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Abstract
Background—Although cognitive flexibility is mediated by different areas of the prefrontal
cortex, evidence from patients with Parkinson’s disease suggests an additional involvement of
striatal dopamine (DA) signaling. Because both dorsal and ventral striatum receive prefrontal
cortex projections, it is unclear whether DA signaling to either one or both of these regions is
required for cognitive flexibility.

Methods—Cognitive flexibility was examined with a water U-maze paradigm in which mice had
to shift from an initially acquired escape strategy to a new strategy or to reverse the initially
learned strategy. We tested mice with conditionally inactive tyrosine hydroxylase genes that can
be activated by Cre recombinase. With region-specific viral gene therapy we selectively restricted
DA signaling to either dorsal or ventral striatum.

Results—Restricting DA signaling to the ventral striatum did not impair learning of the initial
strategy or reversal-learning but strongly disrupted strategy-shifting. In contrast, mice with DA
signaling restricted to the dorsal striatum had intact learning of the initial strategy, reversal-
learning, and strategy-shifting.

Conclusions—Dopamine signaling in both dorsal and ventral striatum is sufficient for reversal-
learning, whereas only DA signaling in the dorsal striatum is sufficient for the more demanding
strategy-shifting task.
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Introduction
To disengage from previously learned behavior and adopt a new behavioral strategy
(cognitive flexibility) is a key element of executive function that declines severely in various
neurological and psychiatric conditions (1–3). Lesion experiments have implicated the
prefrontal cortex (PFC) in mediating cognitive flexibility (4–6). However, striatum and PFC
are anatomically and functionally connected by corticostriatal circuits (7), and degeneration
of nigrostriatal dopamine (DA) projections in Parkinson’s disease (PD) or damage to the
striatum itself—as in Huntington’s disease—are both associated with deficits in executive
function (3,8). Further support for a striatal component in mediating executive function
comes from experiments in which lesions or pharmacological inhibition of striatal projection
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neurons impaired executive function (9–11). These studies provided data implicating the
ventral striatum, yet the pathological DA dysfunction in PD results primarily from
degeneration of DA projections to the dorsal striatum (3). To investigate contributions of
DA projections to either dorsal or ventral striatum, we used flox-stop, DA-deficient (DD)
mice in which DA signaling can be restored by Cre recombinase. Injections of canine
adenovirus expressing Cre recombinase (CAV2- Cre) into specific brain regions allows
selective restoration of DA signaling to those regions (12). Here, we examine two aspects of
cognitive flexibility, reversal-learning, and strategy-shifting, in mice that have DA signaling
restored to either ventral or dorsal striatum.

Methods and Materials
Mice with DA signaling restricted to only the dorsal (vrDD-Dorsal) or ventral (vrDD-
Ventral) striatum were generated by injection of CAV2-Cre in DD mice; sham-control mice
received the same viral injections as DD mice (13,14) (see also Methods and Materials in
Supplement 1). Success of viral injections was verified by immunohistochemical tyrosine
hydroxylase (TH) staining of striatal sections.

Altogether 17 sham, 16 vrDD-Dorsal, and 16 vrDD-Ventral mice were first trained to
acquire a turn-based water-escape strategy in a U-maze with one black and one white arm.
Then, seven sham, eight vrDD-Dorsal, and seven vrDD-Ventral mice underwent reversal
training, in which the escape platform was now located on the opposite side. The remaining
mice were subjected to strategy-shift training, during which the position of the escape
platform was now linked to the color of the arms (cue-based strategy). As a control
procedure, seven sham, six vrDD-Dorsal, and six vrDD-Ventral mice were trained to acquire
a cue-based strategy. For all procedures the percentage of correct trials and escape latencies
to reach the platform were recorded. If a mouse made a wrong turn, it remained in the maze
until it made a correct turn (see Methods and Materials in Supplement 1).

Results
The locations of the viral injection sites are shown schematically in Figure 1A. The TH
immunostaining of the striatum in sham-control mice is shown for comparison (Figure 1B);
DD mice have no TH staining in the striatum. The CAV2-Cre injections into the dorsal
striatum of vrDD-Dorsal mice resulted in strong TH expression in the dorsolateral striatum
that also extended into the dorsomedial striatum (Figure 1C). There was no TH expression in
the ventral striatum of vrDD-Dorsal mice. In vrDD-Ventral mice, TH expression was
restored in the ventral striatum, with intense staining in the nucleus accumbens and olfactory
tubercle but also some weaker staining in the most medial part of the dorsal striatum (Figure
1F). No staining was detected in the dorsolateral striatum of vrDDVentral mice. The
intensity of TH immunostaining in the injected areas of vrDD-Dorsal and vrDD-Ventral
mice was not significantly different (p > .05); and the intensity in the noninjected areas of
vrDD mice was not significantly different from background or that in DD mice (p > .05)
(Figures S1A and S1B in Supplement 1). Because we did not detect behavioral differences
between sham animals that received CAV2-Cre injections into the dorsal versus the ventral
striatum, they are grouped together for data presentation. Detailed statistical analyses (two-
way repeated-measure analysis of variance) are provided in Table S1 in Supplement 1.
Although both vrDD-Dorsal and vrDD-Ventral mice had longer escape latencies than sham-
control mice, their acquisition of the initial response-based strategy was intact (Figures 2A
and 2B). Analysis of escape latencies demonstrated significant effects of time and group
(each p < .01) but not of time X group interaction (p > .05). Analysis of correct trials
confirmed only a significant effect of time (p < .01) but not of group or time X group
interaction (each p > .05). Sham-control and vrDD mice had intact reversal-learning, with
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vrDD-Dorsal mice showing a tendency for greater escape latencies (Figures 2C and 2D).
Analysis of escape latencies after rule-reversal confirmed significant effects of time (p < .
01) and group (p < .05) but not of time X group interaction (p > .05). However, analysis of
the percentage of correct trials/day revealed only significant effects of time (p < .01) but not
of group or time X group interaction (each p > .05). Although both virally rescued groups
performed the strategy-shift task slower than sham-control mice, vrDD-Dorsal mice learned
to shift their strategy as effectively as control subjects, but this ability was impaired in
vrDD-Ventral mice (Figures 2E and 2F). Analysis of escape latencies after the strategy shift
confirmed significant effects of time, group, and time X group interaction (each p < .01).
Post hoc comparisons showed that vrDD-Dorsal mice had significantly higher escape
latencies than sham mice on Days 1 to 3 (p < .05); vrDD-Ventral mice had only a
nonsignificant tendency for higher escape latencies. More important, analysis of the
percentage of correct trials/day revealed significant effects of time (p < .01), group (p < .05),
and time X group interaction (p < .01). Post hoc comparisons of percentages of correct trials
showed that vrDDVentral mice had significantly fewer correct trials than sham mice on days
2 (p < .05) and 3 (p < .01) and fewer correct trials than vrDD-Dorsal mice on day 3 (p < .
05). Because all groups learned a cue-based strategy equally well when trained on it first, the
differences in strategy-shifting are not due to impaired learning of the cue-based strategy by
vrDD-Ventral mice (Figure S2 in Supplement 1). We detected only a significant effect of
time (p < .01) but not of group or time X group interaction (each p > .05) on percentage of
correct trials/day. We also analyzed trial-by-trial correct choices on each first day of
acquisition, reversal, and strategy-shift conditions but did not detect significant effects of
group for any of these conditions (p >.05) (see Results in Supplement 1).

Discussion
Where as most pharmacological and lesioning studies have implicated the ventral striatum in
mediating cognitive flexibility (9– 11), deficits observed in PD suggest an additional
involvement of the dorsal striatum (3,15). Here, we demonstrate that, although restriction of
DA-signaling to the ventral striatum supports reversal learning, strategy-shifting is impaired
under these conditions. In contrast, both reversal-learning and strategy-shifting are intact
when DA signaling is restricted to the dorsal striatum, suggesting that the deficit in strategy-
shifting by vrDD-Ventral mice is due to a lack of DA in the dorsal striatum. This
interpretation is supported by anatomical studies showing that pyramidal neurons in the PFC
project to medium spiny neurons (MSNs) in both dorsal and ventral striatum (16,17), hence
potentially allowing DA modulation of cognitive flexibility in both areas. Furthermore,
pharmacological inactivation of the dorsomedial striatum can impair cognitive flexibility in
rats (18). Although both groups of vrDD mice spent similar amounts of time in the water
during strategy-shift trials, we cannot rule out that differences in their ability to respond to
experimental stress contribute to the learning-deficit in vrDDVentral mice. Because we have
shown that vrDD-Ventral mice swim slower (14) and have similar observations for vrDD-
Dorsal mice, their increased escape latencies are predominantly due to reduced swim-speed.
Whereas our experiments explore the role of DA signaling, most pharmacological and lesion
experiments explore the role of striatal MSNsin integrating dopaminergic and glutamatergic
signaling and generating an appropriate output. Hence, inhibiting or ablating MSNs in the
ventral striatum probably has wider consequences than just removing DA. Pharmacological
manipulations of DA receptors in the ventral striatum impact cognitive flexibility (10),
suggesting that the complete absence of DA signaling in the ventral striatum of vrDD-Dorsal
mice is not equivalent to an imbalance of DA-receptor–mediated signaling in this region.
We used a water-escape task rather than a food-reward task, because mice with DA
signaling only in the ventral or dorsolateral striatum had impaired food-reward learning but
intact water-escape learning (13,14). We therefore wanted to separate cognitive/strategic
components of maze-learning from reward by designing a task that either vrDD-Dorsal or
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vrDD-Ventral mice could learn as well as control mice—which is important, because the
ventral striatum is heavily implicated in motivational aspects of food-reward learning (19). It
is possible that strategy-shifting and reversal-learning have different motivational
requirements and are therefore differentially affected by DA manipulations. Although both
dorsal and ventral striatum receive input from the PFC (16,17), they receive different
projections (e.g., from the sensorimotor cortex [dorsal striatum] and the hippocampus
[ventral striatum]), which might also contribute to differences in DA mediation of strategy
shifting (20). Overall, we show that cognitive flexibility is critically dependent on both
activity of MSNs and their DA modulation in the dorsal striatum. However, depending on
the motivational drive, cognitive flexibility is probably also modulated by activity in the
nucleus accumbens (9).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Restriction of dopaminergic signaling to the striatum of vrDDDorsal and vrDD-Ventral
mice. Tyrosine hydroxylase (TH) (red) immunostaining was visualized in coronal sections
of the striatum from control and vrDD mice. (A) Schematic illustration of the Th-restoration
strategy, depicting viral injections into the dorsal and ventral striatum of vrDD and control
mice. (B) TH expression pattern in sham control mice. (C) TH expression found in vrDD-
Dorsal mice. Expression was restricted to the dorsal striatum with strong immunostaining in
both lateral and medial regions. (D) TH expression found in vrDD-Ventral mice. Expression
was strongest in the nucleus accumbens with some immunostaining in the dorsomedial
striatum and the olfactory tubercle.
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Figure 2.
Cognitive flexibility by sham and vrDD mice. (A) Escape latencies and (B) percentage of
correct trials/training day during pretraining of the turn-based strategy. Sham control, vrDD-
Dorsal, and vrDD-Ventral mice reached > 80% correct trials on the third training day.
Escape latencies by vrDD mice were elevated compared with sham control mice. (C) Escape
latencies and (D) percentage of correct trials/training day during reversal-learning. Although
vrDD mice performed slower than sham control mice, all groups reached > 80% correct
trials on the fourth training day. (E) Escape latencies and (F) percentage of correct trials/
training day during pretraining of the turn-based strategy. Strategy-shifting was impaired in
vrDD-Ventral mice. Sham-control and vrDD-Dorsal mice reached > 80% correct trials on
the third training day; vrDD-Ventral mice required 6 training days to reach this criterion.
Significant main effects of group (**p < .01; *p < .05). Data are means ± SEM.
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