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Separate neural substrates for skill learning and
performance in the ventral and dorsal striatum

Hisham E Atallah, Dan Lopez-Paniagua, Jerry W Rudy & Randall C O’Reilly

It is widely accepted that the striatum of the basal ganglia is a primary substrate for the learning and performance of skills. We
provide evidence that two regions of the rat striatum, ventral and dorsal, play distinct roles in instrumental conditioning (skill
learning), with the ventral striatum being critical for learning and the dorsal striatum being important for performance but,
notably, not for learning. This implies an actor (dorsal) versus director (ventral) division of labor, which is a new variant of the
widely discussed actor-critic architecture. Our results also imply that the successful performance of a skill can ultimately result

in its establishment as a habit outside the basal ganglia.

There is extensive evidence that both the ventral and dorsal striatum are
involved in instrumental conditioning!~'°, However, it remains unclear
what the precise relationship is between these two striatal areas.
Original anatomical studies described each of the two areas as part of
distinct and closed corticostriatal loops. The ventral striatum connects
to the ventral prefrontal cortices (for example, the orbitofrontal
cortex), whereas the dorsal parts of the striatum connect to the dorsal
prefrontal and motor cortices'!. However, new evidence suggests that
there may be a number of pathways by which the different cortico-
striatal loops can interact'®13, Also, functional studies have shown that
both areas are involved under the same task demands. For example,
functional magnetic resonance imaging studies have shown that both
the ventral and dorsal striatum are active during instrumental learn-
ing!®!4. Similarly, lesions of both the ventral'® and dorsal® striatum
impair performance on the instrumental lever-pressing task. In this
paper, we provide direct evidence in the same experimental paradigm
that the dorsal striatum is strictly responsible for performance and not
learning, whereas the ventral striatum is involved in both learning and
performance of skills. Also, we found that correct performance
expressed by the dorsal striatum can ultimately result in a skill
becoming independent of the basal ganglia. Taken together, those
results warrant a new actor-director model of basal ganglia function
that is a variation of the widely debated actor-critic architecture!®.
Thus, we argue that initial learning in the ventral striatum (director)
guides the dorsal striatum (actor) to express an instrumental response.
Ultimately, the consistent expression of the instrumental response
results in a learning process that establishes the habit outside the
basal ganglial”.

We trained rats on a two-alternative forced choice task (A+B—) using
a Y-maze apparatus, with correct choices determined by olfactory cues.
Intact rats achieve high levels of performance on this task within three
20-trial training sessions (S1, S2 and S3). We made a matched set of

reversible manipulations to the ventral and dorsal striatum during
acquisition (before each of the three training sessions) and in a
subsequent test session (S4) using the GABA, agonist muscimol
(which temporarily inhibits neural firing) and the NMDA antagonist
AP-5 (which temporarily blocks a dominant form of synaptic plasti-
city). If the ventral striatum is critical for learning and performance,
muscimol injections during the acquisition phase should have lasting
effects on test performance. In other words, if the rats do not acquire
the contingency between stimulus and response during the acquisition
phase, they should be impaired in the test phase even if they are drug
free during that test. Also, muscimol should impair performance when
injected during the test phase. Furthermore, AP-5 should also block
learning, but not test performance.

If the dorsal striatum is critical for performance but not learning,
muscimol injections during the acquisition phase should impair
performance, but if muscimol is omitted during test, performance
should recover to control levels. Furthermore, AP-5 should have no
effect. This is exactly the pattern we found.

RESULTS
Experiment 1
In the first experiment, we tested four groups with cannulas in the
ventral striatum (primarily the core of the nucleus accumbens; see
Supplementary Figs. 1 and 2 online for cannula locations): rats in the
MUSacq group received a muscimol injection before each session in the
acquisition phase (a total of three injections); rats in the MUStest group
received an injection before the test phase only; rats in the AP-5acq
group received an AP-5 injection before each session on the acquisition
phase; and rats in the AP-5test group received an AP-5 injection before
the test phase.

Muscimol injections in the ventral striatum impaired the acquisition
of the instrumental response, because there was no recovery of
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Figure 1 Effects of muscimol and AP-5 in the
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performance in the final test phase (Fig. 1a). A Bonferroni post hoc test
showed a significant difference between the MUSacq group and the
vehicle-only VEH group during the test phase (P = 0.0012). This
conclusion was further supported by data from the AP-5acq group,
which also showed acquisition deficits relative to the VEH group on the
test phase (P = 0.0003). Although this drug produced longer-latency
responses (Fig. 2a), AP-5 injections only at test (AP-5test) produced no
impairment in performance (Fig. 1b) relative to the VEH group (P =
0.79) even though this drug produced longer latency responses (Fig. 2).
Thus, it is clear that the AP-5acq effects are not attributable to a
performance effect. In contrast, muscimol injections at test (MUStest)
caused a significant impairment of performance (P = 0.013) (Fig. 1b).

Experiment 2

In this experiment, we repeated the same manipulations in the dorsal
striatum. The only addition was a MUSacq+test group that received
muscimol injection before both the acquisition and the test phases
(a total of four injections).

The overall pattern of results clearly showed that the dorsal striatum
was critical for performance, but not acquisition, of instrumental
conditioned responses. Muscimol impaired performance whether
injected during the acquisition phase or the test phase (Fig. 3). A
Bonferroni post hoc test showed that the MUSacq+test group performed
significantly worse than both the VEH group (P < 0.0001) and the
MUSacq group (P < 0.0001) on the test phase (Fig. 3a). Also, the
injection of muscimol during the test phase only (MUStest) caused a
significant impairment (P = 0.0096) (Fig. 3b). The reversible lesion
technique enabled us to determine that dorsal striatum, unlike the
ventral striatum, did not play a role in acquisition. This scenario was
clearly demonstrated by the recovery of the MUSacq group on the test
phase (S4). The performance of the MUSacq group increased from 54%
correct on S3 to 83% on S4 (Fig. 3a). There was only a marginally
significant difference between the MUSacq and VEH (P = 0.015). This
recovery was not due to new learning in the test phase, because the
performance of the MUSacq group on the first five trials of the test phase
was identical to the performance of controls (Fig. 4a). We also tested the
MUSacq+per group in a fifth session to replicate the effect found in the

Figure 2 Response latencies (seconds) after injections in the ventral and
dorsal striatum. (a) In the ventral striatum, a one-way ANOVA showed a main
effect of drug, F245 = 3.27, P = 0.047. A Bonferroni post hoc analysis
showed that AP-5 delayed response latencies relative to the VEH groups
(P=0.014). In contrast, there was no significant difference between the
latencies of the VEH and MUS groups (P = 0.25). (b) A one-way ANOVA
showed a main effect of drug in the dorsal striatum, F, 23 = 3.91,

P = 0.035. A Bonferroni post hoc analysis showed that the AP-5 delayed the
response latencies relative to both the VEH groups (P = 0.029) and the MUS
groups (P = 0.013). However, there was no statistical difference between the
MUS and VEH groups (P = 0.48). *P < 0.05.

MUSacq group on the test phase (Fig. 4b). This group showed a similar
recovery in performance (mean, 79%; s.e.m., 4.3%). Also, the inability to
express the conditioned response was not due to a gross motor
impairment, because muscimol did not affect response latencies
(Fig. 2b). The absence of a significant deficit in the AP-5acq group
(P =0.87) is also consistent with the view that the dorsal striatum is not
involved in the acquisition of the instrumental response (Fig. 3a). As a
whole, the results imply that the dorsal striatum is involved in the
expression but not the acquisition of the information needed in this task.

Experiment 3

Our results were consistent with the hypothesis that different areas of
the striatum are involved in supporting the acquisition and expression
of an instrumental choice response. It is possible, however, that the rat’s
choice behavior in our task is not controlled by the instrumental
contingencies of the task (that is, an association between a stimulus and
a response). Instead, the rat might have just associated the two odors
with the different outcomes: A—reward and B-no reward (that is,
pavlovian conditioning). It would then approach the odor associated
with food. This hypothesis predicts that simply exposing the rats to the
A-reward and B-no reward relationships should be sufficient to
generate the correct response. To test this hypothesis, rats were simply
placed in the goal boxes containing different odors and given food or
no food (pavlovian pretraining). They were then transferred to the
standard instrumental version of the task where they had to make a
choice between the two stimuli. During the pavlovian pretraining, rats
were either exposed to the same (A+B-) odor-reward relationship that
was used in the test or to different odors (X+Y-). If odor-reward
associations mediated the rats’ choice behavior, then one would expect
that rats in the A+B— condition would display enhanced performance
when transferred to the instrumental version of the task. To measure
any transfer from pavlovian pretraining to instrumental conditioning,
we analyzed performance on the first five trials of the instrumental task.
An unpaired t-test showed no significant difference between the A+B-
group (mean, 55%) and the X+Y— group (mean, 50%), t;4 = 0.51,
P = 0.62 (Fig. 5 inset). A one-sample t-test showed that the perfor-
mance of the A+B— group was not significantly different from chance

.
a s- . b
.
N
N
@ @
3 4] 3 2]
j = c
2 2
5 g
2 Ly
0- 0-
VEH MUS AP-5 VEH MUS AP-5

NATURE NEUROSCIENCE VOLUME 10 | NUMBER 1 | JANUARY 2007

127















