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The dorsal striatum, which contains the dorsolateral striatum (DLS) and dorsomedial striatum (DMS), integrates the acquisition and
implementation of instrumental learning in cooperation with the nucleus accumbens (NAc). The dorsal striatum regulates the basal
ganglia circuitry through direct and indirect pathways. The mechanism by which these pathways mediate the learning processes of
instrumental actions remains unclear. We investigated how the striatal indirect (striatopallidal) pathway arising from the DLS contrib-
utes to the performance of conditional discrimination. Immunotoxin targeting of the striatal neuronal type containing dopamine D,
receptor in the DLS of transgenic rats resulted in selective, efficient elimination of the striatopallidal pathway. This elimination impaired
the accuracy of response selection in a two-choice reaction time task dependent on different auditory stimuli. The impaired response
selection was elicited early in the test sessions and was gradually restored as the sessions continued. The restoration from the deficits in
auditory discrimination was prevented by excitotoxic lesion of the NAc but not by that of the DMS. In addition, lesion of the DLS
mimicked the behavioral consequence of the striatopallidal removal at the early stage of test sessions of discriminative performance. Our
results demonstrate that the DLS-derived striatopallidal pathway plays an essential role in the execution of conditional discrimination,
showing its contribution to the control of selection accuracy of learned motor responses. The results also suggest the presence of a

mechanism that compensates for the learning deficits during the repetitive sessions, at least partly, demanding accumbal function.

Introduction

Accumulating evidence indicates important roles for the dorsal
striatum, nucleus accumbens (NAc), and their linked structures
in the acquisition and implementation of instrumental condi-
tioning (Cardinal et al., 2002a; Packard and Knowlton, 2002;
Everitt and Robbins, 2005; Balleine et al., 2009). The dorsal stria-
tum contains the dorsolateral striatum (DLS) and dorsomedial
striatum (DMS) characterized by dense innervations from the
sensorimotor and prefrontal cortices, respectively (McGeorge
and Faull, 1989; Gabbott et al., 2005). The DLS and DMS possess
dissociable roles for goal-directed and habitual learning processes
(Yin et al., 2004, 2009). In particular, excitotoxic lesion of these
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subregions impairs selection and initiation of motor responses in
sensory discrimination tasks (Brown and Robbins, 1989; Feath-
erstone and McDonald, 2004, 2005). The NAc receives inputs
from various brain regions including the prefrontal cortex, hip-
pocampus, and amygdala (Groenewegen et al., 1999) and acts to
mediate instrumental responding (Reading et al., 1991; Kelley et
al., 1997). The functional connectivity between the dorsal stria-
tum and NAc through the ventral midbrain is involved in the
development and performance of habitual learning (Belin and
Everitt, 2008).

The dorsal striatum projects to the output nuclei in basal gan-
glia circuit, including the substantia nigra pars reticulata (SNr)
and entopeduncular nucleus, which form the feedback loop to
the cortical areas (Alexander and Crutcher, 1990; Parent and
Hazrati, 1995). Striatal projections consist of two subpopulations
of GABAergic medium spiny neurons that constitute the direct
and indirect pathways. The striatonigral neurons in the direct
pathway provide monosynaptic inhibition to the output nuclei,
whereas the striatopallidal neurons in the indirect pathway in-
hibit the globus pallidus (GP). The GP neurons connect to the
output nuclei monosynaptically or via the subthalamic nucleus
(STN). These two pathways have been considered to regulate
motor functions through their opposing influences on the output
activity. A recent optogenetic study shows that excitation of stria-
tonigral and striatopallidal neurons acts bidirectionally on loco-
motion and its initiation (Kravitz et al., 2010). Silencing of the
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Generation of Tq rats expressing IT receptor under the control of the Drd2 gene promoter. 4, Structure of the transgene construct. The gene cassette encoding IL-2Ra/mVenus followed

by the SV40 early gene polyadenylation signal (pA) was introduced into the place of the initiation codon in exon 2 of the rat Drd2 gene. Exons 1-3 of the rat Drd2 gene are shown. Open and closed
boxes indicate the 5"-noncoding and coding regions, respectively. E, EcoRl; H, Hindlll. B, Detection of endogenous fluorescence in sections through the striatum prepared from Tg and non-Tg rats.
Transgene expressionis observed in the DLS, DMS, NAc, and ventral pallidum (VP) in the Tg rats. ac, anterior commissure. C, Tripleimmunofluorescence histochemistry for mVenus, D,R, and D,R with
sections through the DLS. mVenus-, D,R-, and D,R-positive signals are shown in green, blue, and red, respectively. In a merged image, green signals overlap with red signals, and thus emit yellow
signals. Lower images are magnified views of squares in upper images. D, Immunofluorescence histochemistry for mVenus with sections through the ventral midbrain. Transgene expression is

observed in the SNcand VTA in the Tg rats. Scale bars: B, 1 mm; C, 20 um; D, 400 wm.

activity of these neurons alters differentially behavioral sensitiza-
tion to psychostimulant treatment (Ferguson et al., 2011). In
addition, targeting of the striatonigral pathway reveals that this
pathway modulates response time in sensory discrimination (Fu-
kabori et al., 2012). However, less is known how the striatopalli-
dal pathway controls the mechanism underlying learning
processes of instrumental actions.

We addressed the behavioral role of striatal indirect pathway
arising from the DLS in the performance of auditory conditional
discrimination. We induced selective elimination of striatal neu-
ronal type containing dopamine D, receptor (D,R) in transgenic
(Tg) rats by immunotoxin (IT)-mediated cell targeting (Ko-
bayashi et al., 1995). Elimination of the striatopallidal pathway
disturbed the accuracy of response selection at the early phase in
execution of conditional discrimination, and the disturbed per-
formance was recovered during the continuing sessions. The re-
covery of learning deficits was prevented by excitotoxic lesion of
the NAc but not by that of the DMS. Our data show that DLS
striatopallidal pathway is engaged in the process controlling se-
lection accuracy of learned motor responses, suggesting that the
learning deficits can be compensated, at least partly, through
accumbal function.

Materials and Methods

Generation of Tg rats. A rat bacterial artificial chromosome (BAC) clone
encoding the D,R gene (Drd2, CH230-11B15) was selected from the
CHORI-230 Female Brown Norway rat BAC Library (BACPAC Re-
sources Center, Children’s Hospital Oakland Research Institute) by
search of the rat BAC ends database at the National Center for Biotech-
nology Information. The gene cassette encoding human interleukin-2
receptor a-subunit (IL-2Re) fused to a variant of enhanced yellow fluo-
rescent protein or mVenus (Hatsuzawa et al., 2006) followed by the SV40

early gene polyadenylation signal was introduced into the place of the
initiation methionine codon in exon 2 of the rat Drd2 gene by use of a
Red/ET quick and easy BAC modification kit (Gene Bridges) (see Fig.
1A). The transgene construct (~250 kb) was linearized by PI-Scel diges-
tion and purified by pulse field gel electrophoresis. The construct was
microinjected into fertilized Long—Evans rat eggs, which were then im-
planted into pseudopregnant females. Tg rats were identified by South-
ern blot hybridization or PCR with genomic DNA prepared from tail
clips. Animal care and handling procedures were conducted in accor-
dance with the guidelines established by the Experimental Animal Center
of Fukushima Medical University.

Intracranial surgery. Rats were anesthetized with sodium pentobarbital
(50 mg/kg, i.p.), and subjected to unilateral or bilateral intrastriatal injection
as described previously (Kobayashi et al., 2012). Anti-Tac (Fv)-PE38, which
is a recombinant IT composed of anti-IL-2Ra monoclonal antibody vari-
able region fused to a bacterial exotoxin fragment (Kreitman et al.,
1994), was diluted to a final concentration of 10 pg/ml in PBS con-
taining 0.1% rat serum albumin. The IT solution or PBS (0.8 ul/site)
was injected into 12 sites of the DLS through a glass micropipette,
which was stereotaxically introduced by using the coordinates accord-
ing to an atlas of the rat brain (Paxinos and Watson, 2005). The antero-
posterior, mediolateral, and dorsoventral coordinates (millimeters)
from bregma and dura were 1.2/2.65/2.8 (site 1), 1.2/2.65/3.45 (site 2),
1.2/3.4/3.05 (site 3), 1.2/3.4/3.7 (site 4), 0.4/3.15/2.95 (site 5), 0.4/3.15/
3.5 (site 6), 0.4/4.3/3.35 (site 7), 0.4/4.3/3.9 (site 8), —0.4/3.65/3 (site 9),
—0.4/3.65/3.55 (site 10), —0.4/4.3/3.45 (site 11), and —0.4/4.3/4.05 (site
12) (see Fig. 2A). Injection was performed at a constant flow rate of 0.4
ul/min with a microinfusion pump.

For anterograde axonal labeling, a solution containing 5% biotinyl-
ated dextran amine (BDA; molecular weight 10,000, Life Technologies)
was injected into six sites of the DLS (0.1 ul/site) by using the anteropos-
terior, mediolateral, and dorsoventral coordinates (millimeters) from
bregma and dura: 1.2/2.65/3.45 (site 1), 1.2/3.4/3.7 (site 2), 0.4/3.15/3.5
(site 3), 0.4/4.3/3.9 (site 4), —0.4/3.65/3.55 (site 5), and —0.4/4.3/4.05
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Figure 2.

Selective targeting of the striatopallidal pathway arising from the DLS. Rats were unilaterally injected with IT or PBS into their DLS and processed for histological analysis. 4, Schematic

illustration of coordinates for the injection. The anteroposterior coordinates (millimeters) from bregma are shown. B, Cresyl violet staining of sections through the striatum prepared from the rats
7 d after the injection. C, In situ hybridization analysis of medium spiny neurons. Sections were hybridized with labeled riboprobe for a rat D,R or D,R sequence (CT) or for a rat PPTA or PPE sequence
(€2).Top, light microscopicimages of the dorsal striatum on the [T-injected side. Bottom, magnified views of the DLS region. Cell counts of in situ hybridization images are also shown (€3). The ratio
of cell number on the [T-injected side relative to that on the PBS-injected side was calculated. n = 4for each group. *p << 0.001, significant differences from the non-Tg rats (Student's t test). D, Time
course of neuron elimination. Striatal sections were prepared from the rats on different days after the injection and stained by in situ hybridization with the D,R probe. The ratio of cell number on the
[T-injected side relative to that on the PBS-injected side is plotted. n = 4 for each group. **p << 0.01, compared with the non-Tg group, LSD test. E, Anterograde axonal tracing. Rats were injected
bilaterally with BDA solution into their DLS and then used for unilateral treatment with IT or PBS. Sections through the GP and SNr were stained for BDA signals. The arrow indicates the reduced
density of striatopallidal nerve terminals on the [T-injected side of the Tg rats. Scale bars: 4, T mm; B, €, E, 500 pum.

(site 6). Injection was performed at a constant velocity of 0.1 ul/min with
the microinfusion pump.

For excitotoxic lesion, a solution containing 8 mg/ml ibotenic acid
(IBO; Wako Pure Chemical) was injected into two sites of the NAc or
three sites of the DMS/DLS (0.25 ul/site). The anteroposterior, me-
diolateral, and dorsoventral coordinates (millimeters) from bregma
and dura were 2.2/1.4/6 (site 1) and 1.6/1.4/6.5 (site 2) for the intra-
accumbal injection, 1.8/1.8/3.2 (site 1), 1.1/2.0/3.1 (site 2), and 0.3/
2.3/3.2 (site 3) for the intra-DMS injection, and 1.6/3.2/3.7 (site 1),
0.8/3.9/4 (site 2), and —0.5/4.5/3.8 (site 3) for the intra-DLS injec-
tion. Injection was performed at a constant velocity of 0.1 wl/min with
the microinfusion pump.

Histology. Rats were anesthetized with sodium pentobarbital and per-
fused transcardially with PBS followed by 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4. Fixed brains were cut into sections (30 wm
thick) through a coronal plane with a cryostat. For immunohistochem-
istry, the sections were incubated with primary antibodies for IL-2Re
(goat, 1:10,000; Sigma-Aldrich), green fluorescent protein (GFP; rabbit,
1:2000, Life Technologies), choline acetyltransferase (rabbit, 1:200; Mil-
lipore), parvalbumin (rabbit, 1:1000; Sigma-Aldrich), somatostatin
(rabbit, 1:1000; Dako), calretinin (rabbit, 1:1000; Millipore), tyrosine
hydroxylase (TH; mouse, 1:300; Millipore), vesicular glutamate trans-
porter 1 (rabbit, 1:1000; Synaptic Systems), vesicular glutamate trans-
porter 2 (rabbit, 1:1000; Synaptic Systems) or NeuN (mouse, 1:400;
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Impact of ITinjection on striatal interneuronal types, midbrain dopaminergic neurons, and synaptic terminalsin the DLS. 4, Localization of striatal interneuronal types. Sections through

the dorsal striatum were stained immunohistochemically for specific markers of the interneurons, including choline acetyltransferase (ChAT) for cholinergic interneurons and parvalbumin (PV),
somatostatin (SS), and calretinin (CR) for GABAergic interneurons. Light microscopic images of the DLS on the IT-injected side are shown (A7). Cell number ratios for the immunohistochemical
images on the [T-injected side relative to the PBS-injected side were calculated (42). n = 4 for each group. B, Morphology of midbrain dopaminergic neurons. Sections through the ventral midbrain
including the SNcand VTA were stained immunohistochemically for TH. Light microscopicimages on the IT-injected side are shown (B7). Cell number ratios for the immunohistochemical images on
the IT-injected side relative to the PBS-injected side were calculated (B2). n = 4 for each group. C, Distribution of dopaminergic and glutamatergic nerve fibers. Striatal sections were stained
immunohistochemically for THand vesicular glutamate transporters 1/2 (VGIuT1/2) to visualize dopaminergic and glutamatergic fibers, respectively. Light microscopicimages on the IT-injected side

are presented. Scale bars: 4, 100 .em; B, 400 m; C, 1 mm.

Millipore Bioscience Research Reagents), and then with biotinylated
secondary antibodies (anti-rabbit IgG, 1:1000 and anti-mouse IgG,
1:500; Jackson ImmunoResearch Laboratories and anti-rat IgG 1:250,
MP Biomedicals). The immunoreactive signals were visualized by
using a Vectastain Elite ABC kit with 3,3’-diaminobenzidine tetrahy-
drochloride/H,0, as the chromogen (Vector Laboratories). For triple
immunofluorescence histochemistry, sections were incubated with
anti-GFP antibody (goat, 1 ug/ml; Frontier Science), anti-dopamine
D, receptor (D;R) antibody (guinea pig, 1 mug/ml) (Narushima et al.,
2006), and anti-D,R antibody (rabbit, 1 pug/ml) (Narushima et al., 2006),
and then with species-specific secondary antibodies conjugated to Alexa
488 (Invitrogen), Cy3, or Cy5 (Jackson ImmunoResearch). Fluorescent
images were obtained with a confocal laser-scanning microscope
equipped with proper filter cube specifications. For axonal labeling, the
signals containing BDA were visualized with the Vectastain Elite ABC kit
using 3,3’-diaminobenzidine tetrahydrochloride/H,O, and nickel am-
monium sulfate.

For in situ hybridization, fresh-frozen sections (10 wm thick)
through the striatum were fixed in a solution of 4% paraformaldehyde
in 0.1 M phosphate buffer and treated with 0.1 M triethanolamine, pH
8.0, containing 0.25% acetic anhydride. The sections were then hy-
bridized with antisense RNA probes labeled by using in vitro tran-
scription with digoxigenin-11-UTP (Roche). The signals were
visualized with a nonradioactive detection system using anti-
digoxigenin Fab fragment conjugated to alkaline phosphatase
(Roche). The number of stained cells in a region of interest (0.75 X
0.75 mm) in the DLS was counted, and four sections from a single
animal were selected for cell counts.

Behavioral analysis. Age-matched male rat littermates (12-15 weeks
old) were used for the behavioral experiments. Rats were handled for 3-5

d before the experiments, and the food feeding was controlled to main-
tain 85% of ad libitum weight for operant conditioning tasks. The audi-
tory two-choice reaction time and progressive ratio tests were conducted
in an operant chamber (30.5 X 24.1 X 29.2 cm) equipped with a pellet
receptacle in the center of a front panel (ENV-007CT; MED Associates),
two retractable levers mounted at either side of the receptacle, and a
speaker linked to a programmable tone generator (ENV-230; MED As-
sociates). The chamber was enclosed in a sound-attenuating box and
illuminated with a house light during the trials. Rats were shaped to press
the lever to obtain the delivery of a 45 mg food pellet (Bio-Serv).

For the auditory two-choice reaction time task, a training schedule was
composed of two continuous phases. In the first phase, the rats were
required to press one of the two levers (right or left) randomly presented
for food pellet delivery. In the second phase, the rats were reinforced to
press one of these two levers dependent on different auditory stimuli
(tone A of 10 kHz, 75 dB for the right lever; and tone B of 2 kHz, 75 dB for
the left one) within a 5 s test period after the onset of lever presentation.
The tone stimulation proceeded for 0.5 s before the lever presentation
and continued until the emission of lever press responses. The intertrial
interval was 20 s throughout these two phases. Each session was ended
when 40 rewards were earned or when 30 min had elapsed. The rats,
when they had earned 100 rewards in the first phase, advanced to the
second phase. When the average of the correct response ratio in 3 con-
secutive d attained >80% in the second phase, they received the intra-
cranial injection. After a 7 d recovery from the surgery, the animals were
tested by the same task program as used in the second phase.

For the open field test, rats were placed in the center of an open field
(width X depth X height, 70 X 70 X 40 cm) equipped with a digital video
camera to monitor the animal behavior. Spontaneous locomotion was
recorded during a 60 min test period. Total distance and average velocity
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Figure4. Performance of auditory discrimination inrats lacking the striatopallidal pathway originating from the DLS. Rats (n = substantia nigra pars compacta (SNc¢) and

12-16 for each group) were trained for the auditory two-choice reaction time task. After the rats had achieved the 80% criterion,
they were given a bilateral injection of IT or PBS into the DLS, and then tested for the task performance. The correct response ratio
(A), correct response time (B), and omission ratio (C) in each session are plotted. The values at the pretreatment phase (Pre) are the
averages at 3 d before the injection. **p << 0.01, compared with each of the non-Tg/PBS, non-Tg/IT, and Tg/PBS groups; *p <
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groups, LSD test.

of ambulation for every 10 min session were measured by using a video
tracking software (Viewer2; Biobserve).

For the progressive ratio test, rats were initially trained by using a
continuous reinforcement schedule for four consecutive daily sessions
and then a fixed ratio 4 schedule for six consecutive daily sessions. In the
continuous reinforcement schedule, each lever press was reinforced with
the delivery of a food pellet, and in the fixed ratio 4 schedule every fourth
lever press was reinforced by the same reward. Each session lasted 30 min.
The rats were thereafter injected intracranially, and 7 d later the progres-
sive ratio task was started. The rats had to make a criterion number of
lever presses to obtain a reward. The criterion was set at two lever presses
for the first trial, and then doubled with each successive trial. A test
session ended after 2 h or when the rats had made no response duringa 3
min period. The total number of lever presses or rewards was counted
during the session.

Statistical analysis. ANOVA, post hoc least significant difference (LSD)
test, and Student’s ¢ test were used for statistical comparisons with sig-
nificance set at p < 0.05. All values were expressed as the mean = SEM of
the data.

Results

Generation of Tg rats for targeting striatopallidal pathway

In our experimental strategy, Tg animals that express IL-2Ra
under the control of a cell type-specific promoter are generated.
These animals are then treated with a recombinant IT, which
consists of anti-IL-2Ra monoclonal antibody variable region
fused to a bacterial exotoxin fragment, resulting in ablation of
target cell types harboring IL-2Ra (Kobayashi et al., 1995). To
express the human IL-2Ra gene in the striatopallidal neurons in
rats, we produced a transgene construct, in which the gene cas-
sette containing the human IL-2Ra/mVenus fusion protein (Fu-
kabori et al., 2012) followed by the polyadenylation signal was
introduced into exon 2 of the rat Drd2 gene in a BAC clone (Fig.

ventral tegmental area (VTA) in the Tg rats
(Fig. 1 D). These data suggest neuronal type-
specific expression of the transgene driven
by the rat Drd2 gene promoter. In this study,
we used the Drd2-IL-2Ra/mVenus-76 Tg
and non-Tg littermates for the experiments
described below.

IT injection eliminates striatopallidal pathway in Tg rats

The DLS and DMS have distinct roles in the acquisition and
performance of discrimination tasks associated with sensory
stimuli (Brown and Robbins, 1989; Featherstone and McDonald,
2004, 2005). In the present study, we focused on the role of the
striatopallidal pathway arising from the DLS in the performance
of auditory discrimination. To induce selective elimination of the
neural pathway, we injected rats unilaterally with I'T solution (8
ng/site) or PBS into the DLS via stereotaxic surgery (Fig. 2A). Brains
were processed 7 d after the injection, and sections through the stria-
tum were stained with cresyl violet. There was no grossly visible
damage seen on the IT- or PBS-injected side in either type of rat (Fig.
2B). Striatal sections were analyzed by in situ hybridization with a
riboprobe covering the DR or D,R sequence (Fig. 2CI). A loss of
D,R-containing neurons was visualized on the IT-injected side of
the striatum in the Tg rats, and the cell loss was restricted to the DLS,
not extending to the DMS and NAc. In contrast, D,;R-containing
neurons were preserved in the DLS of the IT-injected Tg rats. The
number of DLS neurons containing D, R or D,R was counted, and
the ratio of the number on the IT-injected side to that on the
PBS-injected side was calculated (Fig. 2C3). The relative ratio of
the number of D,R-containing neurons was significantly reduced
in the Tg rats (6.9% of the non-Tg value, p < 0.001, Student’s ¢
test), whereas the ratio of D,R-containing cell number was indis-
tinguishable between the two types of rats. In addition, we con-
firmed the distribution of medium spiny neurons by in situ
hybridization with a riboprobe covering the preprotachykinin-A
(PPTA) or preproenkephalin (PPE) sequence (Fig. 2C2). The
number of PPE neurons in the DLS was significantly reduced in
the IT-injected Tg rats (5.3% of the non-Tg value, p < 0.001,
Student’s ¢ test), whereas that of the PPTA cells was unaltered in
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those animals (Fig. 2C3). Therefore, IT in-
jection induced the selective, efficient
elimination of neurons expressing D,R
and PPE in the Tg rat DLS.

To explore the time course of neuron elim-
ination, rats were injected unilaterally with IT
or PBS into their DLS, and striatal sections
were prepared on different days after the injec-
tion. The sections were stained by in situ hy-
bridization with the D,R riboprobe, and the
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the DLS on the IT-injected side to that on
the PBS-injected side was calculated (Fig.
2D). In the Tg rats, the cell number gradu-
ally decreased until day 7 (group effect, F, ¢,
= 329.12, p < 0.01; day effect, Fy,,,) =
40.85, p < 0.01; group X day interaction,
Flazq) = 43.28, p < 0.01, ANOVA with
repeated measures), and this decreased
cell number was sustained on day 9. To
further ascertain the elimination of the
striatopallidal pathway, we injected BDA
solution bilaterally into the DLS for an- 0
terograde axonal labeling and then IT or
PBS unilaterally into the corresponding
area. Synaptic terminals of striatal pro-
jections were visualized by BDA staining
of sections through the GP or SNr (Fig.
2E). In the Tg rats, striatopallidal syn-
aptic terminals in the GP were consider-
ably diminished on the IT-injected side
compared with those on the PBS-injected
side, whereas striatonigral synaptic terminals in the SNr seemed to be
intact on both sides. These data support the selective elimination of
the striatopallidal pathway in the IT-injected Tg animals.

The dorsal striatum contains cholinergic interneurons and
three categories of GABAergic interneurons (Kawaguchi et al.,
1995). To investigate the IT response of these interneuronal sub-
types, we injected unilaterally IT or PBS into the striatum and
performed immunostaining with antibodies against specific
markers for each cell type (Fig. 3A1). The number of interneuro-
nal types was counted, and the ratio of the number on the IT-
injected side relative to that on the PBS-injected side was
evaluated. The number of cholinergic interneurons containing
choline acetyltransferase did not differ between the two types of
rats (Fig. 3A2), suggesting that the IL-2Ra/mVenus transgene is
not expressed in cholinergic interneurons in the Tg rats probably
because of the property of the BAC clone used, although these
interneurons are known to express D,R (Aubry et al., 1993; Al-
cantara et al., 2003). The number of GABAergic interneurons
that express either parvalbumin, somatostatin, or calretinin was
also unaffected in the Tg rats (Fig. 3A2).

We checked the influence of the intrastriatal injection of IT on
the midbrain dopaminergic neurons. Immunostaining for TH
revealed no morphological changes in the cell body of dopami-
nergic neurons in the SNc and VTA in the IT-injected Tg rats
(Fig. 3BI). The number of TH-immunopositive neurons was
counted, and the ratio of the number on the IT-injected side
relative to that on the PBS-injected side was evaluated. The num-
ber of dopaminergic neurons in the SNc or VTA did not alter
between the two types of rats (Fig. 382). The data are consistent
with previous findings showing that the intrastriatal IT injection
does not affect the morphology of nigrostriatal dopaminergic
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Locomotion and motivational behavior in rats lacking the DLS-derived striatopallidal projection. A, Spontaneous
locomotion. Rats (n = 12-16 for each group) received a bilateral treatment of IT or PBS into their DLS. The rats were then placed
inthe center of the open field, and spontaneous locomotion was recorded in every 10 min session during a 60 min test period. Track
length (A7) and average velocity (42) of ambulation were analyzed by using video tracking software. B, Progressive ratio task. Rats
(n = 5or 6 for each group) were trained by using the continuous reinforcement and fixed ratio 4 schedules. The rats were given a
bilateral injection of IT or PBS into their DLS and then used for the progressive ratio task. The total number of lever presses or
rewards was counted during the session.

neurons expressing IL-2Ra in mice (Sano et al., 2003). In addi-
tion, immunostaining with antibodies against TH and vesicular
glutamate transporters 1/2 showed no gross morphological
changes in dopaminergic and glutamatergic nerve terminals in-
nervating the striatum in the IT-injected Tg animals (Fig. 3C).

Striatopallidal pathway targeting impairs auditory
discrimination performance

To evaluate how the selective removal of the DLS-derived striato-
pallidal pathway alters the performance of conditional discrimi-
nation, we used a two-choice reaction time task dependent on
different auditory stimuli (Robbins et al., 1990). In this task,
animals were reinforced to press one of two levers (right or left)
depending on two kinds of auditory stimuli (tone A of 10 kHz or
tone B of 2 kHz) within a 5 s test period after the onset of lever
presentation. A lever press on the right side in response to tone A
or on the left side in response to tone B within 5 s was defined as
a “correct response,” whereas a lever press on the opposite side
was defined as an “error response.” When the rats did not make a
choice within 55, the trial was counted as an “omission response.”
The correct response ratio was taken as the percentage of the
number of correct responses divided by the total number of cor-
rect and error responses; and the omission ratio, as the percent-
age of the number of omission responses divided by the total trial
number. Rats were trained to reach an average of a correct re-
sponse ratio of >80% in 3 consecutive d. On the next day after
achievement of this criterion, the rats were injected with IT or
PBS into their DLS; and 7 d later they were tested for the task
performance. The correct response ratio, correct response time,
and omission ratio in each session were calculated. The correct
response ratio indicated a significant difference among the four
groups of rats (Fig. 4A; group effect, F(; ,5) = 4.16, p < 0.05;
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Figure6.  Performance of auditory discrimination inrats with the eliminated DLS striatopallidal pathway and lesioned NAc. Rats
(n=7-9for each group) were trained for the auditory two-choice reaction time task. After achievement of the 80% criterion, the
rats were given a bilateral injection of IT into their DLS and a bilateral injection of IBO or PBS into their NAc, and then tested for the
task performance. 4, Schematicillustration of IBO lesion range in the NAc. After the behavioral test, brains were taken from the Tg
and non-Tg rats; and sections through the NAc were used for NeuN immunohistochemistry. The maximum (gray) and minimum
(black) ranges of the lesions are illustrated. The anteroposterior coordinates (millimeters) from the bregma are shown. B, Auditory
two-choice reaction time task. The correct response ratio (B7) and correct response time (B2) in session blocks comprising three
serial sessions are plotted. The values at the pretreatment phase (Pre) are the averages at 3 d before the injection. **p << 0.05,
compared with each of the IT/PBS- and IT/IBO-injected non-Tq groups, LSD test. Scale bar, 2 mm.
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changed stimulus (F(; 45y = 13.19, p < 0.01
for the repeated stimulus; F; 45 = 5.56, p <
0.01 for the changed stimulus, one-way
ANOVA). The probability in the changed
stimulus tended to increase as compared
with that in the repeated stimulus in the cor-
responding rat groups. These data thus sug-
gest that the disturbed selection accuracy of
auditory discrimination was not attribut-
able to the enhanced perseveration for the
previously rewarded responses.

Pathway elimination does not impact
locomotion and motivational behavior
To examine the consequences of selec-
tive ablation of the striatopallidal path-
way originating from the DLS in terms
of spontaneous locomotion, we injected
rats bilaterally with IT or PBS into their
DLS, and 7 d after the injection analyzed
them for locomotion in an open field in
10 min sessions during a test period of
60 min. Track length and average veloc-
ity of ambulation gradually decreased as
the session number increased, showing
habituation to the environment, and dis-
played no difference among the non-Tg
and Tg rats injected with PBS or IT (Fig.
5A1,A2). Additionally, we assessed moti-
vation of the rats with a deleted striatopal-
lidal pathway by using a progressive ratio
task that measures the amount of effort
that an animal continues to obtain a re-
ward. In this paradigm, rats were rein-
forced to make a set number of lever

session effect, F;s5 475y = 18.85, p < 0.01; group X session inter-
action, F(45 475y = 3.64, p < 0.01, ANOVA with repeated mea-
sures). The ratio for the IT-injected Tg rats was profoundly
reduced at the early phase of test sessions compared with that in
the IT- or PBS-injected non-Tg and PBS-injected Tg rat groups
(p <0.01 or p < 0.05, LSD test). Specially, the response ratio on
the first session was decreased nearly to the chance level. This
reduced response ratio was gradually restored to the control level
during the continuing sessions. In contrast, the correct response
time and omission ratio were not altered among the four kinds of
rat groups (Fig. 4B, C). Therefore, the elimination of the DLS
striatopallidal pathway impaired the accuracy of response selec-
tion in the execution of auditory discrimination, although it did
not substantially affect the response time or omission ratio.
Overexpression of D,R in the striatum in Tg mice disrupts con-
ditional associative learning because of perseveration for responses
that were rewarded in a previous trial (Bach et al., 2008). Because the
stimulus is randomly presented for each trial, the increased per-
severation generates a high frequency of errors when the stimulus
changes. To validate perseverative behavior in rats lacking the
striatopallidal pathway, we classified all trials in the auditory dis-
crimination task, after a correct response had been made, based on
the stimulus repeated or changed in a subsequent trial. We then
calculated the error probability, defined as the ratio of the error
response number to the correct response number, at the early phase
comprising the first three sessions (Fig. 4 D). The error probability
was significantly higher in the IT-injected Tg rats for the repeated or

presses. Two lever presses were needed for
the first trial, and the number of lever presses was doubled with
each successive trial. The rats were trained sequentially by the
continuous reinforcement and fixed ratio 4 schedules, and then
injected with IT or PBS into their DLS. After a 7 d recovery, they
started the progressive ratio task. The total number of lever
presses or rewards earned during the session was comparable
among the four rat groups (Fig. 5B). Thus, spontaneous locomo-
tion and motivational behavior appeared to be normal in the
IT-injected Tg rats, suggesting that the impaired auditory dis-
crimination performance by DLS striatopallidal elimination did
not stem from changes in the locomotion and motivational state
in these Tg animals.

NAc lesion prevents restoration from learning deficits by
striatopallidal removal

The elimination of the striatopallidal pathway reduced the correct
response ratio at the early phase of the auditory discrimination per-
formance, and this reduced performance gradually returned to the
normal level as the sessions continued. The NAc is reported to be
required for the acquisition of instrumental conditioning (Reading
et al., 1991, Kelley et al., 1997). To test whether NAc function is
involved in the recovery from the deficits in discrimination perfor-
mance in rats lacking the striatopallidal pathway, we explored the
impact of excitotoxic lesion of the NAc on learning performance of
the IT-injected Tgrats. Rats were trained for the auditory two-choice
reaction time task; and after achievement of the 80% criterion they
were given bilateral injections of IT into their DLS and of IBO
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solution or PBS into their NAc, and then
7 d later tested for the task performance
(Fig. 6 A for the range of IBO lesions). The
correct response ratio and correct re-
sponse time in session blocks comprising
serial three sessions were evaluated. The
correct response ratio revealed a signifi-
cant difference among the groups of rats
(Fig. 6BI; group effect, F(;,5 = 34.39,
p < 0.01; session block effect, Fs 149 =
38.28, p < 0.01; group X session block
interaction, F(;5,40, = 7.92, p < 0.01,
ANOVA with repeated measures). The
value for the IT/PBS-injected Tg rats was
much lower at the first session block com-
pared with that for the IT/PBS-injected or
IT/IBO-injected non-Tg control groups
(p <0.05,LSD test), and then increased at
the following session blocks to the control
level. In contrast, the correct response ra-
tio for the IT/IBO-injected Tg rats was
lower at the first session block, similarly as
for the IT/PBS-injected Tg group; but it
remained lower even during the subse-
quent session blocks (p < 0.05, LSD test).
The correct response time was not signif-
icantly different among the four rat
groups (Fig. 6 B2). Thus, the disruption of
the NAc prevented the restoration from
discrimination performance deficits in
the IT-injected Tg rats, showing the in-
volvement of the NAc in the improved
learning performance.

Another possibility that explains the
improvement of the learning deficits is
that the DMS may participate in the be-
havioral restoration in the IT-injected Tg rats. Previous studies
indicate that the DMS is implicated in the performance, but not
in the acquisition, of sensory discrimination (Featherstone and
McDonald, 2004, 2005). The DMS also modulates the response
time of learned motor actions (Brown and Robbins, 1989). To
test whether DMS function contributes to the restoration from
the disturbed discrimination performance in rats lacking the stri-
atopallidal pathway, we examined the influence of DMS lesion on
the learning performance of the IT-injected Tg rats. After rats had
attained the 80% criterion in the auditory two-choice reaction
time task, they were given bilateral injections of IT into their DLS
and of IBO or PBS into their DMS, and then tested for the task
performance (Fig. 7A, range of IBO lesions). The correct re-
sponse ratio and correct response time in session blocks compris-
ing continuous three sessions were validated. The correct
response ratio showed a significant difference among the four rat
groups (group effect, F; ,,) = 7.86, p < 0.01; session block effect,
Fs.135) = 122.21, p < 0.01; group X session block interaction,
F(i5,135 = 10.34,p <0.01, ANOVA with repeated measures). The
values for the IT/IBO-injected non-Tg and the I'T/PBS-injected
Tg groups displayed a significant decrease at the first session
block compared with that value for the IT/PBS-injected non-Tg
control group (p < 0.01, LSD test), and they were then restored
to the control level. The correct response ratio for the IT/IBO-
injected Tg group was also transiently decreased at the early
phase, showing a slight delay of the recovery compared with the
ratio for the above two rat groups (p < 0.01, LSD test), and finally
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Execution of auditory discrimination in rats with the deleted DLS striatopallidal pathway and lesioned DMS. Rats (n =
7-9for each group) were trained for the auditory two-choice reaction time task. After the 80% criterion achievement, the rats were
given a bilateral injection of IT into their DLS and a bilateral injection of IBO or PBS into their DMS, and then tested for the task
performance. 4, Schematicillustration of IBO lesion range in the DMS. After the behavioral test, brains were taken from the Tg and
non-Tg rats; then DMS sections were prepared and stained immunohistochemically for NeuN. The maximum (gray) and minimum
(black) ranges of the lesions areillustrated. The anteroposterior coordinates (millimeters) from the bregma are shown. B, Auditory
two-choice reaction time task. The correct response ratio (B7) and correct response time (B2) in session blocks comprising three
serial sessions are plotted. The values at the pretreatment phase (Pre) are the averages at 3 d before the injection. **p < 0.01,
compared with the [T/PBS-injected non-Tg group, LSD test. Scale bar, 2 mm.

returned to the control level. The correct response time exhibited
a temporal lengthening at the first session block in the IT/IBO-
injected non-Tg and Tg groups (Fig. 7B2, group effect, F(; ,,) =
2.45, p < 0.10; session block effect, F5 35, = 12.98, p < 0.01;
group X session block interaction, F;s 35 = 1.79, p < 0.05,
ANOVA with repeated measures; p < 0.01, LSD test) and ame-
liorated to the normal level at the subsequent session blocks.
These data indicate that excitotoxic lesion of the DMS disturbed
the accuracy of the response selection in the performance of au-
ditory discrimination in the non-Tg control rats, supporting the
previous view that shows the importance of the DMS in the dis-
crimination performance (Featherstone and McDonald, 2004,
2005). The DMS lesion also resulted in a transient prolongation
of correct response time in both non-Tg and Tg rats, being con-
sistent with previous data indicating the engagement of the DMS
in the response time modulation of learned motor actions
(Brown and Robbins, 1989). However, the performance deficits
caused by the DMS lesion, combined with DLS striatopallidal
elimination, were entirely restored during the repetitive test ses-
sions. The data suggest that DMS function was not necessary for
the restoration from the disturbed discrimination performance.

DLS disruption alters auditory discrimination performance

A previous study reveals that the DLS is engaged in the exec-
utive process of the sensory discrimination task (Featherstone
and McDonald, 2005), but the effect of DLS lesion on the
response time has not been defined. To ascertain the role of
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suggests that the striatopallidal pathway is
essential for the role of the DLS in the
execution of conditional discrimina-
tion. However, this pathway does not
appear to mediate the modulation of re-
sponse time during the recovery of
discriminative learning despite the ne-
cessity of the DLS for regulation of the
response time, suggesting the existence
of another neural mechanism that
serves for the temporal regulation of
motor actions in the process of learning
improvement.

Discussion
We performed selective elimination of the

IBO/PBS into DLS

O PBS

b - . D/OW 2 ® IBO striatopallidal pathway arising from the
& __ sof . §_ 15 DLS in Tg rats by using IT-mediated cell
§=_\°, L R 30 L targeting. The elimination of this pathway
=2 6ol o g g1or S g g g resulted in a marked reduction in the ac-
ge | b4 O PBS g% § curacy of response selection but did not
o B ® IBO "5' 0.5 influence the response time in auditory
(] 40 o diti 1 discriminati This im-

s Ll ol Lo conditional - discrimination.  This im
Pre 1 2 3 4 5 Pre 2 3 4 s paired response selection was induced at

Session block Session block the early phase of test sessions and gradu-

ally restored to the normal level as the ses-
Figure 8.  Auditory discrimination performance in animals with DLS disruption. Long—Evans rats (n = 8 or 9 for each group) ~ sions continued. The restoration from the

were trained for the auditory discrimination task. After the 80% criterion achievement, the rats received a bilateral injection of 1BO
or PBS into their DLS, and then were tested for the task performance. 4, Schematicillustration of IBO lesion range in the DLS. After
the behavioral test, brains were removed from the IBO-treated rats; and DLS sections were prepared and used forimmunostaining
for NeuN. The maximum (gray) and minimum (black) ranges of the lesions are illustrated. The anteroposterior coordinates (milli-
meters) from the bregma are shown. B, Auditory two-choice reaction time task. The correct response ratio (B7) and correct
response time (B2) in session blocks comprising three serial sessions are plotted. The values at the pretreatment phase (Pre) are the
averages at 3 d before the injection. **p << 0.01; *p << 0.05, compared with the PBS-injected group, LSD test. Scale bar, 2 mm.

the DLS in the auditory two-choice reaction-time task used in
this study, we trained Long—Evans rats to fulfill the 80% crite-
rion in the task and then injected IBO or PBS into their DLS;
and 7 d later they were tested for the task performance (Fig.
8 A, IBO lesion range). The correct response ratio and correct
response time in session blocks comprising three serial sessions
were calculated. The response ratio was significantly different
between the two groups (Fig. 8 BI; group effect, F, ;5, = 21.00,
p < 0.01; session block effect, F5 ,5, = 20.49, p < 0.01; group X
session block interaction, F(s ;5, = 11.36, p < 0.01, ANOVA with
repeated measures). The value for the IBO-treated rat group was
declined after the treatment compared with that for the PBS-
treated rat group, and gradually approached the control value
along with the continuation of sessions (p < 0.01 or 0.05, LSD
test). The correct response time for the IBO-treated group was
indistinguishable from that for PBS-treated group at the early
stage (session blocks 1-3), but it was lengthened moderately at
the later stage (session blocks 4 and 5) (Fig. 8 B2; group effect,
F, 15y = 2.77, not significant; session block effect, F5 ;5, = 5.28,
P < 0.01; group X session block interaction, Fs ;5) = 7.00, p <
0.01, ANOVA with repeated measures; p << 0.05, LSD test). These
data indicate that the DLS was required for the accuracy of re-
sponse selection in the performance of auditory discrimination
and the regulation of correct response time at the late stage of test
sessions, which corresponds to the recovery phase from the learn-
ing deficits.

Comparison of the aforementioned data with the results ob-
tained from the pathway-specific targeting in the IT-injected Tg rats

deficits in discriminative performance
was blocked by excitotoxic lesion of the
NAc but not by that of the DMS. In addi-
tion, lesion of the DLS mimicked the be-
havioral consequence of the deletion of
striatopallidal pathway at the early stage of
the auditory discrimination task. These
results highlight that the DLS-derived
striatopallidal pathway is essential for the
execution of conditional discrimination, showing its contribu-
tion to the control of selection accuracy of learned motor re-
sponses. The results also suggest that the deficits in learned motor
selection can be restored during the repetitive sessions, at least in
part, depending on accumbal function.

The major finding in the present study is the significance of
the DLS-derived striatopallidal pathway in the regulation of the
accuracy of response selection in conditional discrimination. An-
atomical and electrophysiological studies show that the striato-
pallidal neurons provide GABAergic inhibition to the GP
(Preston et al., 1980; Chang et al., 1981; Nambu and Llinas, 1994;
Oviedo et al., 2008) and that the GP neurons send GABAergic
inhibition to the output nuclei and STN (Rouzaire-dubois et al.,
1980; Bevan et al., 1997; Sato et al., 2000). The STN neurons exert
glutamatergic excitation to the output nuclei and also influence
GP activity via axonal collaterals (Robledo and Féger, 1990; Na-
kanishi et al., 1991). A model of basal ganglia circuitry proposes
that the striatopallidal activation causes the increased firing ac-
tivity of output neurons and thereby suppresses voluntary move-
ment (Mink, 1996; Hikosaka et al., 2000). In addition, reciprocal
connections between the GP and STN neurons produce network
rhythmicity (Plenz and Kitai, 1999; Bevan et al., 2002). Targeted
ablation of the STN cells modulates not only the spontaneous
firing rate but also the spiking pattern of the GP and output neurons
(Yasoshima et al., 2005). This evidence suggests that the elimination
of the DLS striatopallidal pathway in the IT-injected Tg rats alters the
rate or pattern of neuronal firing in the basal ganglia nuclei. The



13430 - J. Neurosci., September 26, 2012 - 32(39):13421-13432

altered neural activity may interfere with expression of specific mo-
tor actions in response to the sensory stimuli, thereby leading to the
impaired accuracy of response selection in the performance of dis-
criminative behavior.

Striatal D,R overexpression in mice disturbs conditional associa-
tive learning due to increased perseveration for the previously re-
warded responses (Bach et al., 2008). However, the increased
perseveration did not account for the reduced selection accuracy in
the auditory discrimination in our IT-injected Tg rats. A previous
study with a five-choice reaction time task in rats indicates an eleva-
tion in perseverative response by excitotoxic lesion of the DMS but
not by that of the DLS (Rogers et al., 2001). Lesion of the DMS in rats
or of the medial striatum in marmoset monkeys also impairs rever-
sal learning because of elevated perseverative responses (Clarke et
al., 2008; Castané et al., 2010). These results indicate that perse-
verative behavior predominantly involves DMS function, being
in accord with the observation that the removal of the DLS-
derived striatopallidal pathway did not generate the increased
perseveration in discrimination performance. Again, spontane-
ous locomotion and motivational behavior, assessed by the pro-
gressive ratio task, were apparently normal in the IT-injected Tg
rats. Elimination of the striatopallidal neurons from the whole
region of the dorsal striatum enhances spontaneous locomotion
(Sano et al., 2003). The difference in spontaneous locomotion
effects suggests that the pathway elimination from this restricted
subregion in the dorsal striatum may not substantially affect lo-
comotor activity. Lesion of the dorsal striatum causes no change
in the performance of the progressive ratio task (Eagle et al.,
1999), supporting the lack of effect of deleted striatopallidal path-
way on motivational behavior.

Excitotoxic lesion of the DLS reduced the accuracy of response
selection but did not apparently change the correct response time
in the performance of auditory discrimination (at the early
phase). The results of a previous study using the five-choice re-
action time task indicate that the correct response time of learned
motor actions is lengthened by lesion of the DMS but not by that
of the DLS (Brown and Robbins, 1989). IT targeting of the stria-
tonigral pathway originating from the DMS elicits a delayed mo-
tor response in the execution of visual discrimination (Fukabori
et al., 2012). These data imply that the DMS, through the stria-
tonigral pathway, mainly acts to regulate the correct response
time in the performance of discriminative behavior. In contrast,
the DLS lesion moderately prolonged the motor response at the
late stage of test sessions, whereas IT targeting of the striatopalli-
dal pathway from the DLS did not alter the response time of
discrimination. Our data demonstrate the engagement of the
DLS in response time modulation during the recovery process,
and this modulation is independent of the function of the striato-
pallidal pathway. The temporal regulation of motor response
during the learning improvement may be conveyed through the
striatonigral pathway derived from the DLS, although the de-
tailed neural mechanism underlying the response time regulation
remains to be clarified.

The deficits in learning performance in rats lacking the
DLS-derived striatopallidal pathway were restored during the
subsequent sessions, at least in part, depending on accumbal
function. Because the NAc is involved in the acquisition of
instrumental conditioning (Reading et al., 1991; Kelley et al.,
1997), our data suggest that the performance deficits in the
IT-injected Tg rats may be improved by reacquisition of audi-
tory discrimination. Previous behavioral studies show that ex-
citotoxic lesion of the NAc disrupts Pavlovian conditioning
processes, such as appetitive approach behavior (Parkinson et
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al., 2000; Cardinal et al., 2002b) and conditioned place preference
(Everitt et al., 1991). The NAc lesion also impairs Pavlovian in-
fluences on the lever pressing (Pavlovian-instrumental transfer),
in which presentation of reward-predictive stimuli triggers in-
strumental responding after both Pavlovian and instrumental
trainings (Corbit et al., 2001; Hall et al., 2001). On the contrary,
such lesion does not appear to affect the response-reward con-
tingency in goal-directed behavior (Balleine and Killcross, 1994).
These data suggest that the NAc mediates the processes of Pav-
lovian conditioning and Pavlovian-instrumental transfer and
contributes to the reacquisition of auditory discrimination to
improve the learning deficits caused by the striatopallidal dele-
tion. In addition, excitotoxic lesion of the DLS appeared to delay
the recovery from the learning deficits at the late test sessions
compared with the selective targeting of the DLS striatopallidal
pathway. The data suggest that other types of neurons including
striatonigral neurons in the DLS may be partially involved in the
recovery process of learning performance. The neural mecha-
nism that explains how other DLS neurons contribute to the
learning improvement remains to be addressed in the future.

In conclusion, we found that IT targeting of the striatal indirect
pathway arising from the DLS impairs the accuracy of selection of
motor responses in conditional discrimination performance. Our
previous study indicates that a moderate level of ablation of the
striatal direct pathway from the DMS, but not from the DLS, pro-
longs the correct response time in visual discrimination (Fukabori et
al., 2012). Although the role of the DMS-derived indirect pathway in
discriminative behavior has not yet been defined, the learning defi-
cits in animals lacking striatofugal pathways may partly represent the
cognitive impairments seen in Parkinson’s disease and Huntington’s
disease (Jackson et al., 1995; Brown et al., 2001; Smith and McDow-
all, 2004). A clearer delineation of the neural circuit mechanism that
governs instrumental learning will be useful to elucidate the patho-
physiology underlying cognitive symptoms related to neurologic
and neurodegenerative diseases.
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