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The performance of goal-directed actions relies on an animal’s previous knowledge of the outcomes or consequences that result from its
actions. Additionally, a sensorimotor learning process linking environmental stimuli with actions influences instrumental performance
by selecting actions for additional evaluation. These distinct decision-making processes in rodents depend on separate subregions of the
dorsal striatum. Whereas the posterior dorsomedial striatum (pDMS) is required for the encoding of actions with their outcomes or
consequences, the dorsolateral striatum (DLS) mediates action selection based on sensorimotor learning. However, the molecular
mechanisms within these brain regions that support learning and performance of goal-directed behavior are not known. Here we show
that activation of extracellular signal-regulated kinase (ERK) in the dorsal striatum has a critical role in learning and performance of
instrumental goal-directed behavior in rodents. We observed an increase in p42 ERK (ERK2) activation in both the pDMS and DLS during
both the acquisition and performance of recently acquired instrumental goal-directed actions. Furthermore, disruption of ERK activa-
tion in the pDMS prevented both the acquisition of action– outcome associations, as well as the performance of goal-directed actions
guided by previously acquired associations, whereas disruption of ERK activation in the DLS disrupted instrumental performance but left
instrumental action– outcome learning intact. These results provide evidence of a critical, region-specific role for ERK signaling in the
dorsal striatum during the acquisition of instrumental learning and suggest that processes sensitive to ERK signaling within these striatal
subregions interact to control instrumental performance after initial acquisition.

Introduction
Evidence from instrumental conditioning in rats suggests that
choice between different courses of action depends on integrating
causal knowledge of the relationship between actions and their
consequences with the current incentive value of those conse-
quences (Dickinson and Balleine, 1994; Balleine and Dickinson,
1998a). Both posttraining changes in the incentive value of the
instrumental outcome and treatments that degrade the instru-
mental action– outcome contingency attenuate the rate of per-
formance of an action and modify the rats’ choice between
actions (Balleine and Dickinson, 1998a,b). Recently, it has
become clear that an additional sensorimotor learning process
linking environmental stimuli with actions influences perfor-
mance by selecting actions for additional evaluation (Balleine
and Ostlund, 2007; Ostlund and Balleine, 2007). When actions
are overtrained, these stimulus–response associations can elicit
actions directly and independently of their consequences, ren-

dering performance inflexible or habitual (Dickinson, 1994;
Dayan and Balleine, 2002).

Recent experiments have revealed that different subregions
of the dorsal striatum mediate these distinct decision-making
processes in rodents. Lesions within a posterior region of dor-
somedial striatum (pDMS) abolish goal-directed learning and
render choice performance insensitive to contingency degra-
dation and outcome devaluation treatments, i.e., choice be-
comes rigid and habitual (Yin et al., 2005b). A parallel
corticostriatal circuit involving the dorsolateral striatum (DLS)
in rodents mediates action selection based on sensorimotor
learning. Whereas overtraining causes performance to become
insensitive to outcome devaluation and contingency degrada-
tion, lesions and temporary inactivation of DLS reverse this ef-
fect, rendering performance again sensitive to these treatments
(Yin et al., 2004). This evidence supports the general claim that
distinct corticostriatal networks control different aspects of the
decision process (Daw et al., 2005; Yin et al., 2006).

Nevertheless, the molecular mechanisms that underlie instru-
mental learning and performance are not well understood. Dis-
ruption of dopamine and glutamate signaling within the striatum
interferes with instrumental learning and performance and pre-
vents long-term potentiation (LTP) of corticostriatal synapses, a
process thought to be necessary for instrumental learning (Reyn-
olds et al., 2001; Andrzejewski et al., 2004; Faure et al., 2005; Yin
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et al., 2005a; Dang et al., 2006; Di Filippo et al., 2009). Corticos-
triatal LTP requires activation of extracellular signal-regulated
kinase (ERK) a member of the mitogen-activated protein (MAP)
kinase pathway (Sgambato et al., 1998; Mazzucchelli et al., 2002).
Overexpression of the p42 isoform of ERK (ERK2) in striatum
enhances corticostriatal LTP, memory retention in active and
passive avoidance tasks, and expression of drug conditioned
place preference (CPP), which suggests that ERK2 activation in
the striatum may play a key role in instrumental learning and
performance (Mazzucchelli et al., 2002; Ferguson et al., 2006). In
the present study, we examined ERK2 activation in the dorsal
striatum during both the acquisition of specific action– outcome
associations and during their utilization in choice performance.
We hypothesized that ERK2 signaling would be differentially ac-
tivated in the pDMS and DLS after different amounts of instru-
mental training, and, furthermore, that disruption of ERK
activation in these structures would have different effects on in-
strumental learning and performance, consistent with the in-
volvement of these regions in action– outcome and sensorimotor
learning.

Materials and Methods
Subjects and apparatus
A total of 87 adult male Long–Evans rats (Harlan) were used in this study.
Rats arrived weighing 250 –275 g and were housed individually in Plexi-
glas tubs located in a temperature- and humidity-controlled vivarium.
Behavioral training and testing was conducted during the light phase of
the 12 h light/dark cycle. Rats were fed 10 –15 g of home chow after each
daily training session, which was sufficient to maintain them at �90% of
their free-feeding body weight. Rats had ad libitum access to water in
their home cage. All procedures were approved by the University of
California, Los Angeles Animal Research Committee.

Behavioral testing took place in 24 operant chambers enclosed in
sound- and light-attenuating shells (Med Associates). Each chamber was
equipped with two retractable levers that could be extended to the left
and right of a recessed food magazine. Attached to the food magazine
were two pellet dispensers that were used to deliver a 45 mg grain or
sucrose food pellet (Bioserv Biotechnologies) and two syringe pumps
used to deliver 0.1 ml of either 20% polycose or 20% sucrose solution. An
infrared photobeam crossed the magazine opening, allowing for the de-
tection of head entries. Illumination of the operant chamber was pro-
vided by a 3 W, 24 V house light. A set of three microcomputers running
Med Associates proprietary software (Med-PC) controlled all experi-
mental events and recorded lever presses and magazine entries.

Behavioral procedures: instrumental training and testing
Master versus yoked. Before instrumental training, rats were trained to
approach the food magazine, in which they were confined to the operant
chamber for 30 min while 20 mg sucrose pellets were delivered into the
food magazine on a random-time 60 s schedule. The day after magazine
training, rats were given one session in which a single lever was inserted
into the chamber. For the master group, every lever press delivered a
single 20 mg sucrose pellet. Yoked controls received the same temporal
pattern of reward delivery that occurred independent of their activity on
the lever. Sessions were terminated after 20 outcomes were delivered.
After completion of the training session, rats were removed from the
chamber and treated for Western blot as described below.

Acquisition versus additional training. After magazine training, rats
were given one session on a continuous reinforcement schedule, as de-
scribed above, after which they underwent additional instrumental train-
ing under a variable interval (VI) schedule of reinforcement. Under the
VI schedule, a reinforcer is available after a random period of time drawn
from a distribution of times centered on 15, 30, or 60 s. Rats received 2 d
of VI-15 training, 2 d of VI-30 training, and were killed after either 1 or
5 d of VI-60 training and treated for Western blot as described below.

Inhibition of ERK activity in pDMS and DLS during training. Before
instrumental training, rats were trained to approach the food magazine,

in which they were confined to the operant chamber for 30 min while 0.1
ml of 20% polycose solution was delivered into the food magazine on a
random-time 60 s schedule. Rats experienced one magazine training
session per day for 3 d. After magazine training, rats were trained in
separate sessions to respond under a random ratio (RR) schedule on
either the left or right lever for 20% polycose delivery, and the order of
lever training (left or right) was randomized across subjects and al-
ternated across training days. For the first 2 d, each response the rat
made on the lever resulted in response-contingent reward (CRF),
followed by 2 d in which outcomes were delivered according to a RR-5
schedule, in which on average five responses resulted in polycose
delivery, followed by 2 d under an RR-10 schedule. Each session was
20 min in duration.

After instrumental training for polycose delivery, rats underwent can-
nulation surgery. After recovery from surgery, rats were trained to asso-
ciate actions on each of the two levers with a unique outcome. For half of
the subjects in each group, pressing the left lever delivered grain pellets
and pressing the right lever delivered sucrose pellets, whereas the remain-
ing subjects received the opposite action– outcome relationship. During
the training session, one of the two levers was available, and outcomes
were delivered according to an RR-10 schedule. Rats received one session
with each lever, and each training session lasted 15 min with a 5 min interval
between sessions. The MAP kinase kinase (MEK)/ERK inhibitor U0126
[1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene]
(Millipore Corporation) or vehicle infusions occurred 30 min before the
first acquisition session. The next day, one of the two outcomes was
devalued by specific satiety, and rats’ choice performance was tested. Rats
were provided with 20 g of one of the two outcomes in their home cage
for 1 h. Rats were then placed in the operant chamber, the house light was
illuminated, and both levers were inserted. Rats could respond on
either of the two levers, which produced no outcomes during the
session. The session terminated after 10 min, and rats were returned
to their home cage.

Inhibition of ERK activity in pDMS and DLS on test. Identical proce-
dures were used for instrumental acquisition as those described above,
except that rats received an additional 2 d (for a total of 3 d) of instru-
mental training with two outcomes. Eight rats from the previous exper-
iment (pretraining U0126 or vehicle infusions) were used for pretest
infusions and infusates, and choice of outcome for devaluation were
counterbalanced across experiments for these animals. After instrumen-
tal training, rats’ choice performance was tested after outcome devalua-
tion using the procedures described above. Infusions of U0126 or vehicle
occurred 30 min before the choice test.

Surgery and intracranial infusion
Rats were anesthetized with an intraperitoneal injection of sodium pen-
tobarbital (50 mg/kg body weight). Rats were placed in a stereotaxic
instrument, the scalp was retracted, and two small holes were drilled in
the skull at the following coordinates relative to bregma (in mm): pDMS,
�0.4 anteroposterior (AP), �2.6 mediolateral (ML), �4.5 dorsoventral
(DV); DLS, �0.7 AP, �3.6 ML, �4.5 DV. Two 26 gauge guide cannulae
that extended 4.5 mm below the mounting pedestal were lowered
through the holes and affixed to the skull with dental cement. Two skull
screws were placed posterior to the cannula implantation site and an-
chored the dental cement. Rats were allowed 1 week of recovery after
surgery.

During infusion, rats were restrained by hand, and a 32 gauge infusion
cannula was inserted into the guide cannula. The infusion cannula ex-
tended 0.5 mm beyond the tip of the guide cannula and was attached at
the other end to a 10 �l Hamilton syringe. The MEK/ERK inhibitor
U0126 was diluted in 50% DMSO and 0.8% saline to a concentration of
1 mg/ml. Infusate (0.5 �l) was delivered over the course of 1 min, and the
infusion cannula was left in place for an additional minute. Rats re-
mained in their home cage for 30 min after infusion before any behav-
ioral procedure took place.

Western blot
Groups of rats were killed immediately after the cessation of their first
CRF training session, their first VI-60 training session, or their fifth VI-60
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training session. Brains were rapidly removed and immersed in ice-cold
PBS for 30 – 60 s. Brains were blocked, and �2 mm 3 of dorsomedial
and dorsolateral striatum were hand dissected from each region with
the center of the volume being located relative to bregma (in mm):
�0.7 AP, �2.0 ML, 4.4 DV (pDMS) and �0.7 AP, �3.5 ML, 4.4 DV
(DLS). Samples were immediately homogenized in 200 �l of lauryl
sulfate (SDS) buffer (100 mM Tris-Cl, pH 6.8, 4% SDS, with the
addition of 1:100 protease and phosphatase inhibitor cocktails; Sigma
P2850, P5726, and P8340) and stored on ice. Later, samples were
centrifuged at 13,000 rpm, and the supernatant was removed for
preparation of running samples. Protein was quantified using the
Pierce BCA method. The samples were diluted to 10 �g/�l with sam-
ple buffer (150 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 100 mM

dithiothreitol, and 0.1% bromphenol blue) to produce running sam-
ples that were heated 100°C for 10 min.

Protein (100 �g) was loaded in 10% precast acrylamide mini-gels
(Bio-Rad) and run at 150 V for 80 min. Protein was transferred to a
nitrocellulose membrane using 25 V for 45 min in a semidry transfer cell.
Membranes were blocked in a solution of 5% nonfat dry milk and 0.1%
Tween 20 in TBS for 1–2 h at room temperature and then incubated in
anti-pERK (9101S; Cell Signaling Technology) at 1:1000 for 12 h at 4°C.
After washing, membranes were incubated in a goat anti-rabbit HRP-
conjugated secondary antibody (170-6515; Bio-Rad) for 1 h at 1:2000 at
room temperature. Membranes were visualized using chemifluores-
cence (Supersignal West Pico; Pierce). Blots were exposed to film and
scanned. After being imaged with pERK, membranes were stripped
(Restore; Pierce) and reprobed with total ERK (tERK) (9102; Cell
Signaling Technology).

Quantification of bands was performed using ImageQuant (GE
Healthcare). All blots were treated together and exposed to film in a
single case to ensure equal exposures.

Histology
Rats were deeply anesthetized with sodium pentobarbital and perfused
transcardially with 0.1 M PBS, followed by a solution containing 10%
Formalin diluted in PBS. The brain was removed and placed in a 20%
sucrose solution overnight, after which 40 �m coronal sections were
mounted on slides and stained with thionin using standard histological
techniques. Cannula placement was assessed based on the position of
tracts in the brain.

Statistical analysis
All statistical analyses were performed with SPSS (SPSS Inc.). Because
of minimal expression of ERK1 in our samples, we confined our
analysis of Western blot data to ERK2. Immunoblots were quantified in
terms of optical density units (odu). To compute ERK activation, odu
values derived from pERK2 immunoblots were expressed as a percentage
of tERK2 immunoblot odu values. Two-factor ANOVAs with between-
and within-subject factors were used to determine significance with ERK
activation as the dependent variable. To analyze instrumental response
data in the intracranial infusion experiments, response rates on the two
levers were compared across infusate conditions using a two-factor
ANOVA with both within-subjects and between-subjects factors. Post
hoc comparisons were made using paired t tests with Bonferroni’s cor-
rection for multiple comparisons.

Results
Instrumental learning and performance increases ERK2
activation in dorsal striatum
The hypothesis that ERK2 activation in pDMS is critical for ac-
tion– outcome encoding in instrumental conditioning implies
that we should be able to observe evidence of this activation dur-
ing the early stages of instrumental training. Unfortunately, no
information currently exists to support this assumption. As such,
we began this series by first conducting two experiments to assess
ERK2 activation in dorsal striatum during the early stages of
action acquisition and in subsequent performance in instrumen-
tal conditioning. Groups of rats experienced either response-

contingent outcomes or were given outcomes independent of
their actions and delivered according to their yoked counterparts.
After this experience, ERK activation was probed in these ani-
mals. Because of the low levels of pERK1 expression in our im-
munoblots, we restricted our analysis to ERK2. We found that
ERK2 activation (pERK2 as a percentage of tERK2 expression) in
both the pDMS and DLS was significantly greater in the response-
contingent group than in the yoked controls (Fig. 1A). A two-
factor ANOVA conducted on these data revealed a main effect of
training group (F(1,14) � 6.567, p � 0.05) and a main effect of
brain region (F(1,14) � 6.751, p � 0.05) but no interaction be-
tween these factors ( p � 0.1) (Fig. 1C). Independent samples t
tests revealed significantly greater ERK2 activation in the
response-contingent group compared with the yoked control in
the pDMS (t(14) � 2.54, p � 0.05) and DLS (t(13) � 2.31, p �
0.05). tERK2 odu values were analyzed separately (supplemental
Table 1, available at www.jneurosci.org as supplemental mate-
rial). No effect of group or region was observed in the expression
of tERK1 or tERK2 ( p � 0.05), indicating that the effect of in-
strumental training on ERK2 activation was likely the result of
increased phosphorylation of ERK2, not differences in the overall
amount of ERK2 protein available for phosphorylation.

We also examined pERK expression in response-contingent
and yoked control animals using pERK immunohistochemistry
(for details on the staining procedure, see supplemental methods,
available at www.jneurosci.org as supplemental material). Al-
though the small sample size limits the conclusions we can draw
from these data, the pattern of results is similar to that observed
using Western blot analysis, i.e., greater expression in DMS and
DLS in animals experiencing response-contingent outcomes
compared with yoked controls (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material).

In a second experiment, we assessed the effects of extended
instrumental training on ERK2 activation in the dorsal striatum
by comparing ERK2 activation in rats given initial acquisition on
the lever, as in the first study, plus 1 d of training on a VI-60
schedule of reinforcement (short training group), with rats given
four additional training sessions on the VI-60 schedule (extended
training group). Confirming our previous result, we found that
initial instrumental acquisition activated ERK2 in both the
pDMS and DLS, as shown by the level of ERK2 activation ob-
served in the short-training group. Furthermore, extended in-
strumental training resulted in a similar level of ERK2 activation
in the pDMS as was observed during initial training. In contrast,
ERK2 activation in the DLS was reduced after extended instru-
mental training compared with the level observed during initial
training. In accord with this description, a two-factor ANOVA
conducted on these data revealed a significant effect of striatal
subregion (F(1,13) � 13.97, p � 0.05) and, more importantly, a
significant subregion � training group interaction (F(1,13) �
12.78, p � 0.05) (Fig. 1E). No main effect of training was ob-
served in these conditions ( p � 0.1). An independent samples t
test revealed significantly greater ERK2 activation in the DLS of
the short-training group compared with the extended training
group (t(13) � 2.90, p � 0.05). These data show that an increase in
ERK2 activation occurs in the pDMS during initial instrumental
acquisition and increases with additional training, consistent
with the suggestion that ERK2-mediated plasticity underlies the
encoding of the action– outcome associations in that region. We
next examined this hypothesis by manipulating ERK activation in
pDMS during instrumental acquisition.
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Disruption of ERK activation in the pDMS prevents the
encoding of action– outcome associations
To assess more directly the functional effects of ERK activation in
the pDMS during instrumental learning, rats were first trained to
respond on each of the two levers (R1 and R2) for a common

outcome (Oc; a 20% polycose solution). After several training
sessions with increasing response requirements for polycose de-
livery (see Materials and Methods), rats underwent separate in-
strumental training sessions in which a different type of outcome
(O1 and O2, i.e., sucrose or grain pellet) was assigned to each
lever (compare Fig. 2A). Before each of these training sessions,
rats received intra-pDMS infusions of either the MEK/ERK in-
hibitor U0126 (n � 9) or vehicle (n � 8). This design allowed for
the assessment of ERK inactivation during action– outcome en-
coding independent from its effects on other forms of learning
that might occur during initial instrumental acquisition. Rats
that received U0126 or vehicle infusions responded at similar
rates on both levers during the training session that followed
infusion (mean responses per minute: vehicle, 4.85 � 1.27;
U0126, 5.10 � 0.87; p � 0.1).

The following day, we assessed the effects of the U0126 infu-
sion on encoding the specific action– outcome associations dur-
ing training using an outcome devaluation test procedure. To
achieve this, one of the two instrumental outcomes was devalued
using a specific satiety treatment, i.e., the rats were fed one of
these two outcomes for 1 h, after which instrumental perfor-
mance was assessed in an extinction test with both levers avail-
able. Rats that received vehicle infusions demonstrated that they
had encoded the specific action– outcome associations during the
training session and reduced responding on the lever that, during

Figure 1. Instrumental learning and performance activates ERK2 in striatal regions. A, Sche-
matic depicts locations in which tissue samples from the DMS and DLS were harvested for
Western blot analysis. B, Example Western blots showing phosphorylated ERK (pERK1 and
pERK2) and reference total ERK (tERK1 and tERK2) from the DMS (left two bands) and DLS (right
two bands). The bottom (p42) band was used for analysis. C, The effect of initial training using
response-contingent reward (CRF) and non-contingent reward (YOKED) on ERK2 activation in
the DMS and DLS is depicted. An increase in ERK2 activation was observed in both striatal
subregions in instrumentally trained animals but not yoked controls. D, Example Western blots
showing pERK and tERK from the DMS (left two bands) and DLS (right two bands). The bottom
(p42) band was used for analysis. E, The effect of extended instrumental training on ERK2
activation in the dorsal striatum is depicted. Similar levels of ERK2 activation were observed in
the DMS after short instrumental training (1 session) and after extended instrumental training
(4 sessions). In contrast, a reduction in the level of ERK2 activation was observed in the DLS after
extended instrumental training compared with the level observed after short training. *p �
0.05, independent samples t test. Scale bar, �1 SEM. Schematic adapted from Paxinos and
Watson (2005).

Figure 2. pDMS ERK inactivation prevents the encoding of action– outcome associations
during instrumental learning. A, The schematic illustrates the experimental procedure. Rats
with chronic indwelling cannulae targeting the pDMS underwent a single instrumental condi-
tioning session with actions on each lever associated with a unique outcome. Before this train-
ing session, rats received infusions of the MEK/ERK inhibitor U0126 (n � 9) or vehicle (n � 8).
One of the two instrumental outcomes was then devalued with a specific satiety procedure
before a 10 min extinction test. B, The mean response rate per minute is plotted for the lever
that delivered the now devalued outcome or the valued outcome during training for rats that
received vehicle or U0126 infusions into the pDMS. Whereas vehicle-infused rats demonstrated
sensitivity to outcome value, as shown by a significant reduction in response rates on the lever
associated with the devalued outcome, no outcome sensitivity was observed in U0126-infused
rats. C, Rats received U0126 infusions into the pDMS (n � 6) or DLS (n � 6) before undergoing
a single instrumental session with actions on each lever associated with a unique outcome.
Performance on the extinction test after selective devaluation of one of the outcomes revealed
sensitivity to outcome value in DLS-infused rats, as shown by a significant reduction in mean
response rates on the lever associated with the now devalued outcome compared with the
valued outcome. No outcome sensitivity was observed in pDMS-infused rats. Scale bar, �1
standard error of the difference (SED), a measure of within-subject variability. *p � 0.05,
paired t test.
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training, had delivered the now devalued outcome. In contrast,
instrumental performance in the rats that received U0126 infu-
sions was insensitive to the devaluation treatment, and they
showed no difference in the rate of responding between the two
levers (Fig. 2B). A two-factor ANOVA with a within-subjects
factor of devaluation and a between-subjects factor of drug treat-
ment revealed a significant interaction between these factors
(F(1,15) � 5.30, p � 0.05). Post hoc comparisons revealed that
vehicle-infused rats performed significantly fewer presses on
the lever that, during training, had delivered the now devalued
outcome (paired t test, t(7) � 3.64, p � 0.01), whereas U0126-
infused rats showed no difference in response rates on the two
levers ( p � 0.1).

Next we assessed the specificity of the effects of U0126 infu-
sion into the pDMS on action– outcome encoding, comparing
the effects of an infusion made into the pDMS with those of an
infusion made into the DLS. Twelve rats (six per group) with
guide cannulae targeting the pDMS or the DLS received U0126
infusions before being presented with novel action– outcome
pairings exactly as described previously (compare Fig. 2A). The
response rate during training did not differ between rats that
received pDMS and DLS U0126 infusions (responses per minute:
pDMS, 4.53 � 0.69; DLS, 5.14 � 0.91; p � 0.1). In agreement

with our previous results, rats that re-
ceived pDMS U0126 infusions during
training showed no sensitivity to outcome
devaluation after specific satiety treat-
ment, responding equally on both levers
(Fig. 2C). In contrast, rats that received
U0126 infusions into the DLS during
training showed sensitivity to outcome
value, performing fewer presses on the le-
ver that, during training, delivered the
now devalued outcome (ANOVA: signif-
icant interaction between outcome value
and infusion location, F(1,10) � 5.07, p �
0.05; paired t test: DLS infused rats, deval-
ued vs valued lever t(5) � 3.92, p � 0.05).
Thus, action– outcome association for-
mation depends on ERK activation in the
pDMS but not adjacent DLS.

Disruption of ERK activation in both
pDMS and DLS disrupts instrumental
action selection
In addition to its role in acquisition, the
pDMS has been shown to be necessary
for expression of action– outcome asso-
ciations (Yin et al., 2005b). Given these
reports, we assessed the role of ERK ac-
tivation in the pDMS during the perfor-
mance of actions guided by previously
acquired action– outcome associations.
After rats were trained to respond on each
lever for polycose, they received 3 d of in-
strumental training with responses on the
left and right lever associated with differ-
ent types of outcomes (sucrose or grain
pellet). Instrumental responding was then
tested after devaluation of one of the two
instrumental outcomes (Fig. 3A). In a first
experiment assessing the involvement of
ERK activation during action selection,

two groups of rats received either intra-pDMS U0126 or vehicle
infusions before the outcome devaluation test. Rats that received
vehicle infusions before the test showed a clear outcome devalu-
ation effect and made fewer responses on the lever that, during
training, had delivered the now devalued outcome. In contrast,
no sensitivity to outcome devaluation was observed in rats that
received U0126 infusions before the test (Fig. 3B). A two-factor
ANOVA revealed a significant interaction between factors of de-
valuation and drug treatment on lever response rate (F(1,12) �
5.91, p � 0.05). Instrumental response rates were significantly
higher for the lever associated with the valued outcome com-
pared with the devalued outcome in the vehicle-infused rats
(t(6) � 3.51, p � 0.05.) and did not differ in U0126-infused rats
( p � 0.1).

One explanation of the effect of U0126 on performance of previ-
ously acquired action–outcome associations is the role of ERK acti-
vation not only in synaptic plasticity but in cellular excitability (Yuan
et al., 2002; Schrader et al., 2006). On this account, however, ERK
activation in structures not directly involved in action– outcome
encoding but that are, nevertheless, involved in the perfor-
mance of instrumental actions should also be affected by these
infusions. For example, based on a number of considerations,
we have recently argued that the DLS plays a central role in

Figure 3. ERK inactivation disrupts instrumental performance guided by action– outcome associations. A, The schematic illus-
trates the experimental procedure. Rats received U0126 or vehicle infusions into the pDMS or DLS before their performance on the
extinction test, in which one outcome was devalued through selective satiety. B, The mean response rates during the 10 min
extinction session are plotted for both levers in 2 min bins for pDMS U0126-infused rats (n � 8) and vehicle-infused rats (n � 7).
Whereas vehicle-infused rats demonstrated sensitivity to outcome value, as shown by a significant reduction in response rates on
the lever associated with the devalued outcome, no outcome sensitivity was observed in pDMS U0126-infused rats. The bar graph
represents the average response rate for the 10 min test session for each group. C, D, pDMS and DLS ERK inactivation disrupts
instrumental performance guided by action– outcome associations. Rats received U0126 or vehicle infusions into the pDMS (n �
6) or DLS (n � 5) before their performance on an extinction test with one of the instrumental outcomes devalued. C, After vehicle
infusion, pDMS-infused rats show a reduction in response rates on the lever associated with the devalued outcome; however, no
sensitivity to outcome value was observed in rats after pDMS U0126 infusion. D, After vehicle infusion, DLS-infused rats show a
reduction in response rates on the lever associated with the devalued outcome; however, no sensitivity to outcome value was
observed in rats after pDMS U0126 infusion. dev, Devalued; val, valued. Scale bar, �1 SED. *p � 0.05, paired t test.
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instrumental performance by control-
ling a stimulus-based, action-selection
process that behavioral research sug-
gests regulates the initiation of actions
based on the action– outcome association
(Dickinson and Balleine, 1993; Balleine and
Dickinson, 1998b; Balleine and Ostlund,
2007; Balleine et al., 2009).

To assess this suggestion, we con-
ducted a second study, based on that de-
scribed above (Fig. 3A), in which we
sought to compare the effects of ERK in-
activation in the pDMS with the DLS dur-
ing performance of goal-directed actions.
Eleven rats with cannulae targeting the
pDMS (n � 6) or DLS (n � 5) received 3 d
of instrumental training with actions on
the left and right lever associated with
unique outcomes. Instrumental respond-
ing was then tested after devaluation of
one of the two instrumental outcomes.
Before the test, rats received U0126 or ve-
hicle infusions. They then received an
additional instrumental training session
followed by a second test preceded by the
opposite drug treatment, i.e., if previously
given U0126, they were given a vehicle in-
fusion and vice versa. The order of infu-
sate (U01263 vehicle; vehicle3U0126)
was counterbalanced across subjects.

We found that U0126 infusion be-
fore test, whether made into the pDMS
or the DLS, was effective in abolishing
sensitivity to outcome devaluation in
this choice situation (Fig. 3C,D). A three-
factor ANOVA with drug condition and
outcome devaluation as within-subjects
factors and infusion location as a between-
subjects factor was performed on instru-
mental response rates in the extinction
tests. This analysis revealed a significant interaction between out-
come value and drug condition, indicating that, independent of
infusion location, rats made fewer responses for the devalued
outcome after vehicle infusion but not after U0126 infusion
(ANOVA: outcome value � infusate, F(1,10) � 8.64, p � 0.05).
However, there was no effect of infusion location as a main effect,
nor any significant interaction involving this factor ( p values
�0.05), which suggests that both pDMS and DLS U0126 infu-
sions impair performance during the devaluation test. Instru-
mental response rates were significantly higher for the lever
associated with the valued outcome compared with the devalued
outcome in rats that received vehicle infusions into the pDMS
(t(5) � 3.16, p � 0.05) and DLS (t(4) � 2.73, p � 0.05) and did not
differ in U0126-infused rats ( p � 0.05).

Cannulae placement was examined after behavioral testing
and is depicted in Figure 4. All animals exhibited visible cannulae
tracts extending into striatum. Overall, the effect of U0126 infu-
sions into the dorsal striatum indicate that, in addition to its role
in the acquisition of action– outcome associations, pDMS ERK
activation is also required for performance guided by previously
acquired action– outcome associations. Furthermore, consistent
with previous suggestions based on previous assessments of the
role of the DLS in stimulus-based action selection, it appears that

ERK activation in the DLS is also required to maintain choice
performance after outcome devaluation. Although the DLS is
clearly not required for the acquisition of goal-directed actions, its
involvement in choice after outcome devaluation suggests that net-
works involving the pDMS and the DLS work synergistically to con-
trol the initiation of actions during instrumental performance.

Discussion
Our results demonstrate a functional role for ERK activation in
the dorsal striatum during both the acquisition and performance
of goal-directed instrumental actions. The dorsal striatum is
functionally segregated into a medial area that is necessary for
the encoding and performance of goal-directed actions and a
lateral area that is involved in the stimulus control of actions,
both in terms of action-selection and performance (Yin et al.,
2004; Balleine and Ostlund, 2007; Balleine et al., 2009). We ob-
served an increase in ERK2 activation in both the pDMS and DLS
during instrumental acquisition, suggesting that these regions
may routinely work in parallel to support the performance of
goal-directed actions. We further found that disrupting ERK ac-
tivation in the pDMS prevented both the encoding of action–
outcome associations and the performance of instrumental
actions guided by these associations. In contrast, instrumental

Figure 4. Schematic representation of cannulae placement for rats that received infusions into the DLS and pDMS. The numbers
on each illustration indicate millimeters from bregma. Adapted from Paxinos and Watson (2005). Photomicrographs from coronal
sections depict cannula tracks (marked by arrows) within the DLS (left) and pDMS (right). cc, Corpus callosum.
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acquisition was unimpaired by DLS ERK inactivation; only with
additional training did instrumental performance on test become
dependent on ERK activation in DLS. These results highlight the
dynamic process through which ERK signaling within different
subregions of the striatum regulates instrumental learning and
performance.

ERK activation in the pDMS mediates instrumental
action– outcome learning
Previous research has demonstrated an important role for striatal
ERK activation in synaptic plasticity and the development of
drug-related behavior. ERK activation is required for the induc-
tion of LTP at corticostriatal synapses (Sgambato et al., 1998;
Mazzucchelli et al., 2002). Exposure to drugs of abuse increases
ERK activation in striatal neurons, and inhibition of ERK activa-
tion prevents some of the enduring behavioral changes caused by
drug exposure, such as psychomotor sensitization and drug CPP
(Valjent et al., 2000; Gerdjikov et al., 2004; Valjent et al., 2004,
2005). Furthermore, overexpression of ERK2 in striatum en-
hances corticostriatal LTP, memory retention in active and pas-
sive avoidance tasks, and expression of drug CPP (Mazzucchelli
et al., 2002; Ferguson et al., 2006), which suggests ERK2 activa-
tion in the striatum may play a key role in instrumental learning.

Our results demonstrate that ERK2 activation in the pDMS is
required for instrumental action– outcome learning. We found
an increase in ERK2 activation in the pDMS and DLS when re-
warding outcomes are delivered contingent on an instrumental
response and that inhibition of ERK activation before instrumen-
tal learning prevented the acquisition of specific action– outcome
associations. Because of minimal pERK1 expression in our sam-
ples, we were unable to draw any conclusions regarding the in-
volvement of this ERK isoform in instrumental acquisition.
Recently, pERK1 has been shown to regulate ERK2 activation
(Mazzucchelli et al., 2002; Ferguson et al., 2006). It is possible
that regulation of ERK2 activation during learning and/or dif-
ferences in activation across striatal subregions may exist as a
result of instrumental learning, and these possibilities remain
to be addressed.

ERK activation in the pDMS and DLS mediates instrumental
performance guided by action– outcome associations
In addition to its role in synaptic plasticity, ERK activation mod-
ulates intrinsic excitability of individual neurons, by targeting the
A-type voltage-gated potassium (K�) channel Kv4.2 (Adams et
al., 2000; Yuan et al., 2002; Schrader et al., 2006). In striatum,
modulation of K� conductance increases the probability of a
neuron generating an action potential in response to excitatory
synaptic inputs (Mahon et al., 2004). It follows that ERK inac-
tivation by U0126 may render striatal neurons less responsive
to excitatory synaptic inputs, such as those carrying informa-
tion about the current value of a particular outcome (e.g.,
from basolateral amygdala) (Balleine et al., 2003; Balleine and
Killcross, 2006).

The effects of ERK activation on striatal cell excitability may
explain our finding that U0126 infusion into the pDMS and DLS
prevented rats from adjusting their instrumental responses to a
devalued outcome during the choice test. Similar disruptions of
the expression of a learned behavior have been observed after
ERK inhibition. For example, systemic injection of the ERK in-
hibitor SL327 (�-[amino[(4-aminophenyl)thio]methylene]-2-
(trifluoromethyl)benzeneacetonitrile) prevents the expression of
a conditioned locomotor response to a drug-associated context
(Valjent et al., 2006). Likewise, U0126 infusion into the nucleus

accumbens prevents the excitatory effect of pavlovian cues on
instrumental behavior and the expression of a drug conditioned
place preference (Miller and Marshall, 2005; Shiflett et al., 2008).
U0126 infusion into the central nucleus of the amygdala (CeN)
prevents drug-seeking behavior, and elevated ERK activation in
the CeN in response to drug-cue presentation correlates with the
incubation of drug craving (Lu et al., 2005; Li et al., 2008). The
effects of U0126 infusion before the choice test in our experiment
likely do not reflect a simple motor deficit, because infusions did
not impair the rats’ ability to make rewarded responses when
infused before training. Rather, our data are consistent with the
notion that striatal ERK activation, through its modulation of cell
excitability, enables the flexible expression of learned behaviors.

In contrast to the pDMS, we observed a reduction in ERK2
activation in the DLS with continued instrumental training,
which may be attributable to the fact that performance of well
rehearsed actions require less neural activity in DLS compared
with recently acquired actions (Tang et al., 2007). However, this
does not imply that ERK activation within the DLS becomes less
relevant in controlling actions with additional training. Indeed,
we found that DLS ERK inhibition disrupted choice performance
during the devaluation test. It is unknown whether similar pat-
terns of ERK activation occur in the dorsal striatum under train-
ing and test situations, which raises the possibility that the
disruptive effect of U0126 before test is unrelated to the changes
in ERK activation we observed during training. Future studies
may address this possibility by examining dorsal striatal ERK
activation after specific satiety devaluation and choice behavior.

Contributions of pDMS and DLS to the control of
instrumental performance
Control of instrumental performance can be mediated by distinct
corticostriatal circuits (Balleine, 2005; Balleine and Ostlund,
2007; Balleine et al., 2007). Whereas acquisition of goal-directed
actions is mediated by association areas of the prefrontal cortex
and their projections to the pDMS, the influence of these cortical
afferents on instrumental performance is time limited (Ostlund
and Balleine, 2005). This is not true of the pDMS; this region is
necessary for both acquisition and performance of instrumental
actions, and the effect of disrupting ERK activation on both ac-
quisition and test performance in the current study provides ad-
ditional evidence of this. Goal-directed actions can shift to
become more habitual (i.e., outcome insensitive) with continued
training, a form of learning based on sensorimotor regions of
frontal cortex and their projections to the DLS. Whereas some
analyses of instrumental performance have argued that the action
controllers subserving goal-directed and habitual actions are in-
dependent, previous analyses of goal-directed action have allo-
cated an important role to a response selection mechanism
mediated by a sensorimotor learning process likely mediated by
the DLS (Dickinson and Balleine, 1993; Dickinson and Balleine,
2002; Daw et al., 2005; Balleine and Ostlund, 2007; Everitt et al.,
2008; Balleine et al., 2009). Consistent with this claim, although
we found no evidence that ERK inactivation in the DLS plays a
role in the formation of the action– outcome association, ERK
inactivation in the DLS before the retrieval test was found to
disrupt the expression of these associations in performance.

It appears clear, therefore, that the performance of goal-
directed actions requires the interaction of circuits involving
pDMS and the DLS that can be disrupted by U0126 infusion into
either structure. This may be derived from the interaction of a
stimulus-based (or stimulus–response) action–selection process
with action evaluation driven by the action– outcome associa-

Shiflett et al. • ERK and Instrumental Learning J. Neurosci., February 24, 2010 • 30(8):2951–2959 • 2957



tion. From this perspective, the DLS mediates the selection of an
action that then results in the evaluation of that action based on
its consequences involving the pDMS and related reward cir-
cuitry, before selection will result in action initiation. Given
this view, the loss of choice performance after the infusion of
U0126 into either DLS or pDMS may be thought to reflect the
disruption of this selection– evaluation–initiation sequence (Bal-
leine and Ostlund, 2007).

Conclusions
Generally, our results also contribute to an emerging understand-
ing of the molecular mechanisms that regulate instrumental
learning and performance. There is a growing consensus that the
control of actions depends on a distributed circuit involving the
interaction of several cortical–limbic– basal ganglia loops, within
which distinct molecular mechanisms appear to modulate local
function to uniquely influence this form of learning and perfor-
mance. Some of these mechanisms are beginning to be identified,
for example the role of GPR6 in the vigor of instrumental perfor-
mance and of calcium/calmodulin-dependent kinase II in the
influence of reward-related cues on action selection (Lobo et al.,
2007; Wiltgen et al., 2007). To this, we can add the current evi-
dence that ERK, and presumably the downstream transcription
factors that depend on its activation, in the corticostriatal net-
work is critical for both instrumental learning and the excitatory
influence that integration of striatal processes mediating action
selection and evaluation exert on instrumental performance.
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