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Abstract

Both the dorsal and ventral striatum have been demonstrated to have a critical role in
reinforcement learning and addiction. Dissecting the specific function of these striatal
compartments and their associated nigrostriatal and mesoaccumbens dopamine pathways,
however, has proved difficult. Previous studies using lesions to isolate the contribution of
nigrostriatal and mesoaccumbens dopamine in mediating the locomotor and reinforcing effects of
psychostimulant drugs have yielded inconsistent and inconclusive results. Using a naturally
occurring mutant mouse line, aphakia, that lacks a nigrostriatal dopamine pathway but retains an
intact mesoaccumbens pathway, we show that the locomotor activating effects of cocaine,
including locomotor sensitization, are dependent on an intact nigrostriatal dopamine projection. In
contrast, cocaine reinforcement, as measured by conditioned place preference and cocaine
sensitization of sucrose preference, is intact in these mice. In light of the well-established role of
the nucleus accumbens in mediating the effects of psychostimulants, these data suggest that the
nigrostriatal pathway can act as a critical effector mechanism for the nucleus accumbens
highlighting the importance of intrastriatal connectivity and providing insight into the functional
architecture of the striatum.
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Introduction

The architecture of the striatum with its modular compartments and complex cortical and
subcortical loops has been difficult to functionally dissect. Studies of drugs of abuse,
addiction, and reward processing have provided considerable insight into the function of the
basal ganglia and have highlighted the importance of dopamine as a neuromodulator
mediating the acquisition and expression of motivated behavior (Cagniard et al, 2006;
Kelley, 2004; O'Doherty et al, 2004; Robinson et al, 2005, 2906; Robinson and Berridge,
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1993, 2003; Salamone and Correa, 2002; Schultz, 2002; Schultz et al, 1997). The
reinforcing properties of drugs of abuse are believed to act on the brain's reward system,
particularly dopamine, and facilitate neuroadaptations and maladaptive learning that
establish a repertoire of drug-related behaviors (Anderson and Pierce, 2005; Di Chiara and
Bassareo, 2007; Everitt et al, 2001; Hyman et al, 2006; Pierce and Kalivas, 1997; Robbins
and Everitt, 2002). Both the nucleus accumbens (NAc) and the dorsal striatum (DSt) are
integral components of reward learning and motivation and have been hypothesized to be
distinctly involved in the acquisition and maintenance of addiction (Everitt and Robbins,
2005). The NAc is believed to be critical during early stages of addiction, whereas the DSt,
mediating habitual stimulus-response (S-R) behaviors, may be important to later stages and
underlie both craving and compulsion to seek drugs (Gerdeman et al, 2003; Letchworth et
al, 2001; Porrino et al, 2004; VVanderschuren et al, 2005; VVolkow et al, 2006). The
functional interaction between the dorsal and ventral compartments of the striatum and their
associated mesoaccumbens and nigrostriatal pathways, however, is poorly understood.

Administered to rodents, cocaine increases locomotion and is highly effective as a
reinforcer. The increased locomotion induced by cocaine is the primary behavioral measure
used to study psychostimulant drug effects (Flagel and Robinson, 2007), including
sensitization to repeated exposures to cocaine. However, the relationship between the
psychostimulant action of cocaine and its reinforcing properties with respect to the
underlying neural substrates that mediate these effects remains uncertain. Although the
nigrostriatal pathway is generally associated with regulating motor output and the
mesolimbic pathway with reward learning, the NAc is often emphasized in mediating both
the rewarding and locomotor stimulating effects of psychostimulants (Everitt and Robbins,
2005; Li et al, 2004; Sellings and Clarke, 2006). The role of the DSt, in contrast, has never
been unambiguously resolved. During the 1970s, using lesion studies, an intensive effort
was made to determine whether the nigrostriatal or mesoaccumbens pathway mediates the
locomotor stimulating effects of psychostimulants (Costall et al, 1977; Creese and Iversen,
1975; Fink and Smith, 1979, 1980; Jeste and Smith, 1980; Kelly et al, 1975; Pijnenburg et
al, 1975). However, due to the difficulties in controlling the precise scope of experimental
lesions, combined with the need for lesions of dopamine nuclei to be greater than 90%
complete to be effective (Costall et al, 1977; Creese and Iversen, 1972; Fink and Smith,
1980), these studies were inconclusive and the relative importance of the DSt as a substrate
mediating the locomotor stimulating effects of psychostimulants remains uncertain (see
Supplementary Materials for a brief summary of these studies).

We take advantage of a mutant mouse line with selective loss of the nigrostriatal
dopaminergic pathway to ask its contribution to the reinforcing and psychostimulant effects
of cocaine. Aphakia mice were first identified with a blind phenotype resulting from a
failure of lens development (Varnum and Stevens, 1968), subsequently attributed to a 652
bp deletion in the promoter region of the Pitx3 gene that encodes the homeodomain
containing transcription factor Pitx3 (Semina et al, 2000). Rieger et al (2001) further
identified an additional deletion that eliminates exon 1 of Pitx3 itself. The mutation is
recessive and heterozygote mice are normal (Kas et al, 2008; Maxwell et al, 2005; Semina
et al, 2000). Within the central nervous system, Pitx3 is only expressed within A9 and A10
dopamine cells (Maxwell et al, 2005). At birth, Pitx3-deficient mice have a virtually
complete loss of A9 substantia nigra (SN) dopamine neurons, resulting in a 90% reduction
in dorsal striatal dopamine ((Hwang et al, 2003; Nunes et al, 2003; Smits et al, 2005; van
den Munckhof et al, 2003); see also Figure 1). Although normal at birth, the ventral
tegmental area (VTA) is progressively affected postnatally with a noticeable decline in
dopamine cells by P100 (Kas et al, 2008; van den Munckhof et al, 2003). No other brain
regions, including other dopamine nuclei, are affected (Hwang et al, 2003; Nunes et al,
2003). Despite the moderate, progressive loss of VTA neurons, both qualitatively and
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quantitatively the mutation is comparatively selective for the nigrostriatal pathway (Hwang
et al, 2003; Hwang et al, 2005; Kas et al, 2008; Maxwell et al, 2005; Nunes et al, 2003;
Smits et al, 2005; Smits et al, 2008; van den Munckhof et al, 2003). The nigrostriatal
pathway is catastrophically affected: (1) dopamine neurons in the ventral SN compacta are
essentially eliminated, (2) dopamine content in the DSt as measured by tyrosine hydroxylase
(TH) reactivity and HPLC is reduced by approximately 90%, (3) dopamine release as
measured by fast-scan cyclic voltammetry is nearly eliminated in the DSt (Kas et al, 2008;
Smits et al, 2005), (4) abnormal c-FOS induction in the DSt is observed in response to .-
dopa (Hwang et al, 2005), and (5) abnormally high levels of serotonergic innervation are
observed in the DSt (Smits et al, 2008), similar to that observed with neonatal 6-OHDA
lesions of the SN (Snyder et al, 1986; Stachowiak et al, 1984). In contrast, the mesolimbic
dopamine cells are only moderately affected and the NAc exhibits none of these dramatic
changes. It has been suggested that the progressive loss of mesolimbic dopamine neurons
may be compensated for by a greater percentage of neurons in the VTA being active rather
than silent (Smits et al, 2005). Using these mice, we show that the psychostimulant effects
of cocaine, both acute and sensitized, are dependent on an intact nigrostriatal pathway,
whereas the reinforcing effects are not.

Materials and Methods

Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee
at The University of Chicago. Mice were group housed in standard conditions with ad
libitum access to food and water, except during the sucrose preference test when they were
singly housed. To obtain Pitx3-deficient homozygote experimental animals and
heterozygote littermate controls, Pitx3-deficient homozygotes (Pitx32/2J; Jackson
Laboratories, Bar Harbor) were bred with C57BL/6 wild-type mice. The heterozygote
offspring were then bred with homozygotes, yielding homozygote Pitx3-deficient mice and
littermate heterozygote control mice. All experiments were carried out during the light
period (0600-1800 hours) except the sucrose preference, which was conducted in the home
cage across a period of 30 days.

Different laboratories have chosen various blind controls as comparison groups for the
Pitx3-deficient mice, including other mutant lines that are blind or specifically blinding
wild-type mice on a comparable genetic background. Use of different control groups may
contribute to some of the discrepancies and controversies between studies, as either genetic
background is not sufficiently well matched or the method of blinding the control mice may
not have effects equivalent to early failure of lens development observed in the Pitx3-
deficient mice. We elected to prioritize control for genetic background by using littermate
heterozygote controls and address the potential confound of blindness as needed in
interpretation of the data (see (Kas et al, 2008) for discussion). As shown in our results, as
long as a task does not have a requirement for explicit use of visual cues, the Pitx3-deficient
mice perform remarkably similar to wild-type littermates. Further, Kas et al (2008) have
shown that blindness does not account for the activity phenotype of the Pitx3-deficient mice.

Because the VTA in Pitx3-deficient mice, though intact at birth, shows progressive decline
with age observable at P100 (Kas et al, 2008; van den Munckhof et al, 2003) we included
two age groups in several experiments: mice less than 100-day old (between 60 and 90 days)
and mice greater than 100 days (between 150 and 200 + days). The average age and number
of animals in each age group varies by experiment and is described in the results where this
is applicable.
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Immunohistochemistry

Mice were perfused with a buffered 4% paraformaldehyde solution and removed brains
were postfixed for 24 h and cryoprotected in 25% sucrose for another 48 h. Brains were cut
into 50-um coronal cross-sections encompassing the midbrain and the entire striatum using a
cryostat. Free-floating sections were collected for immunohistochemistry as separate sets so
that each set contained every sixth serial section. One set of sections was immunostained for
TH. Rostrocaudal position of sections was assessed with the aid of a mouse brain atlas
(Paxinos and Franklin, 2001). Immunostaining was performed using an avidin-bitoin—
peroxidase complex method (Vectastain ABC Elite Kit, Vector Laboratories). TH
immunoreactivity was visualized by using the diaminobenzine (DAB, Sigma Fast 3,3'-
diaminobenzine tablets) method. The primary rabbit anti-TH antibody (Pel-Freez
Biologicals) was diluted at a ratio of 1 : 1000 for 48 h. The secondary biotinylated goat anti-
rabbit 1gG (Jackson Immunoresearch Laboratories) was diluted at a ratio of 1 : 500. N =3
(Pitx3 deficient, <100 days), 4 (Pitx3 deficient, >100 days), 2 (Pitx3 heterozygote, ages 85,
88 days), and 3 (wild-type C57BL/6, age 150 days).

Quantifying tyrosine hydroxylase reactivity—All sections were prepared in a single
batch as described above and photographed in a single session using the same microscope
settings. Corresponding sections were identified and, using Adobe Photoshop, the images
were aligned against a reference section using the anterior commissure as an anchor point to
ensure each section was situated in the frame identically. ImageJ (http://rsh.info.nih.gov/ij/)
was used for all quantification. To assess the gradient of denervation, the matched sections
for each mouse within a genotype were opened into a stack and combined into a composite
section (“z-project’ in ImageJ), which was used for quantification. Reference lines were
drawn onto the composite images to quantify the intensity of tyrosine hydroxylase reactivity
(measured as 256 levels of brightness) either along the extent of the line to assess gradient
(shown in Figures 2a and b) or taking the average of each line to assess an angular gradient
(shown in Figure 2d). The anterior commissure was used as an origin for dorsal to ventral
reference lines; the medial to lateral reference lines were drawn parallel to the tilt of the DSt.
A rectangular region of interest was drawn to quantify TH reactivity in the NAc in the
composite images (shown in Figures 2a and b). In quantifying a rectangle, ImageJ calculates
the average intensity of vertical lines moving across the horizontal extent of the rectangle.
To calculate statistics and compare <100 and >100 days old Pitx3-deficient mice with wild-
type and heterozygote controls (data shown in Figure 2h), a polygon region of interest was
drawn around the DSt and the NAc in each individual section and the average intensity of
the area within these polygons calculated (each section used with the drawn regions of
interest are available in Supplementary Materials, Figures S1-S3). Heterozygote Pitx3 (+/-)
and wild-type C57BL/6 controls were pooled as previous studies have shown the
heterozygote mice are unaffected (Kas et al, 2008; Maxwell et al, 2005; Semina et al, 2000;
see also Supplementary Figure S1).

Behavior Tests

Open field—Each mouse was placed in an acrylic open-field chamber of 40 (1) x 40 (w) x
37 cm(h) (Med Associates, St Albans, VT). lHlumination was 21 IX. Infrared beams recorded
the animals' locations and paths (locomotor activity) as well as the number of rearing
movements (vertical activity). Data were collected in 5-min bins during 60-min trials. The
chambers were cleaned with 70% ethanol between all trials.

Stereotypy—All sessions in the locomotor sensitization experiment were videotaped. To
manually assess stereotypy, the videotapes for the first conditioning session, the last
conditioning session, the cocaine challenge and saline control sessions were reviewed. For
each session, five 1-min observation points were randomly selected and observed. If the
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mouse displayed stereotypic behaviors (head bobbing, circling, gnawing, continuous
sniffing, or climbing) for greater than 50% of the observation minute, that observation was
scored 1, otherwise, 0. The five observations within each session were then averaged for
each mouse. To test stereotypy, an apomorphine challenge was administered using a within-
subject design. Mice were tested in two 30-min sessions on 2 consecutive days, receiving
saline in session one and 2 mg/kg of apomorphine on session two. Stereotypy was measured
as described above.

Conditioned place preference—A conditioned place preference (CPP) insert placed in
the open-field chambers described above (Med Associates) divides the open-field boxes into
two chambers with access between the two chambers controlled by the experimenter (ie a
gate). The flooring was different in each chamber, one having wire mesh bottom, the other a
bar grid bottom. Light was maintained at 21 Ix. An unbiased, two-chamber design was used.
For conditioning sessions, access between the chambers was closed. Mice were provided
five conditioning sessions for each chamber alternating between saline and cocaine (10 mg/
kg) for a total of 10 consecutive conditioning sessions. Mice were placed in the chambers
immediately after injection. The possible pairings between drug and the two different
chambers were counterbalanced to control for potential unconditioned preference for one
chamber over the other. Activity was recorded during the conditioning sessions for analysis
of locomotor sensitization. During the test phase, access between the chambers was opened
and mice were placed in the chambers drug free and their locomotor activity and position
monitored for 30 min. The start chamber into which the mice were placed was
counterbalanced. Place preference was calculated as the time spent in the cocaine-paired
chamber divided by the total time (30 min).

Locomotor sensitization—For preexposure, mice of each genotype were administered
five sessions of either cocaine (10 mg/kg), or saline (0.9%) and placed in the open-field
boxes for 1 h. Preexposure sessions were separated by 72 h. Two weeks after the last
preexposure administration, all mice were challenged with a low dose of cocaine (5 mg/kg)
and saline in two 30-min sessions separated by 48 h. In addition to raw distance traveled
during the challenge sessions, we calculated the percent increase observed in the cocaine
over the saline challenge sessions for all groups.

Sucrose preference—Mice were singly housed in cages that included two identical
water bottles (15-ml round bottom polypropylene tubes with rubber stopper on the mouth
and a sipper tube with ball bearing), one of which contained sucrose solution at varying
concentrations in the course of the experiment (0, 0.2, 5, 10, and 15%). Each concentration
of sucrose was provided for 6 days. The positions of the bottles were rotated daily to
counterbalance potential position preferences. The bottles were weighed daily and the
amount consumed from each recorded. A cage without mice was maintained and weighed
daily to track spillage, which remained minimal and is not reported. Preference as a percent
was calculated by dividing the amount consumed from the sucrose bottle from the total
amount consumed from both bottles.

Drug Administration

Cocaine hydrochloride (Sigma) or apomorphine was dissolved in 0.9% saline at a
concentration resulting in administration of 0.01 ul/g of body weight to achieve the
concentration indicated in the results. Saline (0.9%) was administered at 0.01 pl/g of body
weight.
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Data Analysis

Unless otherwise indicated, analysis of variance was used for analysis of statistical
significance (Statview, SAS Institute, Cary, NC).

Results

Altered Dopaminergic Innervation in Pitx3-Deficient Mice

Consistent with previous reports (Hwang et al, 2003; Nunes et al, 2003; Smits et al, 2005;
van den Munckhof et al, 2003), we observe a dramatic loss of dopamine innervation in the
DSt of Pitx3-deficient mice, whereas the ventral striatum is relatively unaffected (Figure 1,
top panels). As previously reported, both the shell and core of the NAc are equally spared
(Hwang et al, 2003; Nunes et al, 2003). In the midbrain, we observe a reduction of
dopamine cells (Figure 1, bottom panel). Previous studies have shown that this loss is
predominant in the ventral tier of the SN compacta, whereas the dorsal tier is only
moderately affected (van den Munckhof et al, 2003). As slow, progressive loss of dopamine
cells in the VTA has been previously reported, becoming evident at P100 (van den
Munckhof et al, 2003), we show representative sections from mice at both younger and
older ages (Figure 1, bottom). In the striatum, the dopamine denervation appears to be
graded. We characterize this gradient in Figure 2. Taking equivalent sections from several
mice (N =5 control; N = 7 Pitx3 deficient) we constructed composite images (Figures 2a
and b). We drew three ventral to dorsal and two medial to lateral reference lines and
quantified the intensity of TH reactivity along those lines. Plotting the average of the line
sets (Figure 2c) shows clearly reduced TH intensity in Pitx3-deficient mice compared to
controls. In addition, the ventral to dorsal axis shows a gradual decreasing gradient (ie
decreasing TH), whereas the medial to lateral axis shows a more pronounced increasing
gradient (ie increasing TH). This suggested that the denervation may be best characterized
as an angular gradient. To test this, radiating reference lines were drawn at equally spaced
intervals from an origin on the anterior commissure (Figure 2d) and the average intensity
along each line was calculated and plotted (Figure 2f) showing a clear angular gradient in
the striatal denervation of the Pitx3-deficient mice. A pseudo-colored difference map
between controls and Pitx3-deficient mice helps visualize this difference and shows that the
lost dopamine innervation forms a large cap on the striatum that extends ventrally at its
medial and lateral extremes (Figure 2e). TH reactivity in the NAc was quantified using a
rectangular region of interest (shown on composite sections in Figures 2a and b) and showed
no difference between the genotypes (Figure 2g).

To statistically analyze TH differences between the control mice and two age groups of
Pitx3-deficient mice, the sections contributing to the composite images were individually
analyzed by enclosing the entire DSt or NAc in a polygon region of interest and calculating
the average intensity (each section used and the regions of interest drawn are available in
Supplementary Figures S1-S3). Figure 2h shows that TH reactivity is dramatically reduced
in the DSt of Pitx3-deficient mice compared to controls (F; 12 = 28.3, p = 0.0001) and no
difference between the <100- and >100-day Pitx3 mice (Fisher's PSLD pairwise
comparison, p = 0.83). In contrast, there is no significant difference between the groups in
the NAc (F2,12 = 28.3, p = 0.154). Comparing the young and old Pitx3-deficient mice, there
appears to be a trend toward a mild decrease in NAc TH reactivity in the older group, but
this does not reach statistical significance (Fisher's PSLD, p = 0.077) and is clearly on a
different scale from the loss observed in the DSt.

The profound dopamine denervation in the DSt and the observed gradient presumably
reflect the projection pattern of primarily the ventral tier of the SNc that is clearly lost in the
Pitx3-deficient mice (van den Munckhof et al, 2003). The spared regions may reflect
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projections from the dorsal SNc, the VTA (A10) or the retrorubral area (A8) (Joel and
Weiner, 2000; Yue et al, 1999).

Baseline Open-Field Activity

It remains controversial whether the Pitx3-deficient mice are hypokinetic (Smidt et al, 2004)
or hyperkinetic (Hwang et al, 2005; Smits et al, 2008), with different groups reporting
conflicting results (Hwang et al, 2003; Nunes et al, 2003; Smidt et al, 2004; van den
Munckhof et al, 2003). We have conducted open-field experiments with independent
cohorts in different experiments, each of which includes establishing a baseline response
using 1-h sessions on 3 consecutive days (66 littermate controls; 67 Pitx3 deficient). The
combined baseline data indicate that the Pitx3-deficient mice are mildly hyperactive in the
open field (Figure 3a, inset; F1 131 = 9.21, p = 0.0029), consistent with the findings of
Hwang et al (2005). However, looking at activity binned into 5-min blocks indicates that the
significant difference between the two groups is accounted for entirely by elevated activity
in the Pitx3-deficient mice during the initial 5 min of an open-field session, an observation
we find consistently across individual experiments (Figure 3a, block 1: F1 137 = 138.4,
p<0.0001; blocks 2-12: F1 131 = 0.573, p = 0.45). The precise reason for this initial elevation
in activity is uncertain. One possibility is that Pitx3-deficient mice rely more on nonvisual
senses to survey a novel environment. Despite this alteration in initial response, during the
remaining 55 min of open field, there are no differences between phenotypically normal
heterozygotes and the homozygote Pitx3-deficient mice, consistent with recent findings
controlling for genetic background in the same manner used here (Kas et al, 2008). As we
are measuring the acute locomotor response to cocaine, in which the pharmacological
actions of the drug span the open-field session peaking well after the initial 5 min, we
conclude for purposes of this study that the Pitx3-deficient and heterozygote control mice
show essentially the same baseline locomotor activity.

Using the same data set, we analyzed the correlation between age and activity and found a
clear difference between groups (genotype x age interaction, F1 159 = 8.87, p = 0.0035;
Figure 3b). Control mice tend to exhibit decreased exploratory activity with age, whereas the
Pitx3-deficient mice tend to show mildly increased exploratory activity, likely attributable to
compensatory activity in the NAc in response to either decreasing dopaminergic input from
the VTA (de Rover et al, 2006; Smits et al, 2005; van den Munckhof et al, 2006) or as a
mesolimbic compensation for the loss of nigrostriatal signaling (van Oosten et al, 2005).
Alternatively, a shifted balance between dopaminergic and serotonergic signaling in the DSt
(Smits et al, 2008) may contribute to the observed increase in activity. As a result,
differences in exploratory activity between the Pitx3-deficient mice and littermate controls
become more pronounced as the mice age, although the general pattern remains with only
the first 5 min showing a statistically significant difference between genotypes. Finally, it
has been suggested that the Pitx3-deficient mice exhibit abnormal circadian rhythms
(Hwang et al, 2005); however, we and others have demonstrated that circadian phase does
not impact exploratory response in short open-field sessions (Beeler et al, 2006;
Valentinuzzi et al, 2000). Consequently, this potential difference should not impact our
study.

Acute Cocaine-Induced Locomotor Response

We tested the acute locomotor response to cocaine using the open field to measure
locomotor activity. The average of three baseline sessions shows no significant difference
between the Pitx3 (—/—) and heterozygote controls (F1 30 = 1.4, p = 0.245; data not shown).
A between-subjects design was used to construct a dose-response curve. The heterozygote
controls show the expected dose-dependent increase in locomotor activity; however, the
Pitx3-deficient mice show a dramatically diminished acute locomotor response (genotype x
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dose interaction, F3 54 = 7.58; p = 0.001; Figure 4). When Pitx3-deficient mice are analyzed
alone, cocaine dose does not significantly affect locomotion (F3 12 = 0.742, p = 0.547). The
lack of acute locomotor response to cocaine in the Pitx3 mice was not due to increased
stereotypy. Stereotypy scores showed no significant differences between genotype (Fq 24 =
0.067, p = 0.797) nor genotype x dose interaction (F3 24 = 1.53, p = 0.23). This was
confirmed by visually scored videotapes of sessions where minimal stereotypy was observed
with no differences between experimental and control animals (genotype main effect, F1 2o
=0.298, p = 0.59; data not shown). The average age of the mice in this experiment was 86.4
and 88.4 days for the experimental and control groups, respectively, ranging from 50 to 174
days with ages distributed equally across groups. Age showed no significant correlation with
cocaine response (genotype x age interaction Fq og = 0.661, p = 0.423; data not shown).
These data indicate a nearly complete loss of the acute locomotor stimulant response to
cocaine in the Pitx3-deficient mice. The residual response to acute cocaine could be due to
residual dopamine in the DSt arising from either a thin layer of dorsal neurons spared in the
SNc (van den Munckhof et al, 2003) or, alternatively, from the retrorubral dopamine cell
projections (A8) (Nunes et al, 2003). Finally, to test whether the Pitx3-deficient mice have
the postsynaptic and structural mechanisms necessary to exhibit stereotypy, we challenged
Pitx3-deficient and control mice with apomorphine (2 mg/kg). Both groups exhibited
stereotypy in response to the apomorphine (Supplemental Figure S4; main effect of
apomorphine, F1 19 = 23.226, p = 0.0007; main effect genotype, F1 19 = 0.541, p = 0.479,
genotype x apomorphine interaction, F1 19 = 2.58, p = 0.139).

Reinforcing Properties of Cocaine

Using the CPP paradigm with two chambers and an unbiased design, we examined the
reinforcing properties of cocaine in the Pitx3 mice. We provided 10 conditioning sessions on
consecutive days alternating between the cocaine- and saline-paired chambers for a total of
five conditioning sessions per chamber. Mice were placed in the chambers immediately
following injection. On the test day, mice were placed in the apparatus without any injection
and given access to both chambers. Both groups equally exhibited a preference for the
cocaine-paired chamber indicating that the reinforcing properties of cocaine are unaffected
in the Pitx3 (—/-) mice (Figure 5a). Two age cohorts were included in the CPP study, an
older group (N = 6, average age 214 and 219 days, Pitx3-deficient and heterozygote
controls, respectively) and a younger group (N = 8, average age 60.3 and 61.8 days, Pitx3-
deficient and heterozygote controls, respectively). There was no difference in preference for
the drug-paired chamber between ages (age cohort main effect, F1 24 = 2.56, p = 0.1226;
genotype x age cohort interaction, Fq 24=1.04, p = 0.317; data not shown). These data
suggest the reinforcing properties of cocaine are intact in the Pitx3-deficient mice.

It has been demonstrated that the reinforcing properties of cocaine are subject to
sensitization as a result of repeated exposures to drug and that this sensitization can be
observed in CPP (Shippenberg and Heidbreder, 1995). As both Pitx3-deficient mice and
controls showed identical preference for the cocaine-paired chamber, this implies that
sensitization of the reward system occurs in the Pitx3-deficient mice; otherwise, we would
expect a difference in preference on testing. In an additional experiment, we conducted a
sucrose preference test comparing mice of both genotypes that had previously experienced
either six repeated or a single cocaine injection (10 mg/kg; Figure 5b). At the 10 and 15%
concentrations, the mice previously exposed to repeated cocaine injections show enhanced
preference compared to mice exposed to a single prior cocaine injection (sucrose
concentration x cocaine prior exposure F4 4 = 2.57, p = 0.049) with no differences between
genotypes (genotype Fq 12 = 0.034, p = 0.856, genotype x prior exposure interaction F4 4 =
0.207, p = 0.993). These data suggest that previous, repeated exposure to cocaine sensitizes
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the reward pathway and that this effect is intact in the Pitx3-deficient mice (average age of
Pitx3-deficient and control mice, 142 and 136 days, respectively).

Sensitization of Cocaine-Induced Locomotor Response

By measuring locomotor activity during conditioning sessions in the CPP test, we obtained
data on the locomotor sensitizing effects of repeated cocaine exposure in these mice
(Shimosato and Ohkuma, 2000). Control mice clearly exhibit sensitization of their
locomotor response to cocaine (repeated measures of cocaine sessions, heterozygotes only,
F452 = 11.71, p<0.0001), whereas the Pitx3 (—/—) did not (repeated measures of cocaine
sessions, homozygotes only, F4 5, = 0.815, p = 0.521; Figure 6a). Locomotor activity in the
Pitx3 (—/—) mice in response to repeated cocaine injections appears to mirror repeated saline
injections, suggesting changes in activity across sessions are being mediated primarily by
habituation processes rather than sensitization. Consistent with the acute locomotor response
observed in the dose-response curve, a residual locomotor response to acute cocaine is
evident (cocaine main effect in homozygotes, F1 5, = 23.7, p = 0.03), although this residual
response does not exhibit sensitization. This residual locomotor response in the Pitx3-
deficient mice is most likely attributable to retrorubral (A8) dopamine projections to the DSt
that are retained in these mice (Nunes et al, 2003) or to the spared dorsal tier SN projections
(Figure 1, bottom; (van den Munckhof et al, 2003)). As described above, two age cohorts
were used in this experiment. Heterozygote control mice in both age cohorts show
significant sensitization of locomator activity across cocaine conditioning sessions and
Pitx3-deficient mice in both age cohorts do not.

Some aspects of sensitization, such as increased dopamine release in the NAc, are not
observed immediately following the last dose of a sensitization regimen but develop over
time and are observed in subsequent weeks (Paulson and Robinson, 1995). It is possible that
the Pitx3-deficient mice would exhibit sensitization after a period of elapsed time following
the last preexposure administration if tested later. To test this possibility, we conducted a
sensitization protocol consisting of either five cocaine (10 mg/kg) or saline preexposure
injections separated by at least 72 h. Two weeks after the final administration, all mice were
given two challenge sessions with cocaine (5 mg/kg) and saline (Figure 6b). The
heterozygote control mice preexposed to cocaine show enhanced locomotor response to the
cocaine challenge (cocaine x preexposure, Fq 19 = 24.01, p = 0.0006), whereas the Pitx3-
deficient mice show no difference as the result of preexposure to repeated cocaine
administration (cocaine x preexposure, Fq 11 = 0.002, p = 0.9617; average age of Pitx3-
deficient and control mice, 118 and 129 days, respectively). The sensitized response is
summarized in Figure 6¢ as the percentage increase in the cocaine compared to saline
challenge sessions for all groups. Notably, the Pitx3-deficient mice show higher overall
activity consistent with their ages as predicted by the scatter plot regression lines in Figure
3b. Consistent with the results above, cocaine did not have a statistically significant effect
on the Pitx3-deficient regardless of preexposure condition (F1 19 = 1.61, p = 0.23). These
data, together with the analysis of the CPP conditioning sessions suggest that the Pitx3-
deficient mice do not exhibit sensitization of the locomotor response to cocaine.

Discussion

Using Pitx3-deficient mice that lack a nigrostriatal pathway, we report here that cocaine-
induced increases in locomotor activity and sensitization of locomotor activity are dependent
on an intact nigrostriatal pathway. In contrast, cocaine CPP, sucrose preference, and
enhanced sucrose preference subsequent to repeated cocaine exposures are intact, suggesting
these are independent of the nigrostriatal pathway. The pattern of denervation observed
(Figures 1 and 2) arises primarily from the loss of ventral tier SNc neurons (van den
Munckhof et al, 2003), suggesting these dopamine neurons and their projections to the DSt
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have a critical role within the nigrostriatal pathway in mediating locomotor activity in
response to cocaine. Although the spared behavioral functions are likely mediated by the
mesolimbic pathway, which is only mildly affected, the potential contribution of the
remaining dorsal tier SNc projections remains unknown. It has been suggested that the
anatomic division of A9 and A10 dopamine cells into SNc and VTA may be less
functionally salient than division into dorsal and ventral tiers (Joel and Weiner, 2000). As
our knowledge of the functional connectivity and projections of subpopulations and regions
within the dopamine nuclei remains incomplete, we continue with the widely accepted
division between the mesolimbic and nigrostriatal pathways, but acknowledge it is primarily
the ventral SNc component of the nigrostriatal pathway that is affected. The pattern of DA
cell loss observed here in Pitx3-deficient mice highlights the importance of isolating and
assessing the functional characteristics of the dorsal tier of the SNc and the degree to which
its function may be similar to that of the VTA or the ventral SNc, a project beyond the scope
of the present study.

There is a rich literature on the role of the mesolimbic dopaminergic pathway in mediating
hyperlocomotion and behavioral sensitization in response to psychostimulants. The NAc has
been clearly demonstrated to be a key neural substrate mediating both the acute and
sensitized locomotor response to psychostimulants (Di Chiara, 2002; Everitt and Robbins,
2005; Parkinson et al, 1999; Robinson and Berridge, 2003; Vezina, 2004). Although
enhanced release of dopamine in response to repeated exposures to psychostimulants has
been demonstrated in both the NAc and DSt (Paulson and Robinson, 1995), enhanced cFOS
induction that correlates with locomotor sensitization is only observed in the NAc and not
the DSt (Crombag et al, 2002), suggesting that the accumbens is also the key site of
locomotor sensitization. The precise efferent pathways through which the NAc increases
locomotor activity, both acute and sensitized, however, have not been characterized. Our
data suggest that the nigrostriatal pathway serves as a critical effector mechanism for the
NAc. In the present study, the CPP and sucrose preference data suggest that the reinforcing
effects of cocaine are sensitized in the Pitx3-deficient mice. However, there is a lack of
locomotor sensitization in these mice. The most likely interpretation is that in the Pitx3-
deficient mice, the NAc sensitizes to repeated cocaine exposures, but the locomotor
expression of sensitization, like the acute locomotor response, is dependent on the
nigrostriatal pathway. We attribute the inconclusive findings of earlier studies on the role of
the nigrostriatal pathway (see Supplemental Material) to the difficulties inherent in
achieving sufficiently precise and complete lesions of the nigrostriatal dopamine system. In
contrast, in this study, a genetically and developmentally defined subset of dopamine
neurons are precisely and completely eliminated (Maxwell et al, 2005).

Understanding the functional relationship between compartments within the basal ganglia
has been an enduring challenge. Mogenson et al (1980) hypothesized that the basal ganglia
linked limbic information processing with motor output by moving information
progressively from the motivationally oriented medial anterior region of the striatum,
including the NAc, to final sensorimotor processing in dorsal-caudal regions. On the basis
of elegant anatomical studies, Haber (2003) mapped out an architecture of ascending ‘spiral’
loops between the striatum and dopamine nuclei that could mediate the movement of
information from ventral, limbic regions of the striatum to dorsal, sensorimotor regions and
suggested these loops may serve a ‘teaching’ function between striatal compartments. These
studies and others suggest a general principle of striatal organization where incoming
information, both descending and ascending, are processed in functionally discrete striatal
regions but that the result of that processing is passed on to the next striatal compartment
where it is integrated into the functionally discrete processing of that compartment
(Calzavara et al, 2007; Haber, 2003; Haber et al, 2006; Joel, 2001; Kelly and Strick, 2004).
More specifically, these loops may provide a mechanism whereby sensory and motor
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cortical processing, as it progresses through the striatum, can be modulated by reward
information signaled by complementary mesencephalic-striatal dopamine loops. Dopamine,
in turn, can regulate striatal synaptic plasticity (Calabresi et al, 2007; Reynolds and
Wickens, 2002; Wolf et al, 2004), modulate reinforcement learning (Schultz, 2002), and
alter the expression of motivated behavior (Cagniard et al, 2006; Salamone and Correa,
2002).

In a recent study, Belin and Everitt (2008) directly tested the hypothesis that the
dopaminergic connections between the ventral and DSt are critical in mediating drug-
seeking behavior. By unilaterally lesioning the NAc core and then applying DA antagonist
contralaterally in the DSt, they showed a reduction in second-order responding for cocaine-
paired conditioned stimuli while neither the unilateral NAc lesion itself nor unilateral
administration of DA antagonist in the DSt alone resulted in decreased responding. These
data elegantly demonstrate that established drug-seeking behavior depends on NAc
recruitment of dorsally projecting dopamine activity. Our study complements this work by
showing that the ability of the NAc to mediate the basic psychostimulant action of cocaine
also depends on an intact nigrostriatal system.

An interesting question remains as to the role of the nigrostriatal pathway in the reinforcing
effects of cocaine. The mesoaccumbens pathway is clearly associated with drug
reinforcement and addiction (Di Chiara, 2002; Everitt and Robbins, 2005; Ito et al, 2004;
Kelley, 2004; Robinson and Berridge, 1993, 2003; Sellings et al, 2006; Vezina, 2004). The
role of the DSt in addiction, however, has recently received greater recognition and attention
(Belin and Everitt, 2008; Everitt and Robbins, 2005; Gerdeman et al, 2003; Letchworth et
al, 2001; Porrino et al, 2004; Vanderschuren et al, 2005; Volkow et al, 2006), bringing to
the fore questions about the functional relationship between the dorsal and ventral striatal
compartments and the mesoaccumbens and nigrostriatal pathways that innervate them.
Using Pitx3-deficient mice that have a genetically defined loss of nigrostriatal pathway, we
show that intraperitoneal (i.p.)-administered cocaine CPP is intact. In addition, we
demonstrate that increased sucrose preference as a result of repeated exposures to cocaine is
also intact. This would suggest that the mesoaccumbens pathway mediates the reinforcing
properties of cocaine, which are retained in these mice, independent of the nigrostriatal
pathway; however, it is unlikely that reinforcement is a unitary phenomenon. Although the
ventral striatum has been shown to be important in both CPP (Tzschentke, 1998) and
sucrose consumption (Kelley, 2004), other reinforced behaviors have been associated with
the DSt, particularly habitual, S-R and action-outcome learning (Yin et al, 2004, 2005).
Whether Pitx3-deficient mice acquire cocaine reinforced instrumental responding and
exhibit habitual, ‘drug-seeking’ behavior is a critical question for future studies and will
provide insight into the role of the nigrostriatal pathway in drug-reinforced learning and the
development of addiction.

Some studies have suggested that the reinforcing properties of i.p. but not intravenous (i.v.)-
administered cocaine in CPP are dopamine-independent (Mackey and van der Kooy, 1985;
Morency and Beninger, 1986; Sellings et al, 2006; Spyraki et al, 1987); however, other
studies have demonstrated the opposite (Adams et al, 2001; Cervo et al, 2005; Cervo and
Samanin, 1995; Gyertyan and Gal, 2003; Kaddis et al, 1995; Khroyan et al, 1999; Pruitt et
al, 1995; Vorel et al, 2002). Reconciling these contradictory findings is difficult due to
methodological differences between studies and is beyond the scope of this discussion.
However, the effects of DA agonists and antagonists on cocaine CPP are exquisitely
sensitive to the relationship between the administered dose of cocaine and the dose of drugs
manipulating the DA system (see Tzschentke, 1998, 2007 for comprehensive review). The
present study did not address this issue; it remains possible that i.v.-administered cocaine
CPP might be disrupted in these mice. However, this seems unlikely as the sucrose
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preference data demonstrate that repeated administration of cocaine sensitizes the reward
system in these mice similar to control mice, further supporting the idea that cocaine
reinforcement is intact in these mice.

The genetic approach used here offers a level of precision that is not possible with lesion
studies; the disadvantage is the difficulty of identifying and characterizing potential
developmental compensations. The loss of a functional pathway by any means, genetic
mutation or lesion, can potentially result in compensatory changes in the brain, particularly
when the loss occurs very early in development. In the Pitx3-deficient mice, presumably the
brain does compensate for the loss of the nigrostriatal pathway, otherwise we would expect
these mice to display severe parkinsonian-like symptoms, which they do not (Hwang et al,
2003; Nunes et al, 2003; Smits et al, 2005; van den Munckhof et al, 2003). The nature of
these potential compensations has not been characterized, although consistent with 6-OHDA
neonatal lesions of the SNc, increased serotonergic innervation of the striatum has been
described (Smits et al, 2008). Although we cannot rule out potentially unrecognized
developmental compensations, we argue that the most parsimonious explanation of the
findings reported here, in the context of the current literature, is to attribute them to the
altered dopaminergic innervation of the DSt. First, although we detect mild decreases in
dopaminergic innervation of the NAc of the Pitx3-deficient mice as they age, the behavioral
deficits we observe are not age dependent, consistent with the developmental failure of the
ventral SNc projection in these mice beginning at E12.5 (Maxwell et al, 2005). Second,
whatever compensations may exist they do not cause aberrant baseline behavior relevant to
the behavioral responses studied here: the mice show similar sucrose preference, similar
baseline activity in the open field (notwithstanding the difference evident in the initial 5-min
block or the difference in age-related changes in activity levels between the genotypes) and
similar stereotypic response to apomorphine. Finally, despite potential developmental
compensations, the acute locomotor response to cocaine is not rescued, highlighting that this
pathway is essential to the psychostimulant effects of cocaine and that any developmental
compensations that may occur are unable to replace this function of the nigrostriatal
pathway.

Addressing a long-standing question, this study establishes a role for the nigrostriatal
pathway in mediating the psychostimulant effects of cocaine and suggests that it functions as
an effector mechanism for the NAc, facilitating the cocaine locomotor response widely
attributed to the accumbens. In contrast, other cocaine effects associated with the
accumbens, such as CPP, are intact, suggesting that at least some forms of cocaine
reinforcement are independent of the nigrostriatal pathway. Future studies detailing
differences in these mice in reinforcement learning, motivated behavior, and response to
other drugs of abuse will provide insight into the role of the nigrostriatal pathway in these
behaviors as well as the functional architecture of the striatum.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Tyrosine hydroxylase immunoreactivity in serial coronal sections of the striatum in mice
heterozygote (top panel) and homozygote (middle panel) for the mutation in the promoter
region of the Pitx3 gene. Bottom panel shows midbrain sections from one heterozygote (left)
and four homozygote mice from two age groups (right).
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Figure 2.

Quantification of dopamine denervation in the striatum. Composite images averaging the
intensity of tyrosine hydroxylase (TH) reactivity from overlaid, matched, and aligned
sections for (a) control (N = 2, heterozygote, N = 3 wild-type) and (b) Pitx3-deficient mice
(N =7). Lines used to quantify the gradient in the dorsal striatum (DSt) from ventral to
dorsal (3) and from medial to lateral (2) are shown. The rectangular regions used to quantify
TH reactivity in the nucleus accumbens (Nac) are also shown. (c) The mean of TH reactivity
measured along the reference lines (filled symbols plot ventral to dorsal measurements; open
symbols plot medial to lateral; genotypes represented by color). (d) Radiating reference lines
used to compute angular gradient of dopamine denervation are shown on the Pitx3-deficient
composite image. (e) Pseudo-colored difference map resulting from subtracting the Pitx3-
deficient composite from the control composite (hot colors (red) show greatest difference,
cool colors (blue) least difference) with DSt and the NAc shell and core labeled according to
standard mouse atlas (Paxinos, 2nd edn.). (f) Average intensity of TH-reactivity for each
spoke of the radiating reference lines plotted in the direction of the arrow shown in (d). (g)
TH reactivity in the NAc plotted from medial to lateral based on rectangular region of
interest shown in (a) and (b). Each point represents the average of a vertical column within
the rectangle. (h) Group averages of TH immunoreactivity in the DSt and NAc from sections
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quantified individually (rather than as composite) using a polygon regions of interest drawn

around the DSt and NAc. The Pitx3-deficient mice were divided into young (< 100 days, N
= 3) and old (> 100 days, N = 4). ***p<0.001.
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Baseline activity of Pitx3 and littermate heterozygote controls. (a) Distance traveled (mean
SEM) during 5-min bins averaged across baseline sessions. Inset: average distance (mean £
SEM) traveled during baseline sessions. N = 66 (Pitx3 +/-), 67 (Pitx3 —/-). (b) Scatter plot
showing distance traveled plotted against age. Regression lines in bold for each group with
95% confidence for slope shown as dashed lines.

Neuropsychopharmacology. Author manuscript; available in PMC 2009 September 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beeler et al.

Page 22

40,000
| A PITx3(+-)
- LT PITx3(--)
€ 30,000 -
"]
@ i
c
©
% 20,000 |
T
o) o
(o]
S
3 10,000 |-
0 . : : .
0 10 20 30

Cocaine (mg/kg)

Figure 4.
Cocaine dose—response curve. Average distance traveled (mean + SEM) in response to

cocaine administration (N = 4 per genotype/dose).
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Conditioned place preference and sucrose preference. (a) Percent of time (mean = SEM)
spent in the cocaine- and saline-paired chambers during 30-min test session (N = 14 per
genotype). (b) Pitx3-deficient and Pitx3 heterozygote controls were administered repeated
cocaine (six exposures, 10 mg/kg, open symbols) or a single cocaine exposure (10 mg/kg,
filled symbols) and placed in home cages with a choice of sucrose or water. Sucrose
consumption as a percentage of total consumption (mean + SEM) reflects preference and is
shown at five increasing sucrose concentrations, averaged over 6 days for each
concentration (N = 4 per genotype/preexposure condition).
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Figure 6.

Locomotor sensitization to repeated exposures of cocaine. (a) Ambulatory activity (mean
SEM) during 30-min conditioning sessions alternating saline and cocaine pairing in the
conditioned place preference test (N = 14 per genotype). (b) Mice preexposed to either 5
days of cocaine (10 mg/kg) or saline (72 h between exposures) and then challenged with
cocaine (5 mg/kg, solid bars) and saline (hatched bars) in 30 min open-field sessions on
consecutive days (mean distance £ SEM, N = 6 per genotype/preexposure condition). (c)
Response to cocaine challenge normalized as percent increase over saline challenge (mean £
SEM).
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