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Inactivation of the Lateral But Not Medial Dorsal Striatum
Eliminates the Excitatory Impact of Pavlovian Stimuli on
Instrumental Responding
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Conditioned stimuli are important guides for behavioral actions. This experiment determined the role of the dorsal striatum in
conditioned-stimulus modulation of instrumental responding using the pavlovian-instrumental transfer (PIT) paradigm. Rats received
pavlovian training wherein two different auditory stimuli predicted the delivery of two food rewards. Next, rats were trained to perform
two instrumental actions earning the same two rewards. Finally, the impact of pavlovian stimuli on instrumental performance was
assessed in extinction: the stimuli were periodically presented while rats were free to perform the lever-press response. Before testing,
medial or lateral dorsal striatum was infused with saline or bacolfen/muscimol, to temporarily inactivate the region. Under saline,
outcome-selective PIT was observed: presentation of a stimulus paired with the same outcome as the instrumental action elevated
responding, whereas presentation of a stimulus paired with a different outcome did not. Inactivation of the dorsolateral striatum
dramatically reduced this effect. Inactivation of the dorsomedial striatum left intact the ability of reward-related stimuli to invigorate
responding; however, the selectivity of the stimulus effect was lost (i.e., both stimuli excited responding). These results indicate that
subregions of the dorsal striatum play distinct roles in stimulus modulation of instrumental performance with the lateral region being
vital for reward-related stimuli to excite responding and the medial region being involved in the integration of stimulus-reward associ-
ations with specific response-outcome associations to produce selective responding. These findings identify new roles for the dorsal
striatum in mediating the incentive effects of reward-predictive stimuli on behavioral actions made to obtain reward.
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Introduction
Environmental stimuli carry important predictive information
about the availability of required commodities or potential dan-
gers and, therefore, powerfully influence the initiation or vigor of
behavioral responses instrumental in gaining access to desired
outcomes. Knowledge of the neural mechanisms controlling
stimulus influences on response selection and performance is
important for understanding decision-making processes in gen-
eral, and for providing insight into maladaptive cases, such as the
control of drug-seeking behaviors by stimuli. Indeed, drug-
paired stimuli are thought to play an important role in eliciting
craving, supporting compulsive drug use, or precipitating relapse
(O’Brien et al. 1998; Volkow et al. 2006), and may play an increas-
ing role in directing performance as it becomes more automatic
or habitual in nature (Everitt and Robbins, 2005; Yin and Knowl-
ton, 2006).

The pavlovian-instrumental transfer (PIT) paradigm exam-

ines the modulatory role of reward cues on performance of inde-
pendently acquired reward-seeking behaviors. In this paradigm,
subjects receive both pavlovian training wherein discrete stimuli
are paired with reward delivery, and instrumental training
wherein performance of a particular response earns reward. In
the test phase, the impact of the previously trained stimuli on
instrumental performance is assessed. Results generally show that
presentation of reward-predictive stimuli elevates instrumental
responses directed toward that same reward (Corbit and Balleine,
2005). This outcome-selective PIT must involve the integration
of multiple associations including those between response and
outcome, and stimulus and outcome, as well as an evaluation of
the congruence of the information carried in these associations.
As such, it is not surprising that multiple neural structures con-
tribute to the generation of PIT effects (Corbit and Balleine, 2005;
Corbit et al., 2001; Hall et al., 2001; Murschall and Hauber, 2006).

Previous findings have emphasized a role for the dorsal stria-
tum in the acquisition of stimulus-reward (Aosaki et al. 1994)
and stimulus–response associations (Jog et al., 1999; Brasted and
Wise, 2004; Yin et al., 2004; Barnes et al., 2005) and in stimulus-
guided performance (Kawagoe et al., 1998; Tremblay et al., 1998;
Adams et al., 2001; Hassani et al., 2001; Cromwell and Schultz,
2003; Samejima et al., 2005; Bailey and Mair, 2006). These find-
ings suggest that conditioned stimuli may direct instrumental
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behavior through dorsal striatal circuitry. In all of these situa-
tions, animals learn the relationships among stimuli, responses,
and rewards in the same sessions. In contrast, in PIT, the condi-
tioned stimuli have never been experienced during the instru-
mental conditioning sessions and, thus, at test, subjects are re-
sponding to a novel situation. The aim of the current study was to
test the hypothesis that the dorsal striatum is critically involved in
the ability of pavlovian conditioned stimuli to trigger or invigo-
rate instrumental responding, using the PIT procedure.

Materials and Methods
Subjects and apparatus. Sixteen naive male Long–Evans rats (Harlan,
Indianapolis, IN) weighing �350 g were singly housed and had ad libi-
tum access to food and water in the home cage. All procedures were
approved by the Institutional Animal Care and Use Committee of the
Ernest Gallo Clinic and Research Center. Training and testing took place
in Med Associates (East Fairfield, VT) operant chambers described pre-
viously (Corbit and Janak, 2007).

Pavlovian training. Two auditory stimuli [white noise (N) and clicker
(C)] served as conditioned stimuli (CSs). One of these was paired with
delivery of a 5% sucrose solution (weight/volume) whereas the other
stimulus was paired with a 5% polycose solution (with 0.9% NaCl; w/v),
counterbalanced across subjects. Six 2 min presentations of each stimu-
lus were given in each session in random order interspersed with inter-
trial intervals averaging 5 min in duration. During each stimulus, 0.1 ml
of the appropriate outcome (sucrose or polycose) was delivered on a
random time 30 s schedule. Rats received 10 sessions, 75 min in length.
The number of magazine entries during each stimulus and in a 2 min
prestimulus interval was measured.

Instrumental training. Rats were next trained to respond on the two
levers to self-administer sucrose or polycose (counterbalanced), with
each lever-response trained independently on alternating days in 60 min
sessions. For the first two sessions per outcome, responding was rein-
forced on a continuous reinforcement schedule, followed by two addi-
tional sessions per outcome under a random ratio 2 (RR2) schedule.

Surgery. Rats were assigned to the lateral or medial group in an attempt
to equate baseline instrumental response rates for the two groups, with
eight subjects per group. Stereotaxic surgery was conducted under iso-
florane anesthesia to implant 26 gauge guide cannulas (Plastics One,
Roanoke, VA) targeted at either the dorsolateral striatum [DLS; antero-
posterior (AP) �1.2 mm, mediolateral (ML) �3.4 mm, dorsoventral
(DV) 1.0 mm, coordinates relative to bregma, and dura for DV] or dor-
somedial striatum (DMS; AP �1.2 mm, ML �1.5 mm, DV �1.4 mm).
The tips of the guide cannulas were positioned 3 mm dorsal to the in-
tended infusion site and anchored with machine screws and dental
acrylic.

Retraining. Ten days after surgery, rats received one session of training
under the RR2 schedule for each outcome, and then were shifted to a RR4
schedule for an additional three sessions per outcome. Rats had one
additional session of pavlovian training before testing.

Pavlovian-instrumental transfer test. Subjects received two pairs of ex-
tinction tests. During each test, one lever was available and each stimulus
was presented twice interspersed with intervals of no stimulus (Ø). The
22 min test contained eight 2 min bins (two white noise trials and two
clicker trials alternated with four Ø trials in the following order: N, C, C,
N). Each stimulus bin was separated from the subsequent baseline (Ø)
bin by 1 min.

Infusions. For each pair of transfer tests, half of the animals from each
group received infusions of a combination of the GABAB receptor ago-
nist, baclofen, and the GABAA receptor agonist, muscimol (BAC/MUS;
1.0/0.1 mM; Sigma, St. Louis, MO), or saline vehicle via infusion cannulas
(33 gauge; Plastics One) extending 3 mm below the guide cannula tip (0.3
�l per min/total volume of 0.3 �l delivered per hemisphere) 10 min
before test. Infusions took place over 1 min and the cannulas were left in
place for an additional 2 min to allow for diffusion.

Control tests. Animals received an infusion of either BAC/MUS (1.0/
0.1 mM; 0.3 �l) or saline (order counterbalanced) 10 min before the
beginning of an instrumental or pavlovain test session. For the instru-

mental test, lever pressing delivered the reward appropriate for the avail-
able lever as in training. For the pavlovian test, entries to the magazine
were measured during stimulus intervals and prestimulus intervals of
equal length in rewarded sessions identical to the original pavlovian
training sessions.

Histology. Coronal sections (50 �m) of formalin-fixed tissue were
sliced, mounted, and stained with thionin, to allow verification of injec-
tor placement and assessment of any extraneous damage.

Data Analysis. Data were analyzed using repeated-measures ANOVA.
Paired t tests were used to further assess significant main effects and
interactions. Preliminary ANOVAs indicated no effect either of stimulus
or of outcome type for both pavlovian and instrumental training (F
values � 1); therefore, the data were collapsed across those factors.

Results
Histology
Figure 1 displays the placement of the injector tips; based on these
placements, all subjects were included in the behavioral analysis.

Pavlovian training
On the final training day rats assigned to the lateral group made
an average of 85 (�16.6 SEM) entries to the magazine during the
stimuli and 11 (�2.9) during the prestimulus interval, and rats
assigned to the medial group made an average of 94 (�9.9) en-

+1.6

+1.2

+1.0

+0.7

Figure 1. Schematic representation of the injection cannulas placements in coronal sections
(Paxinos and Watson, 1998). The location of the injector tips is represented by circles for the DLS
group and by squares for the DMS group. Numbers indicate the distance anterior to bregma in
millimeters.
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tries during the stimuli and 14 (�3.7) during the prestimulus
interval. ANOVA revealed no effect of group (F(1,14) � 0.26; p �
0.05), but there was a main effect of interval (F(1,14) � 84.4; p �
0.01), confirming that the rats made more entries during the
stimuli than in the prestimulus interval. Furthermore, there was
no interaction between these factors (F � 1).

Instrumental training
On the final day of training, rats in the lateral group made an
average of 102 (�17.2) lever presses whereas rats in the medial
group made an average of 173 (�35.2) lever presses. This nu-
meric difference failed to reach significance (F(1,14) � 3.37; p �
0.05).

Effect of inactivation of the dorsolateral striatum on
pavlovian-instrumental transfer
As seen in Figure 2A, presentation of the stimulus paired with the
same outcome as the available lever enhanced responding relative
to the prestimulus interval in subjects treated with saline. This
effect was selective; elevation of responding during the same
stimulus was greater than that during the different stimulus. In-
activation of the DLS greatly attenuated this transfer effect. The
ANOVA revealed a significant excitatory effect of stimulus pre-
sentation, such that stimulus presentation elevated responding
relative to baseline (F(2,14) � 10.8; p � 0.01). Additionally, there
was a significant effect of inactivation (F(1,7) � 7.2; p � 0.05), as
well as a significant interaction between these factors (F(2,14) �
6.4; p � 0.05). Post hoc analyses show that after saline, responding
was elevated during the Same stimulus compared either to the
prestimulus interval (t(7) � 4.1; p � 0.01) or to the Different
stimulus (t(7) � 2.7; p � 0.05). After BAC/MUS infusion, presen-
tation of the Same stimulus elevated responding relative to base-
line (t(7) � 2.6; p � 0.05), but not relative to the Different stim-
ulus (t(7) � 1.2; p � 0.05). The clearest evidence for a reduction in
PIT comes from the observation that the impact of the Same
stimulus was greatly reduced after BAC/MUS infusion relative to
the saline condition (t(7)3.2; p � 0.01). Presentation of the Dif-
ferent stimulus produced a numerically small but significant in-
crease in responding after saline (t(7) � 2.6; p � 0.05), but not
inactivation (t(7)1.5; p � 0.05). Finally, there was no difference
between saline and BAC/MUS treatments in responding during
the Different stimulus or during the baseline period (Different,
t(7) � 1.1, p � 0.05; prestimulus, t(7) � 1.1, p � 0.05), suggesting
that DLS inactivation selectively reduced the impact of stimulus
presentation without producing a general response impairment.

Effect of inactivation of the dorsomedial striatum on
pavlovian-instrumental transfer
In contrast to the effects of inactivation of the DLS, inactivation
of the medial region of this structure left the excitatory impact of
stimulus presentation intact, but the selectivity of this effect was
eliminated (Fig. 2B). ANOVA revealed a significant effect of
stimulus presentation (F(2,14) � 7.7; p � 0.01) and a significant
stimulus by inactivation interaction (F(2,14) � 5.2; p � 0.05), but
no main effect of inactivation (F(1,7) � 0.2; p � 0.05). Post hoc
analyses confirm that presentation of the stimulus paired with the
same outcome as the available lever elevated performance in both
the saline (t(7) � 3.3; p � 0.05) and BAC/MUS (t(7) � 3.0; p �
0.05) conditions, and the excitatory impact of the Same stimulus
was equivalent after these infusions (t(7) � 1.5; p � 0.05). Impor-
tantly, although responding during the Same stimulus was higher
than responding during the Different stimulus after saline (t(7) �
2.6; p � 0.05), there was no difference in the excitatory impact of

the Same and Different stimuli after BAC/MUS infusion (t(7) �
0.3; p � 0.05). Under saline, presentation of the Different stimu-
lus produced a small but significant increase in responding rela-
tive to baseline (t(7) � 2.7; p � 0.05). After BAC/MUS infusion,
presentation of the Different stimulus again elevated responding
relative to baseline (t(7) � 3.0; p � 0.05) and produced an effect
that was similar to that seen with the Same stimulus (t(7) � 0.3;
p � 0.05). The impact of the Different stimulus showed a mar-
ginal increase under the inactivation condition relative to saline
(t(7) � 2.3; p � 0.05), suggesting that inactivation of the DMS
acted to disinhibit the impact of this stimulus. Finally, baseline

Figure 2. Effects of inactivation of the DLS and the DMS on lever-press responding during a
pavlovian stimulus within the pavlovian-instrumental transfer procedure. For all figures, “pre”
represents the baseline instrumental responding in the absence of any stimuli, “same” repre-
sents responding during presentation of the stimulus paired with the same outcome as the
available lever, and “different” represents responding during the stimulus that was paired with
the outcome earned by the alternate, currently unavailable lever. A, Mean (�SEM) lever press
responding after inactivation of the DLS. After saline infusions, responding was elevated during
the Same and Different stimuli relative to baseline and the impact of the same stimulus was
greater than that of the Different stimulus. After BAC/MUS infusion, the enhancement of re-
sponding by presentation of the Same stimulus was greatly reduced. B, Mean (�SEM) lever
press responding after inactivation of the DMS. After saline infusions, responding was elevated
during the Same and Different stimuli relative to baseline and the impact of the Same stimulus
was greater than that of the Different stimulus. After BAC/MUS infusion, responding was ele-
vated during both the Same and Different stimuli compared with baseline and responding
during these stimuli did not differ. n � 8 per group. Please refer to the text for complete
statistical analyses. *Difference between a stimulus and baseline ( p � 0.05); #difference be-
tween the Same and Different stimuli; �difference between saline and inactivation conditions
( p � 0.05).
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responding was not affected by MUS/BAC infusion (t(7) � 0.9;
p � 0.05).

Effect of inactivation on reinforced instrumental responding
There was no difference in reinforced instrumental responding
under saline compared with BAC/MUS treatment in DLS-
infused (t(7) � 0.2; p � 0.05), or DMS-infused (t(7) � 0.004; p �
0.05) subjects (Table 1), suggesting that the impairment observed
in the transfer tests does not reflect a general deficit in instrumen-
tal performance.

Effect of inactivation on reinforced pavlovian responding
Pavlovian performance of the DLS group was similar after either
saline or BAC/MUS infusion (Table 2), with a significant effect of
stimulus (prestimulus vs stimulus, F(1,7) � 30.7, p � 0.01), but no
effect of treatment and no interaction (F values � 1). Pavlovian
performance by the DMS group also was not impaired by BAC/
MUS infusion: there was a significant effect of stimulus (F(1,7) �
174.3; p � 0.01), but no effect of treatment (F(2,14) � 2.4; p �
0.05) and no interaction (F � 1). These findings demonstrate that
inactivation of the striatum does not interfere with the rats’ abil-
ity to detect or respond to the stimuli in the situation in which
they were trained, pointing rather to an inability of the stimuli to
impact an independently trained instrumental response.

Discussion
These data demonstrate that neural activity within the dorsal
striatum is importantly involved in stimulus modulation of goal-
seeking behaviors, and that the lateral and medial regions of this
structure control different aspects of the ability of a stimulus to
enhance instrumental performance. Specifically, the DLS is re-
quired for the incentive effects of pavlovian stimuli to alter re-
sponding, whereas the DMS is required for the incentive effects of
those stimuli to be outcome-selective. These findings reveal new
roles for the dorsal striatum in the control of goal-seeking behav-
ior by pavlovian conditioned stimuli.

We found that pharmacological inactivation of the DLS before
testing greatly attenuated the excitatory effect of a conditioned stim-
ulus on instrumental responding. This effect is not explained by a
basic deficit in instrumental or pavlovian performance as inactiva-
tion failed to affect performance in control tests. These data show
that activity within the DLS is necessary for pavlovian reward-related

stimuli to modulate, in this case enhance, goal-directed actions. Our
results add to previous findings indicating a role for the DLS in
cocaine-seeking supported by response-contingent cue presentation
(Vanderschuren et al., 2005). Hence, the DLS may be critical for
reward-seeking triggered by cues that both precede (the present
work) and follow (Vanderschuren et al. 2005) the reward-seeking
motor response. Our results also indicate that the remaining func-
tional striatal circuits, including the DMS and the ventral striatum,
cannot compensate for the absence of the DLS, supporting a critical
role for this subregion in the behavioral effects of pavlovian stimuli
on reward-seeking.

In contrast, when the DMS was inactivated, presentation of
reward-related stimuli retained the ability to enhance instrumental
responding but, interestingly, this effect was nonselective. Hence,
when the DMS was inactivated before testing, both stimuli had a
similar excitatory effect on performance of a given response. Thus,
stimuli can still arouse or activate responding when the DMS is tem-
porarily inactivated; however, the lack of selectivity of these effects
suggests that DMS inactivation prevents the integration of informa-
tion about specific response–outcome (R–O) relationships with the
specific excitatory information carried by the stimuli. A deficit in
using specific R–O associations would be consistent with the previ-
ous observation that lesions or inactivation of the DMS impair se-
lective sensitivity to either outcome devaluation or contingency deg-
radation (Yin et al. 2005). However, it is important to note that these
deficits were observed only for placements within the DMS caudal to
those used in the current study. The reason for this is not immedi-
ately clear. Whereas cortical projections to the striatum show a me-
diolateral topographic organization, these afferents project to ex-
tended longitudinal regions of the striatum and so inputs from
cortical regions involved in R–O learning are widely overlapping
across these regions (McGeorge and Faull, 1989). Alternatively, the
lack of selectivity could be explained if the anterior DMS targeted in
the current study is important for processing information about the
specific sensory properties of different stimuli, or stimulus–out-
come (S–O) associations, and ultimately the ability of these sensory
events to impact performance. The basolateral amygdala, a region
previously demonstrated to be critical for outcome-specific transfer
effects (Corbit and Balleine, 2005) is reported to project broadly
through the rat striatum excluding only the dorsolateral quadrant of
this structure (Kelley et al., 1982). Functional loss of this pathway
could account for the observed lack of stimulus selectivity while the
excitatory impact of the stimuli remained intact.

Our findings suggest that different circuits within the DS control
the cuing versus activating components of stimulus effects on re-
sponding (Corbit and Balleine, 2005), with the DMS mediating the
specific cuing effects, and the DLS playing a more fundamental, per-
haps permissive, role in allowing excitatory stimuli to impact re-
sponse output. In considering the differences between the effects of
inactivating the DMS versus the DLS, the question arises as to how
stimulus-reward associations access the associative structure that
controls response output more generally. That is, although DMS
inactivation eliminates the selectivity of the transfer effect, stimulus
presentation still activates performance, suggesting that at least the
excitatory information associated with the stimulus retains access to
behavioral output even if the sensory-specific properties do not. In
contrast, the lack of transfer observed after DLS inactivation could
mean that this structure is a critical part of the pathway through
which excitatory stimuli activate performance by increasing appeti-
tive arousal generally, in which case, many stimulus-related behav-
iors should be expected to be affected by the inactivation. The lack of
an effect of DLS inactivation on magazine entries in the pavlovian
control test suggests that the ability of the stimuli to activate at least

Table 1. Instrumental control session

Infusion

saline inactivation

DLS 225 (64) 211 (60)
DMS 427 (74) 428 (78)

Mean (� SEM) lever presses in reinforced instrumental sessions following infusion of saline or BAC/MUS into the
DLS or the MLS. There were no significant treatment effects.

Table 2. Pavlovian control session

Infusion

saline inactivation

DLS
pre-CS 10 (5) 15 (6)
CS 140 (45) 143 (46)

DMS
pre-CS 18 (7) 50 (25)
CS 225 (71) 263 (22)

Mean (� SEM) magazine entries in reinforced Pavlovian sessions following infusion of saline or BAC/MUS into the
DLS or the MLS. There were no significant treatment effects.
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some behaviors remains intact. As such, the role of the DLS may be
more specific relating in particular to the integration of excitatory
information carried by the stimuli with the neural control of partic-
ular responses. This finding is consistent with previous demonstra-
tions that the DLS contributes to performance of only some classes
of learned behavior (Han et al. 1997). In our view, it is likely that
some or all of the excitatory effects of the conditioned stimuli ob-
served here depend on dopaminergic inputs from the substantia
nigra pars compacta (SNc). Indeed, it has been demonstrated previ-
ously that even unilateral lesions of the SNc are sufficient to attenuate
PIT (El-Amamy and Holland, 2007). These topographically orga-
nized inputs (Beckstead et al., 1979) may provide the neural basis for
enhanced instrumental output by the dorsal striatum congruent
with previous ideas regarding incentive salience attribution to con-
ditioned stimuli and their consequent behavior-activating proper-
ties (Berridge, 2007; Robbins and Everitt, 2007). Together, the dif-
ferences observed after inactivation of the lateral versus medial
dorsal striatum likely relate to the information processed by the dif-
ferent cortical and subcortical networks projecting to these regions.

It is important to note that PIT generates a novel situation; before
testing, the rats have never had the opportunity to lever-press in the
presence of the stimuli. Therefore, the facilitatory effects likely reflect
the integration of previously acquired S–O and R–O associations, as
an S–R association, at least between the pavlovian stimuli and the
lever response, has not had an opportunity to develop. Hence, these
results suggest a larger function for the dorsal striatum, especially its
lateral aspect, than current proposed roles in S–R or habit learning.
This is consistent with the prevalence throughout the striatum of
phasic neural responses to reward and reward-predictive stimuli,
and the modulation of response-related neural activity by reward, in
electrophysiological studies (Schultz, 2000). In particular, electro-
physiological studies find that the striatum, including its dorsal re-
gions, encodes attributes of rewards, a finding in contrast to the view
that DLS-mediated behavior, and by extension, habitual behavior, is
relatively insensitive to momentary changes in reward value. For
example, neural activity within the dorsal striatum reflects the expec-
tation of particular rewards that may differ in magnitude, probabil-
ity, or identity (Kawagoe et al., 1998; Hassani et al., 2001; Lauwereyns
et al., 2002; Cromwell and Schultz, 2003; Brasted and Wise, 2004).
Indeed, in the primate, neural activity across the medial-lateral ex-
tent of the striatum reflects the influence of reward expectation on
response encoding (Samejima et al., 2005). Together, these findings
suggest that the role of the dorsal striatum in stimulus-directed re-
sponding is more complex than simply mediating the formation
and/or implementation of S–R learning and that this region may also
contribute to some aspects of goal-directed performance.
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