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Abstract

Although there is consensus that instrumental conditioning depends on the encoding of action–outcome associations, it is not known
where this learning process is localized in the brain. Recent research suggests that the posterior dorsomedial striatum (pDMS) may be
the critical locus of these associations. We tested this hypothesis by examining the contribution of N-methyl-d-aspartate receptors
(NMDARs) in the pDMS to action–outcome learning. Rats with bilateral cannulae in the pDMS were first trained to perform two actions
(left and right lever presses), for sucrose solution. After the pre-training phase, they were given an infusion of the NMDA antagonist
2-amino-5-phosphonopentanoic acid (APV, 1 mg ⁄mL) or artificial cerebral spinal fluid (ACSF) before a 30-min session in which
pressing one lever delivered food pellets and pressing the other delivered fruit punch. Learning during this session was tested the next
day by sating the animals on either the pellets or fruit punch before assessing their performance on the two levers in extinction. The
ACSF group selectively reduced responding on the lever that, in training, had earned the now devalued outcome, whereas the APV
group did not. Experiment 2 replicated the effect of APV during the critical training session but found no effect of APV given after
acquisition and before test. Furthermore, Experiment 3 showed that the effect of APV on instrumental learning was restricted to the
pDMS; infusion into the dorsolateral striatum did not prevent learning. These experiments provide the first direct evidence that, in
instrumental conditioning, NMDARs in the dorsomedial striatum are involved in encoding action–outcome associations.

Introduction

Animals adapt to changing environments by acquiring new actions to
obtain desired goals. Extensive evidence across species suggests that
this capacity depends on encoding the relationship between actions
and their specific consequences or outcomes (Adams & Dickinson,
1981; Colwill & Rescorla, 1986; Corbit et al., 2001). Despite this
advance in our understanding of the associative structure of instru-
mental learning, little direct evidence has emerged to suggest where in
the brain action–outcome associations are encoded. The dorsomedial
striatum, a critical component in the associative cortico-basal ganglia
circuit, appears to be a plausible candidate structure for several
reasons. First, it receives inputs from association cortices such as the
prelimbic region of the prefrontal cortex as well as premotor areas
such as the medial agranular cortex involved in the action monitoring
and programming implicated in executive processes (Passingham
et al., 1988; McGeorge & Faull, 1989; Nauta, 1989; Corbit &
Balleine, 2003; Reep et al., 2003). The posterior part of the DMS
(pDMS) also receives inputs from the basolateral amygdala (Kelley
et al., 1982), a structure that, according to recent evidence, mediates
the assignment of incentive value to the consequences of instrumental
actions (Balleine et al., 2003; Everitt et al., 2003; Wang et al., 2005).
Projections from the pDMS are therefore in a position to influence
downstream motor control networks in the brainstem as well as the
motor thalamocortical re-entrant network (Nauta, 1989). Finally, in a

recent series of experiments (Yin et al., 2005), we found direct
evidence that both pre- and post-training cell-body lesions of the
pDMS as well as local inactivation of this area reduced the sensitivity
of rats’ performance both to non-contingent outcomes and to post-
training reduction in outcome value, thus rendering their instrumental
performance stimulus-bound and habitual.
The pDMS is therefore well positioned to combine the necessary

inputs to form associations between actions and outcomes and provide
the relevant directives to the motor system to guide instrumental
performance. This hypothesis contrasts with other recent claims that
the ventral (Kelley et al., 1997) or the posterolateral striatum
(Andrzejewski et al., 2004) mediate learning critical to the acquisition
of goal-directed actions. These studies only assessed changes in
instrumental performance and did not directly assess changes in the
content of learning. In the current study we used well-established
behavioural assays that unambiguously distinguish action–outcome
learning from other types of learning to assess the role of the pDMS in
the formation of action–outcome associations. Given the evidence that
NMDA receptor (NMDAR) activation is involved in long-term
plasticity such as long-term potentiation in the dorsal striatum
(Calabresi et al., 1992; Lovinger et al., 2003), we hypothesized that
action–outcome association requires activation of NMDARs in the
pDMS. This hypothesis was tested in rats that, after a period of pre-
training (see Fig. 1 for the design), were given a bilateral infusion of
either 2-amino-5-phosphonopentanoic acid (APV), a selective
NMDAR antagonist, or artificial cerebral spinal fluid (ACSF) prior
to a single learning session in which they were trained to press two
levers for distinct outcomes. The next day we tested what the rats
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had learned during this session using an outcome devaluation protocol.
For this test rats were first allowed to consume one of the two outcomes
for 1 h before a choice extinction test was given on the two levers.
We predicted that rats in the ACSF group would reduce their

performance of the action that, in training, had delivered the outcome
on which they were sated before the extinction test relative to the other
action. If NMDARs in the pDMS are involved in the formation of
action–outcome associations, then APV infusion during that session
should block learning and render the rats’ instrumental choice
performance insensitive to the selective effects of outcome devalu-
ation. Furthermore, on the above analysis this prediction should hold
only for APV given before the critical training session and when APV
is infused into the pDMS. To test these predictions, Experiment 2
compared the effects of APV infused immediately before the critical
training session with the effects of APV infused 1 h after that session;
and Experiment 3 compared the effect of infusing APV into the pDMS
with its infusion into adjacent dorsolateral striatum (DLS).

Materials and methods

Experiment 1: The effects of NMDAR blockade
on instrumental learning

Subjects and apparatus

Twenty-seven male Long–Evans rats weighing between 280 and
330 g were housed singly and handled daily for two days prior to
surgery. The UCLA Animal Research Committee approved the study.

Training and testing took place in 24 Medical Associates (East
Fairfield, VT) operant chambers housed within sound- and light-
resistant shells. Each chamber was equipped with a pump fitted with a
syringe that could deliver 0.1 mL of either a 20% sucrose solution or
of peach punch into a recessed magazine in the chamber. Each
chamber was also equipped with a pellet dispenser that delivered one
45-mg pellet (Bio-Serve, Frenchtown, NJ) when activated. The
chambers contained two retractable levers, that could be inserted to
the left and right of the magazine. A 3 W, 24 V houselight mounted
on the top-centre of the wall opposite the magazine provided
illumination. Microcomputers equipped with the MED-PC program
(Medical Associates, VT) controlled the equipment and recorded the
lever presses.

Surgery and histology

Rats were anaesthetized with sodium pentobarbital (Nembutal;
50 mg ⁄ kg), treated with atropine (0.1 mg), and placed in a stereotaxic
instrument. Small holes were drilled into the skull bilaterally, and
28 gauge cannulae were lowered into the brain at the following
coordinates: 0.4 mm posterior to bregma, 2.6 mm lateral to the
midline, and 4.5 mm ventral to the skull surface with reference to the
atlas of Paxinos & Watson (1998). At the end of the experiment,
the rats were killed using a lethal barbiturate overdose and perfused
transcardially with 0.9% saline followed by 10% formaldehyde
solution. The brains were stored in a 25% sucrose-formalin solution
for at least three days before 50-lm-coronal sections were cut
throughout the striatum. The slices were stained with thionin and
examined using a light microscope for cannulae placement.

Instrumental pre-training

Two days after surgery, rats were placed on a food deprivation
schedule to reduce their weight to approximately 80% of their free-
feeding weight. Once training began (10 days after surgery), the rats
were fed each day after the training sessions, with free access to water
while in their home cages. The pre-training phase began with a 30-min
magazine training session in which the sucrose solution was delivered
on a random time 60-s schedule with the levers retracted. Lever-press
training began the next day. On each day, all rats were given two
sessions, one on each lever in counterbalanced order. The levers were
located on either side of the food magazine, at equal distances from it,
and all reinforcers were delivered to the magazine. Each session began
with the illumination of the house light and insertion of the lever and
ended after 30 reinforcers had been earned with the retraction of the
levers and turning off of the houselight. There was at least a 1-h break
between the two sessions on each day. On the first day of training, the
outcomes were delivered on a continuous reinforcement schedule.
There followed two days on which the outcomes were delivered on a
random ratio-5 schedule (RR-5) and two days on RR-10.

Instrumental acquisition

On the last day of lever-press training, in addition to their home chow,
two new outcomes, i.e. food pellets (45 mg, Bio-serv, New Jersey)
and peach punch (Tampico, Illinois) were given to the animals in their
home cages to eliminate any neophobia to these novel rewards. The
next day, all rats were given a single 30-min training session, after
microinfusion of either APV or ACSF into the pDMS. Prior to this
training session, the dummy cannulae were removed and injection
cannulae (26 gauge; Plastics one, VA) were lowered into the guide
cannulae, with an extension of 0.5 mm. The injection cannulae were
connected by polyethylene tubing to 10-lL Hamilton syringes
mounted on an infusion pump (Harvard). Following previous reports
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Fig. 1. Experiment 1. Schematic representation of the cannulae placement
presented separately for the group infused with ACSF (circles) and with APV
(triangles) during the training phase. The drawings of the coronal sections are
taken )0.26, )0.4 and )0.8 mm relative to bregma (Paxinos & Watson, 1998).
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(e.g. Ossowska & Wolfarth, 1995) APV (Sigma, Missouri; 1 lg per
lL dissolved in ACSF, Sigma) was delivered at a rate of 0.25 lL per
min for 2 min, with a total volume of 0.5 lL per side. The same
volume of ACSF was used for the control infusions. One minute after
infusion, the injection cannulae were removed and the dummy
cannulae replaced. During the training session, one of the levers was
inserted for 5 min, followed by its retraction and the insertion of the
other lever counterbalanced across animals. For six rats in the ACSF
group and eight rats in the APV group, the left lever earned pellets and
right lever earned punch whereas the remainder in each group were
given the opposite action–outcome pairings. Both outcomes were
delivered on a RR-10 schedule of reinforcement.

Outcome devaluation

The day after the critical acquisition session we assessed what the rats
had learned during the previous day using an outcome devaluation
procedure. All rats were give the opportunity to consume either the
pellets or the peach punch for 1 h in their home cages with seven rats
in each lever–outcome assignment given access to the pellets in a
bowl, whereas the remaining rats in each group were given access to
the peach punch in a drinking tube. All rats consumed at least 10 mL
of the peach punch or 5 g of the pellets during the pre-feeding session.
Immediately after the pre-feeding session, the rats were returned to the
operant chambers and given a 5-min choice extinction test on both
levers. The test began with the illumination of the houselight and
insertion of the levers, and ended with the retraction of the levers and
the offset of the houselight. Neither the pellet nor the punch outcomes
were delivered during this test.

Experiment 2: Comparing the effects of APV infusion before
and after training

Twenty female Long–Evans rats were used in Experiment 2. It
should be noted that the use of female vs. male rats was unlikely to
influence the results of the present study; neither in our previous
work nor in the literature is there any evidence of sex differences in
the effects of reinforcer devaluation. The aim of Experiment 2 was
to control for the general effects of APV infusion into the pDMS
by comparing the effects of an infusion given before with one
given 1 h after the critical instrumental acquisition session. Exactly
the same procedures as those described in Experiment 1 were used
in Experiment 2 except citrus-orange punch was used instead of
peach-orange punch. Twelve rats received the infusion of APV
before the critical training session as in Experiment 1. The
remaining eight rats received the same infusion of APV except
that it was given 1 h after training.

Experiment 3: Comparing the effects of APV infusion
into pDMS and the DLS

Sixteen female Long–Evans rats were used in Experiment 3. Eight
of the rats were implanted bilaterally with cannulae aimed at the
pDMS, as described previously, whereas the others were implanted
bilaterally with cannulae aimed at the DLS. For the DLS implants,
the following coordinates were used: 0.7 mm anterior to bregma;
3.6 mm lateral to midline; and 5.0 mm below skull surface. The
procedures for pre-training, the critical instrumental acquisition
session and the devaluation test were the same as those described
for Experiment 2 except that both groups were given an infusion of
APV into either the pDMS or the DLS before the critical training
session.

Results

Experiment 1: The effects of NMDAR blockade on instrumental
learning

Schematic illustrations of cannulae placement are shown in Fig. 1. All
rats learned to press both levers for sucrose during pre-training.
Moreover, during the critical instrumental acquisition session, rats that
received APV were found to respond on the two levers at a similar rate
to those given the ACSF infusion. During this session, rats given the
APV infusion responded at 6.44 presses per min on the lever that
delivered the to-be-devalued outcome and 6.45 presses on the other
lever, whereas rats given the ACSF infusion responded at 9.67 and
8.34 lever presses per min, respectively. A two-way anova conducted
using group (APV vs. ACSF) as a between-subjects factor and lever as
a within-subject factor revealed no main effects of group or of lever
and no interaction between these factors (largest F1,25 ¼ 1.6, P > 0.2;
MSE ¼ 87.46).
Although the APV did not significantly impair lever pressing

performance during this instrumental acquisition session, the devalu-
ation test conducted drug-free the next day revealed that there had
been a significant effect of APV on what rats had learned during that
session. As shown in Fig. 2, the critical data from the extinction test
revealed a difference between the two groups: choice performance on
the two levers in the rats infused during training with ACSF was

Pre-train     Training    Devaluation Extinction test 
APV or aCSF                 specific satiety

   R1  Oc     R1  O1   1 hr: O1  R1 vs. R2 
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Fig. 2. Experiment 1. Experimental design and the results of the extinction
test. R1 and R2. left and right lever presses; Oc, common outcome, 20%
sucrose; O1 and O2, food pellet or peach punch outcomes. The graph presents
the mean lever presses per min on both actions during the 5-min choice
extinction test presented separately with rats infused with ACSF and with APV
during the training phase and for the devalued action (Dev) that, in training,
earned the devalued outcome and for the non-devalued action (Non) that, in
training, earned the non-devalued outcome. Bars represent ± 1 standard error of
the difference of the means. *P < 0.05.
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sensitive to the selective satiety devaluation treatment whereas the
choice performance of rats infused during training with APV appeared
to be insensitive to the selective effects of outcome devaluation.
Analysis of variance (anova) found neither a main effect of group or
of devaluation (largest F1,25 ¼ 2.35, P > 0.1) but did find a significant
interaction between these factors (F1,25 ¼ 5.86, P < 0.05). Simple
effects analyses conducted on this interaction showed that, whereas a
significant devaluation effect emerged in the ACSF group, i.e. this
group significantly reduced responding on the lever that, in training,
had delivered the now devalued outcome (F1,25 ¼ 5.08, P < 0.05), the
APV group failed to show this effect responding similarly on the two
levers (F < 1).

Experiment 2: Comparing the effects of APV infusion before
and after training

A schematic illustration of the cannulae placements for the rats used in
Experiment 2 is shown in Fig. 3. All rats learned to press both levers
for sucrose during the five sessions of pre-training. As in Experi-
ment 1, during the critical training session rats that received APV
before the session pressed at a similar rate as those that were given the
infusion after the session; rats given the APV infusion before training
responded at 7.98 presses per min on the lever that delivered the
to-be-devalued outcome and 7.74 presses on the other lever. Rats that
were to receive the APV infusion after this training session responded
at 10.2 and 5.83 lever presses per min, respectively. A two-way

anova conducted on this training data using group (before vs. after)
as a between-subjects factor and devaluation (separating performance
on the to be devalued lever vs. from that on the other lever) as a
within-subject factor revealed no main effects of either group (F < 1)
or of lever (F1,18 ¼ 2.95 P > 0.05), and no interaction between these
factors (F1,18 ¼ 2.38, P > 0.05; MSE ¼ 41.50).
The results from the choice extinction test conducted after outcome

devaluation are presented in Fig. 4. First it should be noted that we
were able to replicate the effect observed in Experiment 1. An infusion
of APV given prior to instrumental training appeared to block action–
outcome learning. In contrast, the same was not true of performance in
the rats given the APV infusion 1 h after training. Performance in this
group was sensitive to the selective satiety devaluation treatment;
pressing was reduced on the lever that, in training, had delivered the
now devalued outcome relative to the other action. The statistical
analysis found neither a main effect of group (F1,18 ¼ 2.28, P > 0.05)
nor of devaluation (F1,18 ¼ 3.92, P > 0.05) but found a significant
interaction between these factors (F1,18 ¼ 6.85, P < 0.05). Simple
effects analyses conducted on this interaction revealed that, whereas
rats that received APV after training significantly reduced responding
for the devalued outcome (F1,18 ¼ 5.88, P < 0.05), those that received
APV before training failed to do so (F < 1).

Experiment 3: Comparing the effects of APV infusion
into pDMS and the DLS

A schematic illustration of the cannulae placements for the rats used in
Experiment 3 is shown in Fig. 5. As in previous studies, all of the rats
in Experiment 3 learned to press both levers for sucrose during the
five sessions of pre-training. Moreover, during the critical training
session, rats that received an infusion of APV into the pDMS
responded on the two levers at a similar rate to those given the
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Fig. 3. Experiments 2. Schematic representation of the cannulae placement
presented separately for the group infused with APV either before (white
circles) or after (black circles) the training phase. The drawings of the coronal
sections are taken )0.26, )0.4 and )0.8 mm relative to bregma (Paxinos &
Watson, 1998).
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Fig. 4. Experiment 2. The graph presents the mean lever presses per min on
both actions during the 5-min choice extinction test presented separately with
rats infused with APV before training and those infused after training and for
the devalued action (Dev) that, in training, earned the devalued outcome and for
the non-devalued action (Non) that, in training, earned the non-devalued
outcome. Bars represent ± 1 standard error of the difference of the means;
*P < 0.05.
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infusion of APV into the DLS. During this session, rats given the APV
infusion into the pDMS responded at 8.14 presses per min on the lever
that delivered the to-be-devalued outcome and 7.73 presses on the
other lever whereas rats given the APV infusion into the DLS
responded at 4.90 and 4.12 lever presses per min, respectively.
Although there was a numerical reduction in performance in the DLS
group, a two-way anova conducted using group (DLS vs. pDMS) as
a between-subjects factor and devaluation (separating performance on
the to-be-devalued lever from that on the other lever) as a within-
subject factor, showed no significant effect of group, of lever or of the
interaction between these factors (largest F1,14 ¼ 1.12; MSE ¼ 92.93).

The results from the choice extinction test of Experiment 3 are
presented in Fig. 6. Again we were able to replicate Experiments 1
and 2 finding that APV infused into the pDMS during instrumental
training blocked action–outcome learning during that session. As
shown in Fig. 6, no outcome devaluation effect was observed in the
pDMS group; indeed, if anything, at least numerically this group
responded more on the devalued than the non-devalued action. In
contrast, the group given the infusion of APV into the DLS during
training showed evidence of outcome devaluation. Although their
performance was generally lower than in previous experiments, this
group nevertheless reduced their performance of the action that, in
training, had delivered the devalued outcome relative to the other
action. The statistical analysis found neither a main effect of group or
of devaluation (Fs < 1) but revealed a significant interaction between
these factors (F1,14 ¼ 8.12, P < 0.05). Simple effects analyses again
revealed a significant outcome devaluation effect in the group given
the infusion of APV into the DLS during training (F1,14 ¼ 4.88,

P < 0.05) but found no difference in performance on the two actions
in the pDMS group (F1,14 ¼ 3.29, P > 0.05).

Discussion

This series of experiments provides the first direct evidence that, in
instrumental conditioning, the encoding of specific action–outcome
associations, which are critical in the acquisition of goal-directed
actions, may be localized to a discrete brain region, the pDMS, and
that NMDAR-dependent plasticity in this region may mediate this
type of learning. In all three experiments presented here, blockade of
NMDARs in the pDMS prevented action–outcome learning, as
indexed by outcome devaluation, without significantly altering the
rats’ performance of instrumental actions.
The basic design used in the current experiments was central to

our approach. Rats were first trained to perform two lever-press
actions for a common outcome before they were given a single
session of training during which the two actions were rewarded with
unique outcomes. This learning session was designed to allow the
rats to encode unique action–outcome associations, and the outcome
devaluation test was used to assay whether the rats had acquired
these discrete relations between their actions and outcomes. In this
test, the ability of the rats to choose between the two training actions
was assessed in extinction, i.e. in the absence of reward, after one of
the two outcomes had been devalued by specific satiety. Experi-
ment 1 provided evidence that rats given an infusion of ACSF into
the pDMS encoded the action–outcome associations during the
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Fig. 5. Experiment 3. Schematic representation of the cannulae placement presented separately for the group infused with APV into the pDMS (left panels) and for
the group infused with APV into the DLS (right panels). The drawings of the coronal sections are taken )0.26, )0.4 and )0.8 mm relative to bregma for the pDMS
and 1 mm, 0.48 mm and 0.2 mm relative to bregma for the DLS (Paxinos & Watson, 1998).

Striatum and action 509

ª 2005 Federation of European Neuroscience Societies, European Journal of Neuroscience, 22, 505–512



acquisition session; when the rats in this group were sated on one or
other of the outcomes earned during acquisition, they subsequently
performed fewer responses on the lever that had previously earned
that outcome. In contrast, rats given the training session after an
infusion of APV into the pDMS performed both actions at a similar
rate during the test.
The results of Experiment 1 are consistent with the hypothesis that

the pDMS is the critical site of the plasticity underlying instrumental
learning. Experiments 2 and 3 provided further tests of this
hypothesis by assessing the temporal and spatial specificity of the
effects of APV on instrumental learning. These experiments also
allowed us to address some alternative explanations. For example, it
is possible that the infusion of APV into the pDMS modified
performance on test not because it altered learning but because it had
non-associative effects on subsequent performance. Nevertheless,
whether characterized in terms of a general motor deficit, interfer-
ence with retrieval or with some other general cognitive capacity,
each of these accounts predicts that an infusion of APV given either
before or after the initial session of instrumental training should
produce a similar deficit in subsequent choice performance. Results
from Experiment 2 established, however, that this was not the case.
The choice performance of rats given an infusion of APV prior to
instrumental training was again insensitive to outcome devaluation
whereas choice performance in rats given the APV 1 h after the
learning session remained sensitive to devaluation, indicating that
action–outcome learning was intact in the latter group. This result
therefore bolsters the claim that the effects of APV in Experiment 1
were specific to the learning processes engaged during instrumental
training and were not due to an effect on performance.

Instrumental learning and performance

As pointed out in the Introduction, previous attempts to establish
the locus of instrumental learning have suggested instead that regions
of the ventral (Kelley et al., 1997) and posterolateral striatum
(Andrzejewski et al., 2004) are critical for the formation of action–
outcome associations. These conclusions were drawn on the basis of
the finding that APV infused into these regions produces a deficit in
the performance of lever pressing during instrumental acquisition.
There are, however, several problems with this analysis. First and
foremost, it conflates changes in performance with changes in
learning. Although deficits in performance can sometimes be indic-
ative of failures of learning, they can also be produced by a wide
variety of non-associative factors. Conversely, a failure to observe a
deficit in performance is no guarantee that the learning supporting
performance is actually normal. For these reasons, when analysing the
role of a brain structure in learning it is important to use behavioural
assays that directly assess the content of learning, though unfortu-
nately this is seldom done. Furthermore, and particularly in instru-
mental conditioning where performance can be controlled by several
learning processes, measuring performance alone cannot tell us
whether action–outcome learning, or some other learning process that
can also influence performance, has been affected by the experimental
manipulation in question.
In the current series of experiments, we consistently found that,

whereas APV infused into the pDMS had no apparent effect on
performance, it had a significant effect on learning. As the results of
Experiment 2 make clear, the design used in the current study has
substantial advantages over previous approaches. It allows us to assess
changes in learning in the absence of any direct influence of drug on
performance. And, more importantly, this design allows us to assess
directly the content of learning using a clear-cut assay for action–
outcome encoding rather than having to infer changes in learning from
changes in performance.
Moreover, there is in fact direct evidence that the ventral striatum

(including nucleus accumbens core and shell) does not mediate the
formation of action–outcome associations (e.g. Balleine & Killcross,
1994; Corbit et al., 2001; de Borchgrave et al., 2002). In addition, the
results of Experiment 3 suggest that, if the posterolateral striatum is
involved in instrumental performance its role may be limited to the
performance of habitual rather than goal-directed actions (cf. Yin
et al., 2004). In Experiment 3, we compared the effects of the infusion
of APV into pDMS with an infusion into the dorsolateral striatum
(DLS). Replicating Experiments 1 and 2, it was found that the
infusion of APV into the pDMS abolished the sensitivity of the rats’
performance to outcome devaluation. In marked contrast, however, the
APV infusion into the DLS did not disrupt action–outcome learning
and the performance of the rats in the DLS group remained sensitive to
outcome devaluation in the extinction test.

S–R learning in the striatum

The dorsolateral striatum, as a component of the sensorimotor cortico-
basal ganglia circuit, has been implicated in the formation of stimulus–
response (S–R) associations critical for procedural learning and the
performance of habitual rather than goal-directed actions (Robbins &
Everitt, 2002; White & McDonald, 2002; Yin et al., 2004). When
instrumental responses are controlled by S–R associations they are
impervious to devaluation manipulations because the outcome itself is
not part of the associative structure controlling responding. Conse-
quently, changes in outcome value can have no direct influence on
performance (Dickinson & Balleine, 1994). In a recent paper we
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Fig. 6. Experiment 3. The graph presents the mean lever presses per min on
both actions during the 5-min choice extinction test presented separately with
rats infused with APV into the DLS and those infused with APV into the pDMS
and for the devalued action (Dev) that, in training, earned the devalued outcome
and for the non-devalued action (Non) that, in training, earned the non-
devalued outcome. Bars represent ± 1 standard error of the difference of the
means; *P < 0.05.
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reported direct evidence in support of this claim, showing that lesions
of the dorsolateral but not the dorsomedial striatum rendered actions
sensitive to outcome devaluation that had become habitual in intact
rats (Yin et al., 2004). Conversely, the failure to observe sensitivity to
selective outcome devaluation in rats given APV infusions into the
pDMS suggests that instrumental performance in these rats was
controlled by S–R processes. Previous studies have indeed observed a
general decrease in response rates of habitual actions after satiety
induced by pre-feeding (e.g. Dickinson et al., 1995), indicating that
the rate of habitual responding can be directly influenced by the
general motivational state of the animal. Thus, the non-specific
decrease in response rate after pre-feeding seen in the animals that had
received APV in the pDMS is consistent with the idea that these rats
were responding habitually.

S–R learning plays a central role in reinforcement learning models
currently popular in theories of basal ganglia functioning (Sutton &
Barto, 1998). In line with the actor-critic formulation of these models,
the dorsal striatum has recently been identified as the actor and the
ventral striatum as the critic (O’Doherty et al., 2004). Nevertheless,
these models of adaptive behaviour, as currently formulated, cannot
explain the acquisition and performance of deliberate, goal-directed
actions (Dayan & Balleine, 2002). The acquisition of these actions
involves the formation of action–outcome associations, a process that,
in view of our results, requires NMDAR activation in a distinct striatal
region, the pDMS.

The function of striatal plasticity in cortico-striatal circuits

Although NMDAR-mediated plasticity such as long-term potentia-
tion at the corticostriatal synapse has long been identified in the
dorsomedial striatum (e.g. Partridge et al., 2000), to our knowledge
this study presents the first evidence for one possible functional
significance of this type of plasticity in behaviour. It remains unknown
at present how this plasticity functions within the larger circuit known
to contribute to instrumental performance. The existence of parallel
cortico-basal-ganglia re-entrant loops has been well documented
(Alexander et al., 1986; Kelly & Strick, 2004). Like other striatal
regions, the dorsomedial striatum can send outputs that can ultimately
re-enter the thalmocortical network (Groenewegen, 2003). In addition,
outputs from the pDMS are also expected to influence downstream
networks in the brainstem involved in motor control and behavioural
arousal (Nauta, 1989). When considering the functional significance of
pDMS plasticity in behaviour, it is therefore critical to consider this
structure in the larger context of the functional circuit to which it
belongs, as a critical component of the associative cortico-basal
ganglia circuit. Viewed from this perspective, action–outcome learn-
ing could take place in this region through the association of
converging inputs from the cortex, particularly the prefrontal region,
that are involved in the representation of actions and outcomes.
NMDAR-dependent plasticity in the pDMS is a plausible candidate
mechanism for this type of association, although this hypothesis
remains to be tested.

In conclusion, whatever the functional importance of plasticity in
the dorsomedial striatum turns out to be, our data serve to reinforce the
more general claim that the striatum, like the cortex, is functionally
heterogeneous (Devan et al., 1999; Robbins & Everitt, 2002; Palencia
& Ragozzino, 2004). Analyses of learning processes in the dorsal
striatum have previously focused on the function of this region in
procedural learning involving the acquisition and performance of
habitual actions mediated by S–R associations (Jog et al., 1999;
Packard & Knowlton, 2002). There is now evidence sufficient to

propose that two distinct learning processes take place within the
dorsal striatum: one in the dorsolateral (or sensorimotor) striatum that
mediates stimulus–response habits and a second in the dorsomedial (or
associative) striatum that mediates goal-directed actions. These striatal
regions appear to be critical components of distinct neural circuits that
mediate distinct types of learning. Establishing the way in which these
learning processes interact to control instrumental performance and the
rules that control plasticity in these regions appears now to be a viable
task for future research.
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