotheses for the Role of Nucleus
Accumbens Dopamine in the Activation of Reward-Seeking
Behavior

Saleem M. Nicola
Department of Psychiatry and Behavioral Science and Dominick P. Purpura Department of Neuroscience, Albert Einstein College of Medicine, Bronx,
New York 10461

Dopamine released in the nucleus accumbens is thought to contribute to the decision to exert effort to seek reward. This hypothesis is
supported by findings that performance of tasks requiring higher levels of effort is more susceptible to disruption by manipulations that
reduce accumbens dopamine function than tasks that require less effort. However, performance of some low-effort cue-responding tasks
is highly dependent on accumbens dopamine. To reconcile these disparate results, we made detailed behavioral observations of rats
performing various operant tasks and determined how injection of dopamine receptor antagonists into the accumbens influenced
specific aspects of the animals’ behavior. Strikingly, once animals began a chain of operant responses, the antagonists did not affect the
ability to continue the chain until reward delivery. Instead, when rats left the operandum, the antagonists severely impaired the ability to
return. We show that this impairment is specific to situations in which the animal must determine a new set of approach actions on each
approach occasion; this behavior is called “flexible approach.” Both high-effort operant tasks and some low-effort cue-responding tasks
require dopamine receptor activation in the accumbens because animals pause their responding and explore the chamber, and accum-
bens dopamine is required to terminate these pauses with flexible approach to the operandum. The flexible approach hypothesis provides
a unified framework for understanding the contribution of the accumbens and its dopamine projection to reward-seeking behavior.

Introduction
Current models of the behavioral function of the dopamine pro-
jection from the ventral tegmental area (VTA) to the nucleus
accumbens (NAc) propose that in addition to facilitating learn-
ing in some circumstances (Fields et al., 2007; Rangel et al., 2008),
dopamine release in the NAc core invigorates behavioral re-
sponding (Berridge and Robinson, 1998; Ikemoto and Panksepp,
1999; Robbins and Everitt, 2007; Salamone et al., 2007). One
prominent idea is that dopamine receptor activation in the NAc
constitutes an element of the neural computation of the effort
required to obtain reward (Phillips et al., 2007; Salamone et al.,
2007; Floresco et al., 2008). This hypothesis is supported by nu-
merous studies showing that reward-seeking tasks requiring high
degrees of effort are disrupted by reduction of dopamine func-
tion in the NAc, whereas similar tasks that require less effort are

much less affected (Cousins et al., 1996; Aberman and Salamone,
1999; Salamone et al., 2007).

However, recent work found that 6-hydroxydopamine (6-
OHDA) lesions of the NAc, which selectively destroy cat-
echolaminergic terminals, did not influence animals’ decision to
exert greater effort for greater reward in an operant choice task
(Walton et al., 2009). Furthermore, both 6-OHDA lesions of the
NAc and microinjection of dopamine receptor antagonists into
the NAc can markedly reduce the ability of animals to exhibit
reward seeking in response to reward-predictive cues (Nicola,
2007), even though the degree of effort required to earn each
reward is similar to that of continuous reinforcement tasks, per-
formance of which is not disrupted by NAc dopamine manipu-
lations (Aberman and Salamone, 1999; Yun et al., 2004a). These
findings support another class of hypotheses: that NAc dopamine
facilitates the ability to respond to reward-predictive information
(Berridge and Robinson, 1998; Robbins and Everitt, 2007).

One possibility is that dopamine facilitates separate, parallel
computations within the NAc that underlie effortful and cue re-
sponding (Floresco, 2007; Nicola, 2007; Niv et al., 2007; Salam-
one et al., 2007). However, detailed behavioral observation is
often absent from studies describing effort and cue-responding
tasks, leaving open the possibility of a more parsimonious expla-
nation: that NAc dopamine-dependent tasks are accomplished
with a common, but previously unobserved, dopamine-depen-
dent computational and behavioral strategy. To investigate this
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possibility, we began with the observation that in published be-
havioral studies, cue-responding tasks tend to be dependent on
NAc dopamine if the intertrial intervals (ITIs) are long, whereas
short-ITI tasks are less often affected by NAc dopamine manip-
ulations (Nicola, 2007). We reasoned that animals would be
more likely to leave the vicinity of task-related operanda during
longer intervals, and that therefore NAc dopamine may be re-
quired for locomotor approach to reward-associated objects.
Here, we use fine-grained analysis of behavior to demonstrate
that animals often leave the operandum when performing both
high-effort operant and low-effort, long-ITI cue-responding
tasks. We show that dopamine receptor activation in the NAc
core is required to return to the operandum when a novel set of
actions to reach it must be determined on each approach occa-
sion. Thus, NAc dopamine’s contribution to action initiation
under a limited set of circumstances explains its role in facilitat-
ing both high- and low-effort reward-seeking behavior.

Materials and Methods
Animals
Male Long–Evans rats weighing 275–300 g were obtained from Harlan
and housed in a room with a 12 h on, 12 h off light cycle. Experiments
were conducted during the light phase. One week after their arrival, rats
were placed on a restricted diet, receiving 13 g of Bio-Serv formula F-173
rodent pellets and at least 30 ml of water every day until completion of
experiments. Animals showing weight loss of �10% of free-feeding
weight were given additional food until their weight stabilized. Animals
were habituated to handling daily for at least 1 week before beginning
experiments, which commenced 1–2 weeks after the start of food restric-
tion. All animal procedures were consistent with the U.S. National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals, and
were approved by the Institutional Animal Care and Use Committee of
either the Ernest Gallo Clinic and Research Center or the Albert Einstein
College of Medicine.

Behavioral tasks
Training procedures are described in detail in a separate section. Task
paradigms used for experiments are described here.

Operant chambers
All behavioral experiments were run in standard Med Associates operant
chambers (�30 � 25 cm). The chambers were illuminated with two 28 V
white house lights, and at all times during the experiment, white noise (65
dB) was played through a dedicated speaker. This, and the melamine
cabinet enclosing each box, ensured that minimal outside noise dis-
tracted the animals. Operant chambers were equipped with two retract-
able levers on one wall, between which was a reward receptacle through
which liquid 10% sucrose was delivered into a small well. For the condi-
tional discrimination and switching (CDAS) experiment, chambers were
configured differently (see Fig. 5B), with a nosepoke on one wall and a
receptacle on each flanking wall. In all experiments, photobeams across
the receptacles were used to detect the precise times of entry into and exit
from the receptacle. Lever presses (and, in the CDAS task, nosepokes)
were time stamped and recorded using the Med Associates system; the
time resolution was 1 ms.

Auditory cues
In all tasks, auditory cues were presented using a sound card dedicated to
each operant chamber. The cues consisted of a siren cue (which cycled in
frequency from 4 to 8 kHz over 400 ms), an intermittent cue (6 kHz that
was on for 40 s, off for 50 ms), and a constant tone cue (3 kHz tone).

Cued fixed ratio 1 task
The siren cue was presented at the beginning of the session and at the end
of each ITI. A press on the lever caused the cue to be terminated and 60 �l
of 10% sucrose reward to be delivered into the receptacle next to the
lever. An ITI that was different for each group of rats (0, 3, 10, or 20 s) was
then imposed, at the end of which the cue was presented again, and

terminated by a lever press and reward delivery in the same way. There
was no maximal cue presentation length.

A subset of rats trained on the cued fixed ratio 1 (FR1) task with 10 s
ITI was used for video analysis (see Figs. 2C,D, 3). For these experiments,
a light on the wall opposite the lever was illuminated whenever the audi-
tory cue was on, to preserve a record of cue presentation and termination
times for offline analysis.

Discriminative stimulus task
The discriminative stimulus (DS) task was similar to that used previously
(Ambroggi et al., 2008; Ishikawa et al., 2008a,b). Two cues were pre-
sented, a DS and a neutral stimulus (NS). One of these was the siren cue,
and the other was the intermittent cue; this relationship was different for
different rats. Cues were presented on a variable interval schedule with
average interval of 30 s, and randomly chosen at the time of presentation.
The NS was always presented for 10 s, and responding during the NS was
recorded but had no programmed consequences. A lever response dur-
ing the DS terminated the DS and caused delivery of 10% sucrose reward
into the receptacle next to the lever. DSs during which the animal did not
respond were terminated after 10 s. Responses during the ITI between
cue presentations were not rewarded.

For the DS task, light-emitting diodes (LEDs) were affixed to the ani-
mals’ head caps (which also held the guide cannulae for microinjection),
and an automated video tracking system (EthoVision) was used to track
the animal’s position throughout the experiment (30 frames/s). Video
tracking data were synchronized with the Med Associates behavioral
timestamp data through the use of timing TTL pulses exchanged between
the systems every 5 s.

CDAS task
Animals initiated a trial with a nose poke into a hole located on one wall
of the chamber. One of two cues (siren or intermittent) was presented
immediately upon nosepoke. One of these instructed the animal to loco-
mote to the receptacle on the left flanking wall, and the other instructed
the animal to locomote to the receptacle on the right flanking wall. Cor-
rect entry into receptacle 1 in response to cue 1 caused immediate deliv-
ery of 60 �l of 10% sucrose. Correct entry into receptacle 2 in response to
cue 2 caused reward delivery after a delay of up to 5 s. Early withdrawal,
or responding in the incorrect receptacle, caused the imposition of a 10 s
penalty period during which a trial could not be initiated. In some ran-
domly chosen trials, cue 3 (constant tone) was presented while the ani-
mal was in receptacle 2. This cue instructed the animal to withdraw from
receptacle 2 and enter receptacle 1 to receive immediate reward. Cue 3
was introduced late in training (after surgery) and was therefore experi-
enced by the animal many fewer times than the other cues in this study.
After all trials, there was a 3 s ITI (plus an additional 10 s if a penalty was
imposed) before availability of trial initiation was signaled with a flashing
light in the nose poke hole.

FR8 task
This task was identical to the cued FR1 task with 0 s ITI, except that 8 lever
presses were required to earn each reward instead of 1. An auditory cue
(siren) was presented upon receptacle exit, and was terminated with the
eighth lever press. Automated video tracking of head-mounted LEDs was
used, as described for the DS task.

Cannula implantation surgery
After reaching a performance plateau, rats were implanted with bilateral
guide cannulae for microinjection. Stainless steel guide cannulae (27 ga)
with plastic hubs were purchased from Plastics One and cut to a length
such that when the base of the hub touched the top of the skull, the end of
the guide was 2 mm above the target. Surgery proceeded as described
previously (Wakabayashi et al., 2004; Yun et al., 2004b; Nicola et al.,
2005; Ambroggi et al., 2008; Ishikawa et al., 2008b). Animals were anes-
thetized with isoflurane (0.5–2%) and placed in a stereotactic frame with
the skull level. The scalp was retracted and holes drilled above the targets.
Target coordinates for the tips of the injectors were as follows (in mm
below bregma): core/shell border: AP 1.6, ML 1.1, DV 7.5; core: AP 1.2,
ML 2.0, DV 7.8; shell: AP 1.2, ML 0.8, DV 7.3. Bilateral cannulae were
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implanted and fixed to the skull with bone screws and dental cement. For
animals in the DS and FR8 groups, two threaded nylon spacers were
embedded in the dental cement; these allowed a small headstage contain-
ing LEDs and a small battery to be attached to the head before video
tracking experiments. All animals were treated with penicillin (i.m.),
xylazine (i.p.), and Neopredef topical antibiotic powder before being
allowed to recover. Stainless steel wires cut to be flush with the end of the
guide cannulae were inserted into the guides and remained there at all
times except during injections. Animals were allowed 4 –7 d of ad libitum
food and water before food restriction and behavioral experiments were
restarted.

Microinjections
Baseline performance was reestablished over 3–7 d. After this, animals
were microinjected with the D1 antagonist SCH23390 or D2 antagonist
raclopride immediately before some sessions as described previously
(Wakabayashi et al., 2004; Yun et al., 2004b; Nicola et al., 2005). Rats
were gently restrained, and a 33 ga injector cannula extending 2 mm
below the guide was inserted. One minute later, 0.5 �l of drug solution
was infused into each hemisphere over 2 min using an electronic syringe
pump, and after a 1 min diffusion period, the injectors were withdrawn.
The animal was immediately placed into the operant chamber and the
session began. Drugs were purchased from Sigma and dissolved in sterile
0.9% saline. Each animal received injections of both SCH23390 and
raclopride; the order of drugs and doses was randomized. Generally, each
animal received bilateral injections of vehicle (saline), 0.1, 1.0, and 2.0 �g
of SCH23390, and 0.2, 2.0, and 4.0 �g of raclopride (doses per hemi-
sphere). Injections were given every other day. If performance on the
intervening days was not comparable to baseline performance, injections
were withheld until performance stabilized.

Data analysis
Statistics and graphs
Repeated-measures ANOVAs with one factor (drug/dose) or two factors
(drug/dose and either time interval, location, cue, distance traveled, or
other factor) (see Table 1) were used to determine effects of dopamine
antagonists on number of rewards earned per session and latencies be-
tween behavioral events. Latency values were transformed by taking the
log10 because latency distributions tend to be skewed. The log latency
distributions were more symmetrical, allowing the use of parametric
statistics. Statistical tests using the log of the dependent variable deter-
mine whether there is a proportional, rather than additive, change (for
instance, an increase of 1 log unit is a 10-fold increase, no matter the
baseline value). This allows comparison of changes in latencies that are
very different in the control condition. The mean � SEM of the log
latency values are displayed in figures, with the geometric mean latency
(exponent of the mean of the log latencies) scale shown on the left-hand
axis.

ANOVAs were followed by Holm–Sidak post hoc tests to determine
significant differences from the vehicle control condition. A Holm–Sidak
adjusted p � 0.05 was considered a significant difference, and, provided
the overall ANOVA result was considered significant ( p � 0.05), a
Holm–Sidak post hoc unadjusted p � 0.1 was considered a trend toward
significance. Tests were run in SigmaStat.

In some cued FR1 experiments, a hardware problem prevented detec-
tion of receptacle exits in a small number (�1%) of trials. This resulted in
longer delays to cue presentation than otherwise would have occurred.
These trials were detected and eliminated, along with the next trial, from
the analysis. This reduced the total session time, and counts of rewards
earned were normalized to 30 min.

Video analysis of cued FR1 task with 10 s ITI
To determine in more detail how the animals’ behavior during a long-ITI
task was affected by NAc core dopamine antagonist injection, we con-
ducted a video analysis of rats performing a variant of the cued FR1 task
with 10 s ITI. Injections of 1 �g of SCH23390 or 2 �g of raclopride that
resulted in �50% reduction in rewards earned were selected for video
analysis. From 6 rats, 6 vehicle, 6 SCH23390, and 3 raclopride sessions
were obtained; the video from 1 rat’s vehicle injection session was lost,

and we therefore substituted data from a session in which the rat was not
injected.

Videos were digitized by an assistant and analyzed with the experi-
menter blind to the animal’s identity and drug received. The animal’s
actions at cue onset were noted (pressing lever, checking receptacle, im-
mobile, grooming, or locomotion) as well as its location. The animal was
scored as “near” the levers if its head was in the third of the chamber
closest to the levers, and “far” if it was in the third farthest away. They
were rarely in the middle third, and therefore these trials were not ana-
lyzed. The animal’s actions between cue onset and lever press were scored
(immediate response, immobility lasting � 1 s, grooming, or locomotion
in a direction not toward the lever or receptacle). An immediate response
means that none of the latter three actions occurred, and instead the
animal approached the receptacle or the lever with �1 s delay before
onset of locomotion. Animals often checked the receptacle before press-
ing the lever, or made failed attempts to press the lever before earning
reward; these trials were classified as immediate response trials if groom-
ing, immobility � 1 s, or locomotion away from the lever did not occur.
In many trials, more than one of the latter three actions occurred, and all
of the actions were noted for each trial.

Analysis of automated video tracking data (DS and FR8 tasks)
The video tracking system determined the X and Y coordinates of the
LEDs in real time for each video frame; these coordinates were time-
stamped and saved to disk. (The entire video image was not saved.)
Distances traveled between behavioral intervals (e.g., lever presses) were
computed by summing the distances between LED locations in each
frame (30 frames/s) in the interval. Gaps in the tracking data (resulting,
for instance, from the animal bending its head at such an angle that the
LED was not detectable) were filled by linear interpolation. To determine
movement velocities, we first isolated movement epochs using previ-
ously published methods (Drai et al., 2000) (supplemental Fig. S3, avail-
able at www.jneurosci.org as supplemental material). For each time point
t, the SD of distances between the LED location at t and its locations in a
200 ms window surrounding t was computed. This constitutes a move-
ment index for t. The movement index was bimodally distributed, and
larger values indicated that the animal was in locomotion. The threshold
movement index for locomotion was individually chosen for each animal
based on this distribution, and was generally �0.2. Consecutive epochs
of at least 8 time points (267 ms) with a movement index greater than
threshold were identified as locomotor events.

For analysis of movement velocity after cue onset (see Fig. 4 D), the
first valid movement before a lever press or cue termination was used,
including movements that were already in progress when the cue was
presented. Movements that were still in progress at the time of lever press,
or that ended within 200 ms of the lever press, were classified as move-
ments that resulted in a lever press. Movements during the ITI (see Fig.
4 D) were identified by searching for pauses in motor activity in which the
movement index was less than threshold for �0.5 s, followed by at least 8
consecutive points with movement index above threshold. The latency to
move after DS onset (see Fig. 4 E) was determined only for trials in which
the movement index was below threshold at DS onset. The last move-
ment before a lever press (see Fig. 7G) was identified as the last epoch of
at least 8 consecutive points above threshold occurring before the lever
press, but after the event that began the interval (previous lever press or
receptacle exit). For all movements analyzed, the movement velocity was
computed as the distance traveled during the locomotor event divided by
the total duration of the event.

Data selection for FR8 analysis
Injection of dopamine antagonists into the NAc core resulted in pro-
found deficits in performance as measured by rewards earned (see Fig.
6 B). In many cases, the number of rewards earned after injection of 1 or
2 �g of SCH23390 or 2 or 4 �g of raclopride was very small and did not
allow enough data to analyze the effects of the antagonists on latencies
between events. Therefore, for analysis, we selected, from each rat, one
SCH23390 and one raclopride injection session, at any dose, in which the
number of rewards earned was approximately half that of the vehicle
injection session. Out of 13 animals run on the FR8 task, 4 were elimi-
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Table 1. Statistical results for all figures

Figure(s) Dependent variable Factor(s) Results

1C Rewards earned Drug dose 0 s ITI: F(6,7) � 2.4, p � 0.04, n � 8 rats
3 s ITI: F(6,6) � 4.2, p � 0.003, n � 7
10 s ITI: F(6,7) � 5.5, p � 0.001, n � 8
20 s ITI: F(6,6) � 11.5, p � 0.001, n � 7

1D,E, S2A Log latency between events (cue-lever press, lever
press-entry, consummatory)

Interval, drug dose Interaction interval � drug dose:
0 s ITI: F(12,7) � 0.8, p � 0.7
3 s ITI: F(12,6) � 2.5, p � 0.008
10 s ITI: F(12,6) � 2.6, p � 0.006
20 s ITI: F(12,6) � 11.3, p � 0.001

1F Rewards earned Drug dose 0 s ITI core: F(6,7) � 1.6, p � 0.18, n � 8
0 s ITI shell: F(6,7) � 1.5, p � 0.2, n � 8
20 s ITI core: F(6,7) � 6.8, p � 0.001, n � 8
20 s ITI shell: F(6,7) � 5.7, p � 0.001, n � 8

1G,H,
S2B

Log latency between events (cue-lever press, lever
press-entry, consummatory)

Interval, drug dose Interaction interval � drug dose:
0 s ITI core: F(12,7) � 1.0, p � 0.5
0 s ITI shell: F(12,6) � 1.6, p � 0.1
20 s ITI core: F(12,4) � 3.3, p � 0.001
20 s ITI shell: F(12,7) � 4.9, p � 0.001

2A, inset Log latency between receptacle exit and lever
press

ITI Non-repeated-measures ANOVA:
F(3,58) � 320, p � 0.001

2B, inset Log latency between lever press and receptacle
entry

ITI Non-repeated-measures ANOVA:
F(3,58) � 6.4, p � 0.001

2C % of trials Drug dose Near lever: F(2,5) � 7.8, p � 0.016, n � 6 rats
Far from lever:: F(2,5) � 11.8, p � 0.006

2D Log latency between cue onset and lever press Location, drug dose Location: F(1,4) � 47.9, p � 0.002
Drug dose: F(2,4) � 5.0, p � 0.04
Interaction location � drug dose: F(2,4) � 0.3, p � 0.7

3A % of trials Drug dose Task activity: F(2,5) � 9.3, p � 0.011, n � 6 rats
Immobility: F(2,5) � 13.8, p � 0.004
Locomotion: F(2,5) � 0.9, p � 0.45
Grooming: F(2,5) � 1.5, p � 0.29

3B Log latency between cue onset and lever press Action at cue onset, drug dose Action at cue onset: F(3,4) �71.6, p � 0.001
Drug dose: F(2,4) � 6.1, p � 0.02
Interaction action � drug dose: F(6,4) � 0.4, p � 0.9

3B, inset Log latency between cue onset and lever press Drug dose Lever pressing: F(2,5) � 10.4, p � 0.006
3C % of trials press Drug dose Immediate response: F(2,5) � 14.0, p � 0.004

Immobility: F(2,5) � 8.1, p � 0.015
Locomotion: F(2,5) � 6.0, p � 0.03
Grooming: F(2,5) � 1.5, p � 0.28

3D Log latency between cue onset and lever press Action after cue onset (comparison
with Immediate Response),
drug dose

Immobility vs immediate response:
Action: F(1,4) � 208.6, p � 0.001
Drug dose: F(2,4) � 11.5, p � 0.003
Interaction action � drug dose: F(2,4) � 2.2, p � 0.2
Locomotion vs immediate response:
Action: F(1,4) � 201.1, p � 0.001
Drug dose: F(2,4) � 16.5, p � 0.001
Interaction action � drug dose: F(2,4) � 3.4, p � 0.1
Grooming vs immediate response:
Action: F(1,3) � 77.9, p � 0.003
Drug dose: F(2,3) � 11.3, p � 0.009
Interaction action � drug dose: F(2,3) � 3.7, p � 0.09

4C Cue response ratio Location, drug dose DS:
Location: F(2,4) � 16.8, p � 0.001
Drug dose: F(6,4) � 9.5, p � 0.001
Interaction location � drug dose: F(12,4) � 1.0, p � 0.4
NS: all main & interaction F � 0.2
n � 6 rats

4D Movement velocity Movement type, drug dose Movement type: F(3,4) � 12.2, p � 0.001
Drug dose: F(6,4) � 1.6, p � 0.2
Interaction movement type � drug dose:
F(18,4) � 1.4, p � 0.2
( post hoc tests show post-DS movements resulting in lever press to be faster than each other

type of movement, irrespective of drug dose)
Table continued
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nated because no injection sessions resulted in a �50% performance
deficit (usually because the lowest doses had little effect and the interme-
diate and high doses reduced performance to near 0 rewards earned).

Histology
When behavioral experiments were complete, animals were deeply anes-
thetized with pentobarbital and perfused intracardially with saline and
4% formalin. Brains were removed, sectioned (40 �m), and stained for
Nissl substance to locate injection sites. Cannula tip locations are shown
in supplemental Figure S1 (available at www.jneurosci.org as supple-
mental material) and in all cases were located in the target structure.

Behavioral task training procedures
Cued FR1 tasks
The cued FR1 tasks provided different ITIs (periods during which reward
was unavailable) for different groups of rats, allowing us to test the hy-
pothesis that the NAc dopamine dependence of task performance de-
pends on ITI. Training proceeded as follows. On the first training day,
presses on levers or entry into the reward receptacle resulted in reward
delivery (60 �l of 10% sucrose) in the receptacle. There was a 20 s ITI
until reward could be earned again. No explicit cues were presented.
Animals remained in the chamber until they earned 100 rewards or for at
most 2 h. On the next training day, animals had to press either of the
levers once to earn a reward. The siren cue was presented at all times
except for a 3 s ITI after each lever press that earned reward. During the
ITI, lever presses did not earn reward. Animals were run on this task until
they earned 100 rewards in �2 h. Occasionally, we placed a pea-sized
quantity of peanut butter on the levers to encourage responding.

In the next stage of training, we chose, for each rat, one lever to be the
“active” lever and the other to be the “inactive” lever. Half the rats in each
group were assigned the left lever as active, and the other half were as-
signed the right. Responses on the active lever only were rewarded from
this point on; inactive lever responses were recorded but had no pro-
grammed consequence. The 3 s ITI was eliminated, and instead the siren
cue was presented when the animal exited from the reward receptacle
(but not �1 s after receptacle entry if the animal withdrew and did not
reenter within 1 s of the original entry). The duration of cue presentation
was indefinite; cues were always terminated by the animal’s press on the
active lever (or by the end of the session). Sessions were 30 min long and
there was no experimenter-imposed cap on the number of rewards the
animal could earn per session. This protocol comprised the cued FR1
task with 0 s ITI. For the cued FR1 tasks with 3, 10, and 20 s, we gradually
increased the ITI over the next 1 to 2 weeks, such that the cue (and ability
to earn reward by a lever press) was presented at longer intervals follow-

ing receptacle exit. When animals had been run on the final ITI schedule
for at least 30 sessions (on 30 separate days), they underwent cannula
implantation surgery.

DS task
Animals were trained on a task similar to the DS task used previously
(Ambroggi et al., 2008; Ishikawa et al., 2008a,b). After receptacle and
initial FR1 training as described for the cued FR1 tasks, animals were
placed on a task in which the DS cue (siren or intermittent tone, ran-
domly chosen for each rat) was presented at the end of a 10 s ITI. Animals
had 10 s to respond with a lever press to earn 60 �l of 10% sucrose to be
delivered into the receptacle next to the lever; otherwise, the cue was
terminated and presented again 10 s later. The ITI was increased to 20
and then 30 s across several days. In the final DS task (see Fig. 4 A), the
length of the ITI was chosen from a Gaussian distribution with mean of
30 s, and the cue presented was randomly chosen on each trial (either DS
or NS). The NS was either the intermittent or the siren tone (whichever
was not used for the DS), and was always presented for 10 s. Responding
during the NS or during the ITI was recorded but had no programmed
consequences. The DS cue was terminated either 10 s after cue onset or by
the animal’s lever press, whichever came first. Failure to press within the
10 s maximum DS presentation period counted as a failure to respond.
Animals were trained on the DS task in 1 h sessions until performance
reached a plateau at �90% DS response ratio (proportion of DSs to
which the animal responded) and �20% NS response ratio.

FR8 task
After receptacle and FR1 training as described for the cued FR1 tasks, the
FR was gradually increased over several days until it reached 8 (see Fig.
6 A). An auditory cue (siren) was presented at the beginning of the ses-
sion and again upon exit from the receptacle after reward consumption.
The cue was on until the eighth lever press, at which point it was turned
off and 100 �l of 10% sucrose was delivered into the receptacle next to the
lever. Animals were run on this task until they reached a performance
plateau, with no trend toward an increase in rewards earned over 7 con-
secutive sessions.

CDAS task
For the CDAS task (see Fig. 5A), Med Associates operant chambers were
configured as shown in Figure 5B, with two reward receptacles on oppo-
site walls and a nosepoke hole midway between them on the wall perpen-
dicular to each. Training progressed in 7 stages. All training sessions were
2 h long, and animals underwent one per day (5 d per week).

Stage 1. Training began with 1 d of habituation to the reward recepta-
cles. Two cues (1 and 2) were presented. For half the animals, cue 1 was

Table 1. Continued

Figure(s) Dependent variable Factor(s) Results

4E First movement log latency Cue, drug dose Interaction cue � drug dose:
F(6,4) � 4.2, p � 0.005

5C Rewards earned Drug dose Cue 1: F(6,6) � 0.7, p � 0.7, n � 7 rats
Cue 2: F(6,6) � 0.7, p � 0.7

5D Log latency to reach receptacles 1 and 2 Drug dose Cue 1–receptacle 1 entry latency: F(6,6) � 2.3, p � 0.06
Cue 2–receptacle 2 entry latency: F(6,6) � 7.1, p � 0.001

5E % of trials Drug dose F(6,6) � 0.2, p � 0.97
5F % of trials Drug dose F(6,6) � 1.5, p � 0.2
5G Log latency to respond to cue 3 Drug dose Cue 3–receptacle 2 exit latency: F(6,6) � 1.0, p � 0.5

Receptacle 2 exit–receptacle 1 entry latency: F(6,6) � 1.6, p � 0.2
7C Log latency between events Interval, drug Interaction interval � drug:

F(2,7) � 5.7, p � 0.02, n � 9 rats
7E, inset % of trials Drug F(2,8) � 0.7, p � 0.5
7F Log latency between lever presses Distance traveled, drug dose Interaction distance traveled � drug:

F(2,7) � 4.4, p � 0.03
7G Velocity of last movement before lever press Interval, drug Interval: F(1,7) � 6.5, p � 0.04

Drug: F(1,7) � 3.5, p � 0.06
Interaction interval � drug:
F(2,7) � 0.3, p � 0.7

Unless otherwise noted, all tests are repeated-measures ANOVA with one or two factors.
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the siren and cue 2 was the intermittent cue, and the opposite relation was
assigned to the other half. Cue 1 signaled reward availability in receptacle
1, and cue 2 signaled reward availability in receptacle 2. Receptacle 1 was
on the left side, and receptacle 2 on the right side, for half the animals, and
the opposite relation was assigned to the other half. Reward consisted of
60 �l of 10% sucrose delivered upon entry into the correct receptacle.
Incorrect entries resulted in a 1 s period of darkness (house lights turned
off) and no reward delivery. The next cue was presented 20 s after recep-
tacle exit, regardless of whether reward was earned. Rewards were not
delivered during the 20 s ITI.

Stage 2. Animals had to perform a nosepoke to obtain presentation of
cue 1 or cue 2. The correct response to cue 1 was to enter receptacle 1,
upon which an immediate 60 �l reward was delivered; the correct re-
sponse to cue 2 was to enter receptacle 2 for immediate 60 �l reward. A 3 s
ITI, during which a trial could not be initiated, was imposed after recep-
tacle exit. The ITI was the same whether or not the animal responded
correctly to cue, but the house lights were turned off during the ITI (and
no reward was delivered) if an incorrect response was made. A flashing
light (50 ms on, 75 ms off) within the nosepoke hole was turned on to
signal the end of the ITI and remained on until the next trial was initiated
with a nosepoke. Animals remained at this stage until they initiated 300
trials in the 2 h session; however, correct responding to the cues at this
point was usually not greater than chance.

Stage 3. The task at this stage was identical to stage 2, with one excep-
tion: if the animal made an incorrect response, no reward was delivered
and the cue remained on until the animal entered the correct receptacle,
at which point reward was delivered. Several days on this protocol re-
sulted in the animal making 5–10 times as many correct as incorrect
responses to one of the cues, while correct responding to the other cue
remained at chance levels. At this point, animals were advanced to the
next stage.

Stage 4. At this stage, as in stages 2 and 3, cue 1 and cue 2 were pre-
sented upon trial initiation with a nosepoke. Incorrect responses to the
cues resulted in a 10 s penalty period during which the house lights were
turned off and a trial could not be initiated. Correct responses resulted in
immediate delivery of 60 �l of sucrose, and a 3 s ITI (house lights on) was
imposed after receptacle exit, during which a trial could not be initiated.
The end of the ITI or penalty period was signaled with the flashing light in
the nosepoke hole. This stage continued for 2–3 weeks, until animals
consistently made 5–10 times as many correct as incorrect cue responses.

Stage 5. In this stage, a delay to reward in receptacle 2 was introduced.
At the beginning of the session, reward was delivered immediately after
the first 5 correct responses to cue 2. Then, it was increased by a step value
after every 5 correct trials, with no maximum delay. The step value was
initially 100 ms, and this was increased to 300 ms over several days.
Animals were typically capable of waiting up to 11 s. Early withdrawal
from receptacle 2 resulted in imposition of the same 10 s penalty that
resulted from incorrect responses to cue 1 or cue 2.

Stage 6. This stage was similar to stage 5. As before, the animal initiated
a trial with a nosepoke, which resulted in presentation of cue 1 or cue 2,
directing the animal into receptacle 1 or receptacle 2, respectively. The
delay to reward was initially 0 s, but this increased by 1 s whenever a
threshold number of rewards was earned in receptacle 2. The maximum
delay to reward was capped at 5 s. The threshold number of rewards was
initially 10, but over 3– 4 weeks, we reduced this value to 3. Early with-
drawals from receptacle 2 or incorrect responses to cue 1 or cue 2 resulted
in a 10 s penalty period (lights out) during which a trial could not be
initiated. Thus, by the end of this stage, animals were consistently waiting
5 s for reward after 15 correct trials in receptacle 2, as well as continuing
to respond correctly in the vast majority of trials to cue 1 and cue 2. At this
point, the animals underwent surgery for implantation of cannulae
within the NAc core.

Stage 7 (final CDAS task). After recovery from surgery and reestablish-
ment of baseline performance on the stage 6 protocol, the switching cue
(cue 3) was introduced. This cue was presented in one randomly chosen
trial out of each block of 10 successful cue 2 trials. These blocks began
with the sixth successful cue 2 trial after the animal reached the maxi-
mum 5 s delay to reward in receptacle 2. Cue 3 consisted of a continuous
3 kHz tone, which was presented between 100 and 2000 ms after the

animal entered receptacle 2 in response to cue 2. From the time of cue 3
onset, the animal had 5 s to withdraw from receptacle 2, and an unlimited
time to reach receptacle 1, at which point 180 �l of 10% sucrose was
delivered in receptacle 1, and the trial was scored as a successful switch. If
the animal failed to withdraw from receptacle 2 within 5 s of onset of cue
3, or if the animal withdrew and reentered receptacle 2, cue 3 was termi-
nated, the house lights were turned off for a 10 s penalty period, and the
trial was scored as a failure to switch. Stage 7 sessions were repeated
between 3 and 6 times, until the animal successfully switched in the
majority of switching trials, at which point microinjection experiments
commenced using the stage 7 protocol (see Fig. 5A).

Importantly, cue 3 was presented in only 3– 6 sessions during training
(after the animals were implanted with cannulae), and in �5% of all
trials, in contrast to cues 1 and 2 (which were presented to the animals
multiple times in every session, every day, 5 d per week for 4 –5 months)
and to the cues in the cued FR1 and DS tasks, which were presented in
every trial across dozens of training sessions before microinjection ex-
periments began.

Results
NAc core dopamine is required for tasks with long, but not
short, intertrial intervals
Performance of cue-responding tasks with long ITIs is particu-
larly susceptible to disruption by NAc dopamine manipulations
(Nicola, 2007). To explain this susceptibility, we adapted the lo-
comotor hypothesis proposed by Ikemoto and Panksepp (1999).
Specifically, we propose that (1) the longer the period of reward
nonavailability, the more likely the animal is to move away from
reward-associated operanda; (2) to resume operant behavior af-
ter moving away, animals flexibly approach reward: i.e., across
trials, animals necessarily use different actions to move toward
the operandum, because their exact locations during pauses in
operant activity will differ across trials; and (3) NAc dopamine is
required for animals to perform flexible, but not inflexible, ap-
proach. To begin testing this hypothesis, which we term “the
flexible approach hypothesis,” we first determined, under con-
trolled conditions, whether increasing the ITI increases the de-
pendence of task performance on NAc dopamine.

We trained rats to press a lever after onset of a reward-
predictive cue (FR1 tasks) and varied the ITI across animals. An
auditory cue at the end of a 0, 3, 10, or 20 s ITI signaled availability
of liquid 10% sucrose reward in exchange for a single lever press
(Fig. 1A); sucrose was delivered into a receptacle next to the
levers (Fig. 1B). The ITI was the time between reward receptacle
exit on one trial and cue onset on the next. We asked whether
microinjection of dopamine receptor antagonists into the NAc
(at the border between core and shell) before the session im-
pacted task performance as measured by the number of rewards
earned per session. Injection of a dopamine D1 receptor antago-
nist (SCH23390) or a D2 receptor antagonist (raclopride) caused
the greatest reduction in number of rewards earned in animals on
the longer (10 or 20 s) ITI tasks (Fig. 1C). (Detailed statistical
results for all figures are provided in Table 1.)

The reduced ability to earn reward in longer ITI tasks must be
due to an increase in at least 1 of 3 latencies: between cue and lever
press, between lever press and reward receptacle entry, and
between receptacle entry and receptacle exit (the consumma-
tory time). The cue to lever press latency was increased by the
antagonists, and these effects were much larger in tasks with
longer ITIs (10 and 20 s) (Fig. 1 D). Strikingly, neither the
latency to enter the receptacle after a lever press (Fig. 1 E) nor
the consummatory time were affected by the antagonists at any
dose. (Dopamine antagonist effects on consummatory time in all
tasks were negligible, as shown in supplemental Fig. S2, available
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at www.jneurosci.org as supplemental material.) These results
indicate a specific deficit in the ability to respond after cue pre-
sentation, and not in the receptacle approach and consummatory
actions that occur afterward.

The NAc core is proposed to be a critical site at which NAc
dopamine can invigorate behavior (Robbins and Everitt, 2007).
To determine the relative contribution of dopamine acting in the
core and shell to long-ITI tasks, we implanted separate groups of
animals trained on the 0 or 20 s ITI tasks with cannulae in the
NAc core or shell. The number of rewards earned was reduced
only in the 20 s ITI task, and core injections were much more
effective in reducing rewards earned than shell injections (Fig.

1F). The cue to lever press latency was
substantially increased by the antagonists
in rats on the 20 s ITI task, and these ef-
fects were also more pronounced in the
core than in the shell (Fig. 1G). In con-
trast, the lever press to receptacle entry
latency was unaffected in either task, at
either injection site (Fig. 1H).

Why is performance of longer ITI tasks
more affected by the antagonists than
short-ITI tasks? We reasoned that longer
periods of reward unavailability would re-
sult in a greater likelihood that animals
leave the vicinity of the lever and recepta-
cle. If this were the case, then the greater
effects of the antagonists on the cue to le-
ver press latency in longer ITI tasks could
be ascribed to a deficit in ability to return
to the lever. To determine whether ani-
mals move away from the lever during
longer intervals, we first examined, in ve-
hicle injection sessions, the latency to
press the lever after exit from the reward
receptacle (regardless of when the cue was
presented). This latency increased with
increasing ITIs; at short ITIs (especially
0 s), the latency was narrowly distributed,
whereas at longer ITIs, the latency distri-
bution was quite broad (Fig. 2A). In con-
trast, the lever press to receptacle entry
latency was exceedingly brief in all ITI
tasks (Fig. 2B). Because it is not possible
for animals to move substantial distances
in �1 s, these results imply that animals
moved directly between the lever and re-
ceptacle in all tasks, and directly between
receptacle and lever only in the shorter ITI
tasks (especially 0 s ITI). Notably, these
short latencies were not affected by the an-
tagonists: the lever press to receptacle en-
try latency was unaffected in any ITI task
(Fig. 1E,H), and in the 0 s ITI task, the
receptacle exit to lever press latency was
also unaffected (Fig. 1D,G) (note that cue
onset occurs at receptacle exit in the 0 s ITI
task, so the cue to lever press latency is the
same as the exit to lever press latency). In
contrast, in longer ITI tasks, the long,
broadly distributed latencies between re-
ceptacle exit and lever press suggest that
animals could have moved considerable

and varied distances from the lever and receptacle during this
interval. These latencies were prolonged by the antagonists (not
shown: the effects were similar to those on the cue to lever press
latency shown in Fig. 1D). In sum, these results suggest that very
short behavioral latencies, during which movement away from
the lever and receptacle could not have occurred, are not pro-
longed by NAc dopamine antagonist injection, whereas the an-
tagonists increase longer latencies during which extensive
movement could have occurred.

To confirm that animals moved away from the lever during
the ITI in longer ITI tasks, we made video recordings of animals
on a cued FR1 task with a 10 s ITI and determined whether
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animals were near the lever at cue onset (within the third of the
chamber closest to the lever) or far from it (in the third farthest
away, along the opposite wall). In vehicle injection sessions, ani-
mals were in the “far” zone at cue onset in �23% of trials (Fig.
2C); in fact, this greatly underestimates the number of intervals in
which the animals visited the far zone during the ITI, as animals
often moved back to the near zone before cue presentation: ani-
mals reached the far zone in 80 � 7% of ITIs in vehicle injection
sessions. Therefore, in a long-ITI task, animals clearly leave the
vicinity of the lever during the ITI. In contrast, in short-ITI tasks
(especially 0 s ITI), the interval between receptacle exit and lever
press was usually much too short for the animal to have moved
far from the lever and receptacle (Fig. 2A). Thus, the substantially
greater impairment of long-interval task performance by NAc
dopamine antagonist injection, as compared to the antagonists’
effects on short interval performance, supports the hypothesis
that return to the lever from relatively long distances is specifi-
cally impaired by dopamine antagonist injection in the NAc.

The hypothesis that long, but not short, distance approach
depends on NAc dopamine is consistent with the hypothesis that
NAc dopamine is necessary to perform actions requiring greater
effort. However, the effort hypothesis would also predict that
within a long-interval task, the latency to approach the lever
should be increased to a greater extent by the antagonists when
the animal is farther away than when the animal is near. Our
findings are at odds with this prediction, since the latency to press
the lever after cue onset was increased by a proportionally similar
amount (i.e., a similar log unit increase) by antagonist injection
in the NAc core regardless of distance from the lever (Fig. 2D).
This result is consistent with the hypothesis that dopamine is
required for switching among behaviors (van den Bos et al., 1991;
Redgrave et al., 1999; Yun et al., 2004a): no matter where animals
are when the cue is presented, they must switch from their ongo-
ing behavior to lever approach.

If the switching hypothesis is correct, then, because some be-
haviors may be particularly difficult to switch from, the antago-
nists may have differential effects on response latency depending
on the behavior at cue presentation. Furthermore, the antago-
nists should be least effective in increasing the latency to press the
lever when the cue is presented while the animal is already en-
gaged in lever pressing. To test these predictions, we first catego-
rized the animals’ actions at cue onset. Examination of the videos
revealed four main action classes: task-related activity (pressing
the lever, checking the receptacle, or approaching the lever or
receptacle), immobility, locomotion in a direction other than
toward the lever/receptacle, and grooming. The antagonists
caused a decrease in the proportion of trials in which the animals
were already engaged in task-related activity at cue onset, and a
corresponding increase in trials in which animals were immobile
(Fig. 3A). The incidences of locomotion and grooming were not
affected. Notably, the latency to press the lever after cue onset was
increased by a proportionally similar amount regardless of the

4

latency to enter the reward receptacle after a lever press was short and narrowly distributed in
all ITI tasks, suggesting that animals rarely deviated from a direct path between the two even in
long-ITI tasks. B, Inset, Mean lever press to receptacle entry latency is short and does not vary
substantially among the tasks (although the difference between the 0 and 20 s ITI tasks is
significant). C, Video analysis of the cued FR1 task with 10 s ITI shows that dopamine antagonist
injection in the NAc core decreased the likelihood that animals were in the third of the chamber
nearest the lever at cue onset, and increased the likelihood that the animals were in the third of the
chamber farthest from the lever. D, The antagonists increased the latency to respond after cue onset
by a similar log unit value (i.e., by a similar proportion) no matter the animal’s location at cue onset.
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Figure 2. Animals leave the lever and receptacle in long but not short-ITI tasks. A, Distribu-
tions of latencies to press the lever after reward consumption during vehicle injections (core,
shell, and core/shell border injections combined) show that this latency is very short and nar-
rowly distributed in the 0 s ITI task, but is longer and more variable in longer ITI tasks. Graphs
show the mean (�SEM) across animals of the frequency of the latency given by the abscissa
(bin width � 1 cm). Because animals cannot move long distances in �1 s, this implies that
animals moved directly from the receptacle to the lever in the 0 s ITI task, but not necessarily in
the longer ITI tasks. A, Inset, Mean receptacle exit to lever press latency increases for longer ITIs.
The differences between each value and each of the other three values are significant. B, The
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action at cue onset (Fig. 3B). This was the case even for the subset
of “task activity” trials in which the animal was already engaged in
lever pressing at cue onset (Fig. 3B, inset). These results therefore
argue against the predictions of the switching hypothesis.

The antagonists decreased the proportion of trials in which
animals initiated an immediate approach response to the lever/
receptacle, and increased the proportion of trials in which ani-
mals were immobile for �1 s, or engaged in locomotion away
from the lever, during the interval between cue onset and lever
press (Fig. 3C). However, no matter the intervening behavior, the
latency between cue onset and operant response was increased by
a proportionally similar amount (Fig. 3D), again arguing against
the switching hypothesis. The results in Figures 2 and 3 are more
consistent with the flexible approach hypothesis. If, for a given
behavioral interval (e.g., receptacle exit to lever press), animals
consistently move to varied locations away from the lever, they
must determine anew how to return to it whenever reward be-
comes available. This flexible approach strategy differs from the
inflexible strategy of simply performing the same sequence of
actions during the interval, and is in fact essential for the ability to
obtain reward whenever an inflexible strategy is insufficient. In
intervals where animals use a flexible approach strategy, interfer-
ence with this strategy by dopamine antagonists delays respond-
ing even when the animal is near the lever, regardless of the
animal’s actions at and after cue onset, as long as the animal’s
location when signaled that reward is available is variable.

NAc core dopamine facilitates flexible approach in response
to reward-predictive cues
Because there was a fixed interval between receptacle exit and cue
presentation in the cued FR1 tasks, behavior on the longer ITI
tasks was strongly influenced by an interoceptive timing mecha-
nism, as evidenced by the greater likelihood of anticipatory be-
havior at the end of the ITI than at the beginning (supplemental
Fig. S3, available at www.jneurosci.org as supplemental mate-
rial). It is therefore possible that NAc dopamine contributed to
behavior in these tasks not strictly by facilitating flexible ap-
proach, but rather by influencing the interoceptive timing mech-
anism itself. Therefore, to further test the flexible approach
hypothesis, we used a DS task in which the interval between cue
presentations was variable, eliminating the animal’s use of intero-
ceptive timing to regulate operant behavior (Fig. 4A). A lever
press during the DS caused the DS to be terminated and sucrose
reward to be delivered, whereas responses during the NS had no
consequence. We used an automated video tracking system to
determine the position of LEDs mounted on the animal’s head
throughout the session. Animals’ lever pressing and lever ap-
proach behavior in this task was under control of the DS and was
not influenced by an interoceptive timing mechanism (supple-
mental Fig. S3, available at www.jneurosci.org as supplemental
material).

The distribution of the animal’s locations at DS onset was
broad and widely variant, as shown by the example in Figure 4B.
This indicates that animals likely used a flexible approach strategy
to reach the lever, since responding to each DS would require a
different set of actions. Both D1 and D2 receptor antagonists in-

4

during the cue to lever press interval. D, Each drug increased the cue to lever press latency
regardless of the actions occurring within the cue to lever press interval. The increase in re-
sponse latency was similar: no matter the actions within an interval, the antagonists caused an
increase in latency of 0.35– 0.65 log units.
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Figure 3. In a cued FR1 task with a 10 s ITI, dopamine antagonist injection in the NAc core
increases the latency to respond after cue presentation without regard to the animal’s actions at
cue presentation and between cue onset and response. A, The proportion of trials in which
animals were already engaged in task-related activity was decreased by the antagonists, and
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regardless of action at cue onset). B, Inset, Even when animals were already pressing the lever
at cue onset, the latency to the next press was increased by the antagonists. C, Dopamine
antagonist injection in the NAc core decreased the fraction of trials with an immediate response,
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1 s between cue onset and lever press, and in which animals locomoted away from the lever
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jected in the NAc core reduced the proportion of DSs to which
the animal responded with a lever press. To determine whether
these effects were dependent on the animal’s distance from the
lever at cue onset, we divided the chamber into three zones: near
the lever, far from it, and an intermediate zone (Fig. 4B; supple-
mental Fig. S3, available at www.jneurosci.org as supplemental
material). The effects of the dopamine antagonists on the ability
to respond to the reward-predictive cue did not depend on loca-
tion at cue onset (Fig. 4C). These observations confirm similar
findings with the 10 s ITI task (Fig. 2D), but in a task without
anticipatory responding controlled by an interoceptive timing
signal. The results argue against the generality of the hypothesis
that tasks that require greater effort (e.g., crossing the entire
width of the behavior chamber vs approach to the lever from a
distance of only a few centimeters) are more dependent on NAc
dopamine.

Failure to respond with a lever press could be due to two
factors: the velocity of locomotor approach to the lever could be
lower, or the latency to initiate such approach could be delayed
(sometimes past the 10 s maximal period of DS presentation). To
distinguish between these possibilities, we identified locomotor
events using a well established algorithm for determining when
animals are stationary and when they are in locomotion (Drai et
al., 2000) (supplemental Fig. S4, available at www.jneurosci.org
as supplemental material). In the control condition, the first
movement after DS onset usually (but not always) continued
without pause until a lever press occurred. The velocity of these
movements was significantly higher than first movements after
DS onset that ended before a lever press occurred (including
movements during DSs to which the animal did not respond at all
with a lever press). Furthermore, first movements after DS onset
that ended without a lever press were similar in velocity to first
movements after NS onset and movements occurring during the
ITI, both of which rarely resulted in a lever press. The velocities of
none of these types of movements were significantly affected by
the dopamine antagonists (Fig. 4D); however, note that the an-
tagonists caused there to be many fewer post-DS movements that
resulted in a lever press, since lever responding during the DS was
greatly reduced (Fig. 4C).

In the control condition, the latency to the first movement
after cue presentation was shorter for the DS than the NS (Fig.
4E). The latency to move after DS onset was increased by the
antagonists, but the latency to move after NS onset was not sig-
nificantly affected (Fig. 4E). Therefore, antagonist injection de-
creased the likelihood of a short-latency, high-velocity approach
to the lever. These results are consistent with observations that, in
the 10 s ITI cued FR1 task, the antagonists decreased the proba-
bility of an immediate response after cue presentation (Fig. 3C).
Thus, our findings indicate that dopamine receptor activation in
the NAc is required for animals to initiate flexible locomotor
approach to the operandum in response to reward-predictive
information. However, once locomotor approach is initiated,
NAc dopamine is not required to specify the approach velocity.

NAc core dopamine is not required for inflexible approach in
response to reward-predictive cues
The latency to reach the reward receptacle after a lever press was
not affected by dopamine antagonist injection into the NAc (Fig.
1E,H). We propose that NAc dopamine is not required for this
movement because it is inflexible: because the animal’s start and
end positions are identical on every trial, identical actions could
be used to accomplish the movement. However, because the dis-
tance between lever and receptacle is short, little if any locomo-
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tion is required for this movement. Therefore, an alternative
possibility is that NAc dopamine is simply required for locomo-
tion, especially high-velocity locomotion (Fig. 4D,E), whether or
not the locomotion constitutes flexible approach. To distinguish
between these hypotheses, we designed a task in which animals
made high-velocity movements from identical start and end po-
sitions in response to reward-predictive cues. We reasoned that if
the flexible approach hypothesis were correct, such inflexible move-

ments would be unaffected by NAc core do-
pamine antagonist injection; however, if
NAc core dopamine is generally required for
high-velocity locomotion, such movements
would be slowed or eliminated.

In the CDAS task, the rat initiated a
trial by performing a nosepoke into a
nosepoke hole located on one wall of the
chamber, between reward receptacles on
the two flanking walls (Fig. 5A,B). Upon
nosepoke, one of two auditory cues was
presented, which directed the animal to
enter one of the two receptacles. Liquid
sucrose reward was delivered immediately
in receptacle 1, but the animal had to wait
for up to 5 s for the identical reward in
receptacle 2. In some trials (“switching
trials”), a third auditory cue was presented
during the wait for reward in receptacle 2,
which directed the animal to withdraw
from receptacle 2, locomote across the
chamber to receptacle 1, and receive an
immediate reward. Because the animal’s
location whenever a particular cue was
presented was identical across trials (in
the nosepoke hole for cues 1 and 2, or in
receptacle 2 for cue 3), and because the
end location that constitutes a correct re-
sponse to each cue was also identical
across trials, each cue likely promoted the
same actions to reach reward whenever it
was presented.

Injection of D1 or D2 receptor antago-
nists into the NAc core did not affect the
ability to respond correctly to cue 1 and
cue 2 (Fig. 5C). Furthermore, the latency
to reach receptacle 1 from the nosepoke
when cue 1 was presented was not affected
by the antagonists, and although the la-
tency to reach receptacle 2 from the nose-
poke hole when cue 2 was presented was
different, only the highest dose of the D1

antagonist caused a significant increase
(Fig. 5D). Animals withdrew from recep-
tacle 2 early (without earning reward) on
only 10% of trials, and this value was not
significantly affected by the antagonists
(Fig. 5E). Therefore, NAc core dopamine
is not required to respond to reward-
predictive cues or to move toward the re-
ward receptacle in a task where the start
location (at cue presentation) and end
location (as a result of cue-evoked locomo-
tion) are constant across trials. In contrast,
NAc dopamine is required for animals to

locomote toward the reward receptacle when cues are presented at
relatively long intervals, with the animal presumably at a different
location within the chamber on each trial (Wakabayashi et al., 2004).
The present results also show that NAc core dopamine is not re-
quired to wait in the receptacle for reward, consistent with earlier
findings (Wakabayashi et al., 2004).

In nearly all switching trials, animals responded to cue 3 by
withdrawing from receptacle 2 and entering receptacle 1, and this
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high rate of successful switches was unaffected by the dopamine
antagonists (Fig. 5F). Furthermore, the latency to exit receptacle
2 upon presentation of cue 3 was not affected by the antagonists,
nor was the latency to reach receptacle 1 from receptacle 2 in
these trials (Fig. 5G). Thus, because cue 3 was presented while the
animal was waiting in receptacle 2, this result argues against an
antagonist-induced inability to initiate locomotion from the
waiting state. Moreover, cue 3 was presented many fewer times
during training than any of the other cues in this study, arguing
that differences in training cannot account for differences in the
effects of NAc dopamine antagonists on the tasks described in
this work. Similarly, the absence of effects on responding to cue 3
argues against the idea that NAc dopamine is generally required
for switching from one behavior to another (such as from waiting
in the receptacle to locomotion). Finally, the mean velocity to
reach receptacle 1 from receptacle 2 (computed by dividing the
fixed distance between the receptacles by the geometric mean
latency to reach receptacle 1 from receptacle 2) was 26.5 cm/s,
which was higher than the velocity of lever approach after DS
presentation (Fig. 4D). Therefore, the lack of effect of the antag-
onists argues against the hypothesis that NAc core dopamine is
simply required for high-velocity locomotion.

Despite the nearly complete lack of effect on measures of be-
havior after trial initiation, the antagonists reduced the number
of trials completed per session, most likely due to an increased
latency to initiate trials after the intertrial and penalty intervals
(supplemental Fig. S5, available at www.jneurosci.org as supple-
mental material), suggesting that the antagonists reached their
targets and were effective. In summary, the results of the CDAS
experiment rule out the hypotheses that NAc core dopamine is
generally required for high-velocity locomotion, locomotor ini-
tiation, switching from a waiting state to locomotion, cue re-
sponding in general, or responding only when the response is
relatively poorly trained. Instead, the antagonists had pro-
nounced effects on the latency to respond when flexible approach
was required (10 s ITI, 20 s ITI, and DS tasks), but not when an
inflexible, invariant motor response was sufficient to earn reward
on every trial (0 s ITI, 3 s ITI, and CDAS tasks). Our findings
therefore suggest that NAc core dopamine receptor activation has
a specific role in facilitating flexible approach behavior.

NAc core dopamine facilitates operant effort by promoting
flexible approach
Performance of a FR1 task for food reward, a low-effort task as
measured by the overall rate of lever pressing, is not affected by
reduction of NAc dopamine function (Aberman and Salamone,
1999; Yun et al., 2004a). Increasing the ratio requirement in-
creases the rate of lever pressing and renders task performance
susceptible to 6-OHDA lesion of the NAc (Aberman and Salam-
one, 1999). In our version of FR1 (the cued FR1 task with 0 s ITI),
animals do not leave the lever and reward receptacle and there-
fore do not use a flexible approach strategy. We propose that
deficits in high-effort operant task performance caused by dis-
ruption of NAc dopamine are due not to an inability to press the
lever at a high rate, but rather to an inability to flexibly approach
the lever after pauses during which the animal moves away from
it. To test this hypothesis, we trained animals on a FR8 task that
was identical to the cued FR1 task with 0 s ITI, except that 8 lever
presses were required to earn reward instead of 1 (Fig. 6A). Con-
sistent with previous observations (Aberman and Salamone,
1999), performance of the FR8 task was severely impaired by
injection of D1 or D2 receptor antagonists into the NAc core (Fig.

6B), in strong contrast to their minimal effects on the FR1 task
with 0 s ITI (Fig. 1F).

According to the flexible approach hypothesis, the higher ra-
tio should result in a significant degree of movement away from
the lever such that flexible approach is required to return to it.
Therefore, only those behavioral latencies in which such move-
ment frequently occurs should be increased by injection of dopa-
mine antagonists into the NAc core. To test this prediction, we
used automated video tracking of head-mounted LEDs during
task performance, and used the variability in distances traveled
during intervals between operant and/or consummatory events
as an indicator of the requirement for flexible approach. Because
the number of rewards earned was reduced to near 0 after antag-
onist injection in many sessions (in which case there was insuffi-
cient latency data to analyze), for video analysis, we selected
sessions across the entire dose ranges in which performance was
reduced by �50% compared with the vehicle injection session.

Whereas the distance traveled between the eighth lever press
and receptacle entry was exceedingly short and invariant (in the
vast majority of cases, the movement path distance was �3– 4
cm), the distance traveled between receptacle exit and the next
lever press tended to be much longer and more variable (usually
well over 3– 4 cm) (Fig. 7A,B). This indicates that approach to the
receptacle after the eighth lever press was likely inflexible,
whereas during the interval between receptacle exit and lever
press, animals reached widely variant locations and therefore re-
quired flexible approach to return to the lever. Consistent with
the flexible approach hypothesis, the latency to enter the recep-
tacle after the eighth lever press was not affected by the antago-
nists, whereas the latency to resume lever pressing after receptacle
exit was prolonged (Fig. 7C).

During the interval between lever presses, animals usually did
not move more than �1 cm, but sometimes moved much longer
distances (Fig. 7D,E). For �90% of inter-lever press intervals in
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the vehicle injection condition, the distance traveled was �4 cm;
when it was �4 cm, the distance was highly variable (Fig. 7E).
Therefore, we concluded that animals move away from the lever
and require flexible approach to return to it in the �10% of

intervals where the animal traveled �4
cm. In contrast, animals used an inflexible
response strategy when the distance trav-
eled was �4 cm. Dopamine antagonist in-
jection had no effect on the proportion of
inter-lever press intervals in which the
distance traveled was �4 cm (Fig. 7E, in-
set), suggesting that once operant effort is
initiated, NAc core dopamine does not
participate in deciding whether to con-
tinue the effort or stop the effort with a
movement away from the lever. Further-
more, the latency between lever presses
with distance traveled �4 cm was not af-
fected by the antagonists, whereas if the
animals moved �4 cm, the antagonists
increased the inter-lever press latency
(Fig. 7F).

To determine whether the increased
latency of behavioral intervals requiring
flexible approach was due to reduced lo-
comotor velocity, we examined the veloc-
ity of the last movement before the lever
press in exit to lever press intervals, as well
as inter-lever press intervals where the dis-
tance traveled was �4 cm. In neither case
was the velocity of movement signifi-
cantly affected by the antagonists (Fig.
7G). These results are similar to those ob-
served for movements after DS presenta-
tion (Fig. 4D). Together, these findings
suggest that NAc core dopamine facili-
tates the decision to approach the lever to
resume operant behavior, but regulates
neither the velocity of this approach once
the decision is made nor the vigor of op-
erant performance once the operandum is
reached.

We conclude that during a high oper-
ant effort task, NAc core dopamine serves
a very specific function. When animals
pause their operant behavior and move
away from the lever, NAc dopamine facil-
itates the return to the lever to resume ef-
fort. In contrast, NAc dopamine is not
required to maintain operant effort once
it is initiated. Because NAc core dopamine
has an identical function in cue-respon-
ding tasks, our results suggest that both
responding to reward-predictive cues and
exertion of operant effort are dependent
on NAc dopamine because a similar neu-
ral mechanism is required to accomplish
flexible approach in both types of task.

Discussion
Contemporary theories ascribe a behavior
activational role to the dopamine projec-
tion from the midbrain to the NAc, espe-
cially the NAc core. Some hypotheses

propose that NAc dopamine “invigorates” behavioral respond-
ing, perhaps by rendering more likely the choice of higher-effort
reward-seeking options (Phillips et al., 2007; Salamone et al.,
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2007; Floresco et al., 2008). Others propose a more general role in
increasing the likelihood of responding to reward-predictive in-
formation (Berridge and Robinson, 1998; Fields et al., 2007; Rob-
bins and Everitt, 2007). Our results show that the discrepancies
between these hypotheses can be accounted for by a specific role
for NAc core dopamine in promoting flexible approach to
reward-associated objects.

The flexible approach hypothesis states that NAc dopamine is
required for reward-seeking behavior only when the specific ac-
tions required to obtain reward are variable across instances of
reward availability. Therefore, when the animal’s starting loca-
tion varies across trials, different actions are required to reach a
fixed goal (such as a lever), and NAc core dopamine is required
for those actions to occur. When the start and end locations are
fixed across trials (as in the CDAS task), identical actions can
consistently bring the animal to the goal, and NAc core dopamine
is not required. The selective contribution of NAc dopamine to
flexible approach explains why NAc dopamine is required for
performance of only high-effort operant tasks and low-effort
tasks with significant periods of reward unavailability: in both
situations, animals frequently pause their responding to move
away from the operandum, and the wide variability in locations
reached during these pauses necessitates flexible approach to re-
sume responding.

Alternative ideas must explain why cue responding during the
CDAS task is unaffected by NAc core dopamine antagonist injec-
tions, whereas cue responding in the DS task is reduced. Hypotheses
that NAc core dopamine is generally required for motivation,
motor initiation, locomotion, task switching, or detection of
reward fail on this account because all of these processes are
required for both CDAS and DS tasks, yet only DS task perfor-
mance is disrupted by the antagonists. An additional possibility is
that NAc dopamine is required for animals to transition from a
state of low behavioral activation, engagement, or attention to
one where a response can be initiated. Because cue presentation is
contingent on an operant response in the CDAS (but not DS)
task, animals might already be in the appropriate attentional state
when cues are presented in the CDAS task, and therefore NAc
dopamine is not required. Arguing against this hypothesis, how-
ever, are findings that in the cued FR1 task with 10 s ITI, the
latency to respond after cue presentation was increased by the
antagonists even if the animal was already near the lever and
engaged in task-related activity, such as lever pressing or checking
the receptacle (Figs. 2, 3). Therefore, dopamine antagonist injec-
tion in the NAc core can disrupt reward seeking even when the
animal’s level of attention, engagement, and behavioral activa-
tion is already high, suggesting that NAc dopamine does not
promote the transition to such high-alert states. Because the an-
imal’s location at cue presentation varies widely across trials in
the 10 s ITI task, the flexible approach hypothesis provides a more
concise account of our results.

The flexible approach hypothesis is concordant with the pro-
posal of Ikemoto and Panksepp (1999) that NAc dopamine is
required for forward locomotion in response to novel stimuli and
to stimuli associated with reward or punishment. An important
component of their proposal is that habitual locomotion does not
depend on NAc dopamine. “Habit” is most rigorously defined as
behavior driven by a neural representation of a stimulus–action
association. Nonhabitual behavior, then, is driven by representa-
tions of the outcome (Yin et al., 2008). Our findings are consis-
tent with Ikemoto and Panksepp’s formulation if one assumes
that behavior is habitual in situations where a fixed set of actions
reliably leads to reward, whereas it is nonhabitual in situations

where flexible approach is required. However, inflexible ap-
proach could be the result of either stimulus–action (habit) or
action– outcome (instrumental) associations; our work does not
distinguish between these possibilities. Flexible approach, on the
other hand, requires the determination of an original sequence of
actions whenever the stimulus signaling reward availability is de-
tected. The neural computations required for this process could
be initiated or gated by activation of Pavlovian associations be-
tween conditioned stimuli (CSs) and outcomes. Because Pavlov-
ian associations do not specify action, the resulting approach
behavior is necessarily flexible in that the specific approach ac-
tions must be determined anew at each CS presentation. NAc
dopamine is required for CSs to promote locomotor approach to
both the CS itself (Di Ciano et al., 2001) and operanda associated
with reward (Corbit et al., 2007; Lex and Hauber, 2008). These
results, together with the present findings, suggest that the NAc
and its dopamine input activate and invigorate reward-seeking
behavior by allowing Pavlovian CSs to evoke flexible approach.

In free run operant tasks, however, explicit reward-predictive
cues are not presented. The length of pauses (such as the post-
reinforcement pause) during such tasks is proportional to the
amount of anticipated effort (Ferster and Skinner, 1957; Mintz et
al., 1967). Our results indicate that NAc dopamine regulates the
length of these pauses, shortening the latency to their termination
with flexible approach to the operandum and thereby facilitating
an overall higher rate of effort exertion. One possibility is that
tonic levels of NAc dopamine reflect the overall reward rate and
invigorate reward seeking (Niv et al., 2007). Our results suggest
that dopamine could have this effect by facilitating more rapid
termination of pauses with flexible approach. This could explain
why NAc dopamine disruption causes pronounced degradation
of performance of free run tasks with low operant effort require-
ments but long intervals between reward availability, such as
fixed interval tasks with 30 s or greater ITI (Cory-Slechta et al.,
1998; Cousins et al., 1999; Evans and Cory-Slechta, 2000). Vari-
able interval task performance is also disrupted by NAc dopa-
mine depletion, and although this disruption is greater in task
variants requiring greater numbers of lever presses (Sokolowski
and Salamone, 1998; Correa et al., 2002; Mingote et al., 2005),
these effects may be due to a greater likelihood of leaving the
operandum when work requirements are higher, and therefore a
greater requirement for flexible approach.

Instead of or in addition to encoding overall reward rate, NAc
dopamine could participate directly in evaluating costs and ben-
efits. Supporting this idea, transient inactivation of the NAc core
reduced rats’ choice of a high-effort/high-reward lever versus a
low-effort/low-reward lever (Ghods-Sharifi and Floresco, 2010).
However, this result contrasts markedly with the lack of effect of
NAc 6-OHDA lesions in a similar task (Walton et al., 2009).
Although the difference in NAc manipulation (dopamine deple-
tion vs transient inactivation) may account for the different re-
sults, a subtle but important difference in task design may also
contribute. In the study showing no effects on choice (Walton et
al., 2009), animals initiated a trial with a nosepoke and then im-
mediately chose the left or right lever; therefore, the actions re-
sulting from the choice were likely inflexible. In the study
showing choice effects (Ghods-Sharifi and Floresco, 2010), how-
ever, the cue signaling availability of the choice levers occurred at
long intervals (40 s) and was not contingent on a trial-initiating
response. Therefore, the actions resulting from the choice (ap-
proaching the left or right lever from random locations) were
necessarily flexible approach behaviors. These results and the
present findings suggest that NAc neurons participate in cost/
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benefit decisions in which the actions resulting from the choice
constitute flexible approach, but not when they constitute inflex-
ible action.

Reward-predictive cues cause phasic elevations in NAc dopa-
mine, particularly in tasks where flexible approach likely follows
cue presentation (Roitman et al., 2004; Day et al., 2010; Gan et al.,
2010). These transients are either not influenced by the amount
of operant effort predicted by the cue (Gan et al., 2010; Wanat et
al., 2010) or are smaller when higher effort is predicted (Day et al.,
2010). In either case, cue-evoked dopamine transients could in-
fluence NAc neuronal firing that biases the animal toward flexible
approach to the higher utility option. NAc neurons fire in re-
sponse to reward-predictive cues that trigger flexible approach
(Nicola et al., 2004; Day et al., 2006; Wan and Peoples, 2006), and
these firing responses depend on afferents from the basolateral
amygdala and prefrontal cortex (Ambroggi et al., 2008; Ishikawa
et al., 2008a), as well as, most likely, on dopamine (Yun et al.,
2004b). One possibility is that cue-evoked firing represents a pure
stimulus– outcome association. Supporting this hypothesis, NAc
neurons that fired during and in anticipation of reward delivery
also tended to fire when animals decided which action to take
during flexible (but not inflexible) approach (van der Meer and
Redish, 2009). Because firing was not specific for any particular
action or choice, these results suggest that the neurons encoded
expected outcome independent of action.

However, some NAc neurons encode actions or action values
in discrete trials tasks (Taha et al., 2007; Ito and Doya, 2009;
Roesch et al., 2009). The actions in such tasks are usually inflex-
ible, perhaps explaining why some studies find action- and
choice-value encoding neurons to be sparse in the NAc (Ito and
Doya, 2009; Kim et al., 2009). Similarly, metabolic activity in the
NAc was not elevated when rats decided to pursue high-effort
choices in a context in which flexible approach was unlikely
(Endepols et al., 2010). Choice tasks designed such that the out-
come of the decision is flexible approach to different options
(e.g., Ghods-Sharifi and Floresco, 2010) may reveal more consis-
tent action (or goal-of-action) value and choice value encoding
than previously observed, and should allow the contribution of
NAc neurons and NAc dopamine to decision making in such
cases to be determined.
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