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Dopamine Depletion Induces Distinct Compensatory Gene
Expression Changes in DARPP-32 Signal Transduction
Cascades of Striatonigral and Striatopallidal Neurons
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Functional alterations in striatal projection neurons play a critical role in the development of motor symptoms in Parkinson’s disease
(PD), but their molecular adaptation to dopamine depletion remains poorly understood. In particular, type and extent of regulation in
postsynaptic signal transduction pathways that determine the responsiveness of striatal projection neurons to incoming stimuli, are
currently unknown. Using cell-type-specific transcriptome analyses in a rodent model of chronic dopamine depletion, we identified
large-scale gene expression changes, including neurotransmitter receptors, signal transduction cascades, and target proteins of dopa-
mine signaling in striatonigral and striatopallidal neurons. Within the dopamine- and cAMP-regulated phosphoprotein of 32 kDa
(DARPP-32) cascade of enzymes that plays a central role in signal integration of dopaminoceptive neurons multiple catalytic and
regulatory subunits change their mRNA expression levels. Inaddition to the number of genes the fact that the alterations occur at multiple
levels stresses the biological relevance of transcriptional regulation for adaptations of postsynaptic signaling pathways. The overall
pattern of changes in both striatonigral and striatopallidal neurons is compatible with homeostatic mechanisms. In accordance with the
distinct biological effects of dopamine D, and D, receptor stimulation, the alterations of the transcriptional profiles most likely result in
prodopaminergic phosphorylation patterns. Our data provide insight into the disease-related plasticity of functional genomic networks
in vivo that might contribute to the protracted preclinical phase of PD. In addition, the data have potential implications for the symp-

tomatic treatment of the disease.

Introduction

The basal ganglia constitute a group of interconnected deep brain
nuclei that control multiple aspects of motor behavior such as
programming and execution of movements, or motor learning
and motor memory (Albin et al., 1989; Graybiel, 2000). Dopa-
mine (DA), a slow-acting neurotransmitter, provides critical in-
put into the system as is evident from the loss of dopaminergic
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midbrain neurons in Parkinson’s disease (PD) (Hirsch et al.,
1988). In striatal projection neurons, which receive the bulk of
DA innervation within the basal ganglia, postsynaptic effects of
DA are conferred to a 32 kDa dopamine- and cAMP-regulated
phosphoprotein (DARPP-32). Through interactions with multi-
ple kinases and phosphatases DARPP-32 regulates the phosphor-
ylation levels and thereby the activity of a broad range of target
proteins (Greengard et al., 1999). In addition to DA, numerous
neurotransmitters, peptides, and neuromodulators have been
shown to provide input into DARPP-32-associated signal trans-
duction cascades (Greengard et al., 1999). These data highlight
the importance of DARPP-32 as a critical component of signal
integration in striatal projection neurons.

Based on their axonal target areas, projection neurons in the
striatum have been divided into a striatonigral and a striatopalli-
dal pathway. The two populations express different subclasses of
DA receptors, with different effects on DARPP-32-related signal-
ing. D, receptors in striatonigral neurons induce increased phos-
phorylation levels whereas the opposite is the case in D,-
expressing striatopallidal neurons (Svenningsson et al., 2004;
Bateup et al., 2008). As a result, DA target proteins are regulated
in distinct ways, which has been demonstrated, among others, for
voltage- and ligand-gated ion channels (Nicola et al., 2000), tran-
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scription factors (Valjent et al., 2000), and chromatin remodeling
proteins (Bertran-Gonzalez et al., 2008). At the cellular level,
differences in DA effects amount to differences in the regulation
of resting membrane potential (Nicola et al., 2000), synaptic plas-
ticity (Kreitzer and Malenka, 2007; Shen et al., 2008), or the mor-
phology of the dendritic tree (Gertler et al., 2008).

The loss of DA innervation in the striatum, which is one of the
pathophysiological hallmarks of PD causes anatomical (Ingham
etal., 1998; Day et al., 2006) and functional alterations (Mallet et
al., 2006; Shen et al., 2008) in projection neurons that are thought
to have a profound impact on downstream target areas (Albin et
al., 1989). The resulting abnormalities in firing patterns of neu-
rons in the globus pallidus and the reticular part of the substantia
nigra have been shown to be intricately linked to motor symp-
toms of the disease (Bergman et al., 1998; Brown, 2003).

Despite their clinical relevance the molecular mechanisms
underlying the multitude of changes in striatal projection neu-
rons are only partially understood. In an attempt to obtain a
more complete picture of the molecular adaptations to DA
depletion, we conducted microarray based transcriptome
analyses in striatonigral and striatopallidal neurons in the rat
6-hydroxydopamine (6-OHDA) model of PD. The results
revealed large numbers of differentially regulated genes that af-
fected numerous neurotransmitter and signal transduction
systems.

Materials and Methods

Generation of nigrostriatal lesions in rats. Adult male Sprague Dawley rats
weighing ~275 g at the time of surgery were used in all experiments.
Animal care followed National Institutes of Health (NIH) guidelines and
all protocols were approved by the committee on animal studies of the
Veterans Affairs San Diego Healthcare System, San Diego, CA and the
University of California, Los Angeles animal care committee. Nigrostri-
atal lesions were induced by injection of 6-OHDA into the right median
forebrain bundle as described previously (Dziewczapolski et al., 2003). In
vivo, the degree of the lesion was evaluated by using a behavioral test for
limb use asymmetry (Olsson et al., 1995). The test quantifies the number
of adjusting steps during passive sliding movements of each forelimb
over a distance of one meter. The difference between the control and
lesion sides (as a percentage) is taken as the akinesia score. All animals
included in the study had a contralateral forelimb akinesia >90%. Five to
six weeks after the induction of the lesion animals were deeply anesthe-
tized and killed as described below. The degree of the nigrostriatal lesion
was verified histologically by quantitative analyses of immunohisto-
chemical staining intensities for tyrosine hydroxylase in the striatum. For
this purpose fresh frozen 10 um sections from the area just rostral to the
anterior commissure were mounted on plain glass slides and stored at
—80°C until further usage. Before immunostaining sections were fixed
for 10’ in 100% ethanol and rehydrated by 1’ incubations in decreasing
ethanol concentrations (95%, 70%, 50%), followed by a final rinse in 1X
PBS. The primary anti-tyrosine hydroxylase antibody was incubated
overnight (4°C) at a dilution of 1:500 of the original concentration. Fol-
lowing 3 rinses in 1 X PBS the secondary Cy3-labeled antibody was incu-
bated at room temperature for 1 h. Sections were then rinsed 3 times in
1X PBS, dehydrated in increasing concentrations of ethanol (50%, 70%,
95%, and 100%), and air dried under light protection. Primary and sec-
ondary antibodies were purchased from Millipore Bioscience Research
Reagents. Quantification of tyrosine hydroxylase immunoreactivity was
performed in a ScanArray 4000 (Perkin-Elmer) or an Agilent DNA Mi-
croarray Scanner (Agilent). This procedure results in a reproducible
quantification of fluorescent signal over three orders of magnitude. Im-
age] software (NIH, Bethesda, MD) was used for quantitative image
analyses of the dorsolateral striatum.

t-Dopa treatment of 6-OHDA-lesioned rats. Five weeks after the induc-
tion of the nigrostriatal lesion, animals fulfilling the behavioral require-
ments of a sufficient lesion received two daily intraperitoneal injections
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of 25 mg/kg L-dopa methyl ester and 12.5 mg/kg benserazide at 12 h
intervals for 3 weeks. The drugs were purchased from Sigma and dis-
solved in saline before the injection. Unlesioned and lesioned controls
received vehicle injections. Animals were monitored for behavioral ef-
fects of L-dopa treatment at 1 and 2 weeks after the initiation of the drug
application. Due to contralateral turning at peak L-dopa effects, orofacial
dyskinesias were monitored during a brief restraining period. Tracer
injections into the SNR were performed as described below. Animals
were killed 2 h after the last drug/vehicle injection.

Retrograde tracing of striatonigral neurons. Striatonigral neurons were
positively identified by a retrograde tracer method using wheat-germ
agglutinin coupled to horseradish peroxidase (WGA-HRP) (Vector Lab-
oratories) in combination with a 3,3",5,5'-tetramethylbenzidine (TMB)
(Sigma) staining method (see next chapter). The nonfluorescent retro-
grade tracer was used for technical reasons. It allows the collection of
labeled and unlabeled neurons from the same sections, which is impor-
tant for distinguishing between the two types of projection neurons.
With a fluorescent tracer technique the unlabeled neurons are difficult to
identify and capture, as commonly used staining procedures such as Nissl
result in a substantial reduction of the fluorescent signal. In addition, the
WGA-HRP technique has no time window for the capturing procedure,
which improves the precision of the capturing and therefore the purity of
the samples. The sensitivity of the WGA-HRP method in combination
with the TMB staining is similar to that of fluorescent tracers. Two days
before termination of the experiment, WGA-HRP was injected into the
right substantia nigra (SN) of control and lesioned animals at 5.8 mm
caudal, 0.25 mm lateral, and 8.1 mm ventral of bregma with the tooth-
bar set at —4.0 mm. Approximately 60 nl of the tracer were injected using
a Picospritzer II (Parker Hannifin). The correct localization of the injec-
tion sites was verified histologically (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material).

Laser-capture microdissection of distinct neuronal cell types in the stria-
tum. Tissue preparation, Nissl staining of sections, and laser-capture
microdissection (LCM) were performed as reported previously (Kamme
et al., 2004; Meurers et al., 2009). The retrograde tracer WGA-HRP was
visualized by peroxidase induced precipitation of TMB. Fresh-frozen
sections (10 wm) were fixed in 100% ethanol as described above and
subsequently incubated with 0.01% TMB, 0.05% ammonium paratung-
state, and 0.006% H,O, in 0.1 M phosphate buffer at pH 6.0 for 10 min. A
0.2% stock solution of TMB was made in 100% EtOH; ammonium para-
tungstate was prepared as a 1% stock solution in H,O. The TMB working
solution was mixed just before application to the sections. In addition to
the tracer labeling, sections were Nissl stained for visualization of WGA-
HRP-negative neurons. All chemicals were purchased from Sigma. Stria-
tonigral neurons were identified by their TMB-positive (black) cell bod-
ies, whereas striatopallidal neurons appeared as TMB-negative Nissl-
stained medium-sized neurons (Gerfen et al.,, 1990). Because the
distinction between the two types of neurons depends on a sufficient
labeling of striatonigral neurons, only animals that had 40-45% of
medium-sized neurons in the dorsal striatum marked as striatonigral
were used for capturing of tracer-negative Nissl-stained neurons. Fol-
lowing these guidelines striatonigral neurons were collected from 5 ani-
mals, whereas striatopallidal neurons were captured only from 3 animals.
In the latter, both types of neurons were captured from the same sections.
The correct phenotype of striatonigral and striatopallidal neurons was
verified by quantitative PCR (qPCR) analyses of the marker genes dynor-
phin, enkephalin, and the D, (DrdI) and D, (Drd2) dopamine receptors
as described below.

Attempts to label striatopallidal neurons by tracer injections into the
globus pallidus did not result in a sufficient separation of the two path-
ways. Comparisons of the expression data from control and lesioned
animals were very similar to those of the randomly selected total striatal
population (data not shown). This lack of differentiation between the
two types of projection neurons was recently confirmed in both tracer
and antidromic stimulation experiments (Ballion et al., 2008).

In addition to striatonigral and striatopallidal neurons, samples rep-
resenting the entire pool of projection neurons were generated by LCM
of randomly selected medium-sized neurons from Nissl-stained sections
(n = 3 in each treatment group). For all LCM—-array experiments, sam-
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ples consisted of pooled sets of ~200 individually captured neurons that
were collected from the dorsolateral area of the striatum just rostral of the
anterior commissure (bregma +0.2 to +0.3). Samples for gPCR analyses
consisted on average of 50—200 neurons for each gene.

Gene expression profiling of striatal neurons. RNA extraction, two
rounds of T7-based RNA amplification, RNA labeling, and microarray
hybridization were performed as previously reported (Kamme et al.,
2003; Meurers et al., 2009). The custom made cDNA arrays contained a
total number of 6937 clones. The experimental design that contained
replicates at various levels is depicted in supplemental Figure S2 (avail-
able at www.jneurosci.org as supplemental material). Following over-
night hybridization slides were scanned with an Agilent G2565AA Mi-
croarray Scanner (Agilent Technologies). Fluorescence intensity for each
feature on the array was obtained by using Imagene5.5 software (Biodis-
covery), and analyzed by in-house-developed QC algorithms (Bittner et
al., 2004).

Statistical analyses of array data. All raw data were log, transformed
before analyses. The 4 replicate data points generated from hybridiza-
tions of each sample on duplicate arrays (supplemental Fig. S2, available
at www.jneurosci.org as supplemental material) were treated as technical
replicates and normalized using a smooth-spline function in S-Plus soft-
ware (Tibco). The entire data were then normalized across the different
samples by adjusting the 75th quantiles of each array to log,100. To filter
out genes that are differentially regulated between the control and lesion
groups, a nested ANOVA analysis was applied and a gene was considered
significantly changed when its p value for the treatment (control vs le-
sion) effect was smaller than 0.05. In addition, the average value of the
hybridization signal intensity had to be above the average plant gene
background in at least one of the two treatment groups. The suitability of
the ANOVA model was assessed by comparisons with results from ¢ test
algorithms assuming either equal or unequal variance. All statistical anal-
yses were performed using S-plus (Tibco). Cluster analyses were per-
formed on Cluster software version 2.11, developed by Michael Eisen
(Eisen et al., 1998).

Quantitative PCR analyses of gene expression. qPCR experiments were
performed in a Smart Cycler (Cepheid) as described by Kamme et al.
(2003) or an ABI Prism 7900HT sequence detection system using the
Roche LightCycler FastStart DNA MasterPLUS SYBR Green I mix
(Roche Diagnostics). cDNA derived from 2-round amplified RNA and
nonamplified RNA from laser-capture microdissected neurons served as
template in the qPCR experiments. For the nonamplified templates an
average of 50—200 neurons were used for each gene. Before gPCR anal-
yses cDNA synthesis products were purified on QIAquick PCR purifica-
tion columns (Qiagen). All reactions including those for RNA normal-
ization and plasmid standards were performed in triplicates. Aldo-keto
reductase 1al (aldehyde reductase) and peptidylprolyl isomerase A (cyclo-
philin A) were used for normalization of RNA content. These genes were
chosen because they are abundantly expressed and the results of the prior
array analyses demonstrated a lack of treatment-dependent changes in
expression levels. Size and purity of the PCR products were verified by gel
electrophoresis. Standard curves for absolute quantification were gener-
ated from 10-fold serial plasmid dilutions for each gene. Statistical sig-
nificance of group differences was determined by Student’s t tests (Mi-
crosoft Excel) using p values <0.05 as a cutoff.

Results

Identification of striatonigral and striatopallidal neurons
Differential labeling of striatonigral and striatopallidal projection
neurons was achieved by a retrograde tracer method that has
previously been shown to result in a sufficient separation of the
two pathways (Gerfen et al., 1990; Schiffmann and Vanderhae-
ghen, 1993). Injection of wheat-germ agglutinin coupled to
horseradish peroxidase (WGA-HRP) into the substantia nigra
resulted in a positive identification of cell bodies that send
their axons to this area. Neurons that project exclusively to the
globus pallidus appeared as Nissl-stained WGA-HRP-negative
medium-sized cells (Gerfen et al., 1990; Kawaguchi et al., 1990).
Samples of striatonigral and striatopallidal neurons were gener-
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ated from double-labeled sections by laser-capture microdissec-
tion (Kamme et al., 2004; Meurers et al., 2009) of individual
neurons that were pooled to sample sizes of 50 cells (Fig. 1 A-D).

The correct phenotype of the two populations was verified by
qPCR analyses of dopamine D, (DrdI) and D, (Drd2) receptor as
well as dynorphin and enkephalin mRNA expression levels. The
dopamine receptors and the two peptides have previously been
identified as markers for striatonigral and striatopallidal neurons,
respectively (Gerfen and Young, 1988; Gerfen et al., 1990). In
accordance with these data, our gPCR experiments revealed large
differences in mRNA levels for all four genes (Fig. 1 E). Expres-
sion was, however, not exclusive, which is in agreement with
reports about overlapping expression of marker genes in the two
pathways (Gerfen and Young, 1988; Surmeier et al., 1996).

The reproducibility of the LCM—qPCR technology was tested
in separate experiments for both genes. Neuronal samples with
twofold increments in cell numbers, ranging from 40 to 160 neu-
rons per sample, resulted in consistent decrements of the detec-
tion threshold for the respective gene products. For both genes,
the amplification efficiency was close to the theoretical maximum
of 1 (1.17 = 0.035 for dynorphin and 1.04 = 0.063 for enkephalin
(median = SEM); n = 2 for each cell number) (Fig. 1 F). Similar
results were obtained for the Drdl and Drd2 genes (data not
shown).

These data confirm the validity of the retrograde tracing pro-
cedure for identifying striatonigral and striatopallidal neurons
and demonstrate the high reproducibility of the LCM—qPCR
procedure.

Retrograde tract tracing does not change the gene expression
profile of labeled neurons

Using an in vivo retrograde tracing method to identify neurons
for gene array-based transcriptional profiling experiments raises
the question, whether the labeling procedure itself causes changes
in gene expression patterns. This concern is reinforced by spo-
radic reports in the literature that certain tracers seem to be cy-
totoxic (Garrett et al., 1991). We addressed the issue in a three-
way comparison between different populations of striatal
neurons from control and tracer-injected animals (Fig. 2A), thus
avoiding the technical difficulty of having to identify the exact
same type of neurons by different labeling methods or marker
genes. Only consistent changes in comparisons 2 and 3 (Fig. 2A)
were regarded as being due to the retrograde labeling procedure.
The fact that potential tracer-induced changes are identified in
two independent comparisons substantially reduces the level of
noise in the data. Striatonigral neurons were collected as de-
scribed above. Samples representing the total neuronal popula-
tion were generated by laser-capture microdissection of ran-
domly selected medium-sized cells from Nissl-stained sections of
control and tracer-injected animals. All samples (n = 2 animals
for all three sample types) consisted of 200 individually dissected
cells. The amplified RNA was hybridized to cDNA microarrays
containing 6937 clones.

The average correlation coefficients (R?) for comparisons 1
and 2 (Fig. 2 B) demonstrate the difference in expression profiles
between striatonigral neurons and the total striatal population. In
contrast, the much higher average R* value for comparison 3,
which is close to the value for all technical replicates, suggests a
high degree of similarity between the total populations of striatal
neurons from control and tracer-injected animals. A detailed sta-
tistical analysis of the data revealed only nine genes with consis-
tent differences in mRNA levels in comparisons 2 and 3. The
genes and their respective expression changes are listed in sup-
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Figure 1.  Identification and phenotypic verification of striatonigral and striatopallidal projections neurons. A, Striatonigral
neurons appear as WGA-HRP-positive cells with a black TMB precipitate (red arrows). Striatopallidal neurons are TMB-negative
Nissl-stained medium-sized cells (blue arrows). Twenty-four of 43 (56%) medium-sized neurons are positive for TMB, demon-
strating a high labeling efficiency of striatonigral neurons. Shown is a 10 pum fresh-frozen TMB- and Niss|-stained section. Scale
bar, 20 m. B, Same section as A after individual dissection of striatonigral and striatopallidal neurons. C, D, Captured striatonigral
(€) and striatopallidal (D) neurons. E, qPCR analyses of dynorphin, enkephalin, dopamine D,, and dopamine D, receptor mRNA
expression levels in striatonigral and striatopallidal neurons of 3 normal control animals. Each sample contained 50 neurons. * and
**indicate p values <<0.05 and 0.01, respectively (Student’s  test). F, Assessment of reproducibility of gPCR measurements from
LCM samples. Dynorphin and enkephalin mRNA quantities were analyzed in striatonigral and striatopallidal neurons, respectively.
Blue and orange graphs represent data from duplicates samples for each cell number. Threshold cycle numbers were determined
by the ABI Prism 7900HT sequence detection system software.
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affected genes is involved in neurotrans-
mitter signal transduction.

These results demonstrate that retro-
grade labeling of neurons with WGA-HRP
does not induce substantial alterations in
gene expression profiles and is therefore
suitable for transcriptome analyses of neu-
ronal phenotypes that are defined by their
axonal target areas.

Chronic dopamine depletion causes
large-scale transcriptional alterations in
striatonigral and striatopallidal neurons
The effects of dopamine depletion on stri-
atal target neurons were analyzed in rats
with a unilateral 6-OHDA lesion
(Schwarting and Huston, 1996). In vivo,
the degree of the lesion was evaluated by
using a behavioral test for limb use asym-
metry (Olsson etal., 1995). This procedure
was chosen to avoid potential drug-
induced alterations of gene expression
patterns that might be associated with
conventional testing of rotational behav-
ior elicited by dopamine agonists. Treat-
ment with dopamine agonists has been
shown to result in long lasting changes of
behavioral responses to subsequent drug
applications (Morelli and Di Chiara,
1987). The mean behavioral score, ex-
pressed as percentage difference of the le-
sioned and nonlesioned sides, of all
6-OHDA-treated animals used in this
study was 96.64 * 1.02% (mean = SEM).
Quantitative histological analysis of ty-
rosine hydroxylase immunoreactivity in
the striatum confirmed the efficacy of the
lesioning procedure. In accordance with
the behavioral data all animals had a
>90% [94.78 £ 0.19% (mean = SEM)]
decrease in tyrosine hydroxylase immuno-
reactivity in the striatum. Experiments
were performed 5-6 weeks after the in-
duction of the lesion. Separate samples of
200 striatonigral and striatopallidal neu-
rons were collected from the dorsolateral
striatum just rostral of the anterior com-
missure as described above (Fig. 1A-D).
The design of the microarray experiments
including animal and array numbers is de-
picted in supplemental Figure S2 (avail-
able at www.jneurosci.org as supplemental
material).

Hierarchical cluster analyses (Eisen et
al., 1998), which were performed as an ini-
tial screen of the dataset revealed a com-
plete segregation of the two treatment

plemental Table S1 (available at www.jneurosci.org as supple-
mental material). Functionally, some of these genes have been
implicated in growth regulation (Ccngl, Mx2) (Kobayashi et al.,
2004; Ohtsuka et al., 2004), neurite outgrowth (Cspg5) (Ichihara-
Tanaka et al., 2006), and interferon-inducible antiviral responses
(Mx2, Rsad2) (Aebi et al., 1989; Helbig et al., 2005). None of the

groups in both types of projection neurons (Fig. 3A). The results
provide evidence for the homogeneous composition of the sam-
ples and the reproducibility of the LCM—array technology. In
addition, the robust treatment effects are indicative of relatively
large-scale changes in gene expression profiles, which were con-
firmed by more detailed statistical analyses. The total numbers of
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497 and 558 differentially regulated genes A
(Fig. 3B) represented 11.7% and 14.5% of
all genes expressed above background level
in striatonigral and striatopallidal neu-
rons, respectively. Similar percentages of
genes showed upregulated and downregu-
lated mRNA levels in both cell types (stria-
tonigral neurons: 44% upregulated and
56% downregulated, striatopallidal neu-
rons: 46% upregulated and 54% down-
regulated). Overlapping changes between
the two populations that occurred in the
same and in opposite directions were
found for 88 genes (Fig. 3B). Thus the per-
centages of unique changes amounted to
89.6% and 90.7% in striatonigral and
striatopallidal neurons, respectively. The
data indicate that the two types of neurons
responded very differently to chronic do-
pamine depletion.

In contrast to the robust change in pattern, the overall size of
the individual changes in mRNA levels was rather small (Fig.
3C,D). With few exceptions, they did not exceed twofold in-
creases or decreases. This pattern of large-scale, small-amplitude
transcriptional alterations is consistent with relatively mild func-
tional abnormalities that have been described in various diseases
or disease-associated conditions of the CNS, such as schizophre-
nia or chronic morphine exposure (Mirnics et al., 2000; McClung
et al., 2005).

Differential gene expression was detected in a broad range of
functional groups, such as neurotransmitter and peptide recep-
tors, ion channels, postsynaptic signal transduction, cytoskeletal
structure, transport mechanisms, and synaptic neurotransmitter
release. In particular the large number of receptors affected by the
transcriptional alterations (Table 1) demonstrates the scope of
the adaptive response that involved multiple intrastriatal and ex-
trastriatal neurotransmitter systems. Overall the biggest changes
in both types of projection neurons occurred in neuropeptide
gene expression (Fig. 3E). Two of these genes, follistatin and neu-
romedin U, have previously not been associated with chronic DA
depletion.

Analyses of gene clusters that were grouped by biological
functions revealed that changes in receptor and ion channel gene
expression were more dissimilar between the two cell types than
those for cytoskeletal and synaptic neurotransmitter release-
associated genes (Fig. 3F, Tables 1, 2; supplemental Table S2 A, B,
available at www.jneurosci.org as supplemental material). In ad-
dition to ion channels and receptors greater disparity was also
found for genes involved in protein kinase A (PKA)/DARPP-32/
protein phosphatase 1 (PP1) signaling pathways (see Fig. 5A, B).
These data suggest that structural adaptations are more similar
than those in signal transduction.

Of all the differentially regulated genes ion channels are
among the most likely candidates to have a direct impact on
neuronal firing properties. Within this family of genes our anal-
yses identified a bimodal change in expression levels of the
tandem-pore-domain potassium channel, Kcnk2 (Table 2). In
addition to Kcnk2 other members of the same family changed in
equivalent directions in both types of neurons. In accordance
with the upregulated expression of Kcnk2 the mRNA level of
Kenkl is increased in striatonigral neurons, whereas the de-
creased expression of Kenk? in striatopallidal neurons is matched
by a reduced mRNA abundance of Kenk6 (Table 2). Through
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Impact of retrograde tracing on gene expression profiles. 4, Experimental design. Comparisons of microarray data
from retrogradely labeled striatonigral neurons (a) and randomly selected medium-sized striatal neurons from WGA-HRP-
injected tract tracing (b) and normal control animals (c). All samples contained 200 neurons (n = 2 animals). Genes changed by
the tract tracing (tt) procedure will be detected in comparisons 2 and 3. B, Average correlation coefficients (R?) for all individual
samples of comparisons 1-3 and all duplicate samples within each group (a—c).

time- and voltage-independent “leak” currents the channels have
been shown to affect resting membrane potential and cellular
excitability (Goldstein et al., 2001). Thus the transcriptional
changes in striatonigral and striatopallidal neurons will poten-
tially result in alterations of neuronal responsiveness to incoming
stimuli.

In summary our data demonstrate that chronic dopamine
depletion causes robust transcriptional alterations that are most
prominent in functions associated with cellular signaling
pathways.

Validation of microarray data

Microarray experiments with small sample sizes and small
changes in gene expression levels are often not amenable to a
statistical evaluation of the false discovery rate. Comparable to
previously published datasets (Mootha et al., 2003) the applica-
tion of multiple comparison corrections did not result in statis-
tically significant differences between the two treatment groups
in our experiments. We therefore pursued three different exper-
imental strategies to ensure the validity of our array data.

First, we performed an “in silico validation” (Chuaqui et al.,
2002) of the results. Genes that had previously been reported to
change their mRNA levels in response to chronic dopamine de-
pletion were also detected by our technology (data not shown).

Second, comparisons of array results from striatonigral neu-
rons with data obtained from randomly selected striatal neurons
that represent the entire population provided an estimate of the
reproducibility of the LCM—array technology (Fig. 4A). The ap-
proach is based on the assumption that genes found to be differ-
entially expressed in a subpopulation that comprises ~45% of all
striatal neurons should at least in part be detectable in the total
population. A detailed analysis of the two datasets showed that
75.4% of all significantly regulated genes in striatonigral neurons
changed in the same direction in the total population. In addition
to providing a high-throughput validation with an independent
neuronal population and a different staining technique the com-
parison depicted in Figure 4 A also demonstrates that increasing
the cellular specificity of the samples increased the sensitivity of
detecting differential gene expression. Most of the fold changes in
striatonigral neurons were substantially larger than those de-
tected in the total population. Two reasons, exemplified in Tables
3 and 4, seemed to account for this phenomenon. First, the
change in expression in one population was diluted by the lack of
regulation in the other and, second, transcriptional regulation
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Figure3. DA depletion induced gene expression changes in striatonigral and striatopallidal neurons. 4, Results of hierarchical
cluster analyses in striatonigral (STR-SNR) (n = 5) and striatopallidal (STR-GP) (n = 3) neurons. The dendrogram at the top
represents the relative distance between samples. Analyses were performed with average expression values of each animal. For
further details about the experimental design (animal and array numbers), see supplemental Figure S2 (available at www.
jneurosci.org as supplemental material). Red and blue colors indicate increased and decreased expression values compared with
the group mean. B, Numbers of differentially requlated genes with statistically significant differences in striatonigral (yellow) and
striatopallidal (blue) neurons. Overlapping changes in the same and opposite directions are indicated by green and orange colors,
respectively. €, D, Fold changes of all differentially requlated genes with statistically significant differences in striatonigral and
striatopallidal neurons. E, Statistically significant changes in neuropeptide expression. F, Numbers of significantly requlated genes
in distinct functional groups of genes.
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occurred in opposite directions in both
types of neurons and was therefore not de-
tectable at the level of the total population.

A third line of evidence for the validity
of our array results is provided by qPCR
analyses. The genes chosen for these exper-
iments covered a wide range of fold
changes (1.3- to 3.7-fold). In the popula-
tion of total striatal neurons the array data
(n = 3) could be confirmed for 11 of 12
genes (Fig. 4B). These experiments were
performed with the amplified RNA sam-
ples (n = 3) used for array hybridization as
well as nonamplified material from recap-
tured neurons (n = 3). The latter samples
were included to rule out effects of cell
sampling and RNA amplification. gPCR
analyses also confirmed the array data for
three genes that changed their expression
levels in opposite directions in striatoni-
gral and striatopallidal neurons (see Fig.
6A,B). These experiments were per-
formed in a separate set of animals (n = 4).

In addition to these experimental ap-
proaches the suitability of our statistical
instruments was evaluated by comparing
the results of three different algorithms.
All three tests returned very similar sets of
significantly regulated genes (supplemen-
tal Fig. S3, available at www.jneurosci.org
as supplemental material).

Together these data provide solid evi-
dence for the validity or our array data and
demonstrate that cellular specificity is a
crucial component for detecting differen-
tial gene expression in complex neuroana-
tomical structures.

Transcriptional regulation of genes
involved in DARPP-32-related
postsynaptic signal transduction occurs
at multiple levels
Within the dopamine-related postsynap-
tic signal transduction cascades of striatal
projection neurons, the loss of dopami-
nergic innervation caused numerous tran-
scriptional alterations. The responses in
striatonigral and striatopallidal neurons
either involved different genes or identical
genes with changes in opposite directions
(Fig. 5A,B). Functionally these genes can
be divided into three categories: genes that
are part of the PKA/DARPP-32/PP1 sig-
naling cascade (Fig. 5C,D), neurotrans-
mitter systems other than dopamine that
feed into the DARPP-32 cascade (Fig.
5C,D,F), and target proteins of PKA/PP1
regulated phosphorylation (Fig. 5E). Fig-
ure 5C-F depicts the potential impact of
the altered expression levels on signal
transduction based on the functional pro-
files of the individual gene products.

In the first category, we identified sev-
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eral regulatory and catalytic subunits of
the DARPP-32 cascade with altered tran-
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Table 1. Dopamine depletion induced changes in receptor gene expression of striatonigral (STR-SNR) and
striatopallidal (STR-GP) neurons

scriptional profiles. PppIr2 and Ppp2r2a,

Expression level

s ! . pvalue
two inhibitory subunits of the protein Cell type Control Lesion Ratio (log,) (ANOVA) Entrez gene ID Neurotransmitter
phosphatases 1 (Huang and Glinsmann, STR-SNR 35.6 45 0.253 0.041 Chrnal Acetylcholine
1976) and 2A (Kamibayashi et al., 1992), g qyp 5.7 51 —037 0037 Gabbr1 GABA
cl}ang.ed th.e1r expression levels inopposite  ¢rp o 342 557 0.701 0.001 Gipr Gip
directions in striatonigral and striatopalli-  sTp-sNR 83.8 97.4 0216 0.013 Grial Glutamate
dal neurons (Fig. 5A,C,D). In addition,  STR-SNR 299.6 3526 0.234 0.011 Gria4 Glutamate
one of the catalytic « subunits of PP1 STR-SNR 206.6 271.7 0.384 0.045 Grin1 Glutamate
(Ppplca) and the phosphodiesterase 1b ggg”g 13;2 13% 7323 88‘1‘2 g’m‘; g:utamate

. : 8 ' . —0. . m utamate
(Pde1b), which metabolizes cAMP (Reed  cp g 1042 1296 0313 0.003 Gpr22 Orphan GPR
etal., 2002), altered their expression exclu- o oo 26 23 —0537 0.011 Gor68 Orphan GPR
sively in striatonigral neurons (Fig. 5B,C).  stp-snR 4402 8109 0.881 200<107°  Hik3 Histamine
Transcriptional regulation also oc-  STR-SNR 167.3 2118 0339 0.001 Igfir lgf1
curred in two neurotransmitter systems  STR-SNR 491.9 580.5 0.238 0.013 Npr3 Natriur. peptide
with functional connections to DARPP-  STR-SNR 144.4 96.4 —0.583 0.001 Nesr2 Neurotensin
o S _ STRSMR 478 66.5 0.476 0.048 Opkr1 Opioids

zifﬁfl tll?:illiﬁ(tioilglilacli)igce;l;ﬁzggnehi)? STR-GP 756 2308 —025% 0.008 Adra2c Adrenaline

8 8 STR-GP 1459.2 1806.6 0308 0048 Folr1 Folate
mone  receptor 1 (Mchrl) showed  gpgp 1046 8§77 —0253 0015 Gabrb1 GABA
opposing changes in expression levels in  §TR-Gp 765 89.4 0.224 0.003 Gabrg?2 GABA
the two types of projection neurons (Fig.  STR-GP 2356 1415 —0.735 0.006 Gabrd GABA
SA) The receptor’ Wthh has been shown STR-GP 147.4 2335 0.663 0.005 Grik2 Glutamate
to be abundantly expressed in the dorsal - 25 T Tine g Gossis OptnGen
striatum of the rat (Hervieu et al., 2000)is g oo 83.1 1017 0293 0019 GPRT2 Orphan GPR
coupled to G(a)i z.md/or G(a)q proteins  sp.cp 69.4 1114 0.683 0.011
and thus decreases intracellular cAMP lev-  sp-sNR 166.1 2296 0.434 0.013 Gueyla3 Nitric oxide
els (Saito et al., 1999) (Fig. 5C,D). Com-  STR-GP 244.8 168.8 —0.575 0.029
pared with the Mchrl data the direction of ~ STR-SNR 104.2 60.1 —0.795 0.008 Mchr1 mch

STR-GP 103.5 125.8 0.281 0.018

changes is reversed for the a3 subunit of

guanylate cyclase 1 (Gucyla3) (Fig. 5A).
The enzyme mediates the postsynaptic ef-
fects of nitric oxide (NO) signaling (Na-
kane et al., 1990) and causes an increased
phosphorylation of DARPP-32 at threo-

GPR, G-protein-coupled receptor; Gip, gastric inhibitory polypeptide; Igf1, insulin-like growth factor; mch, melanin-concentrating hormone; Natriur., natri-
uretic; VLDL, very-low-density lipoprotein.

Table 2. Dopamine depletion induced changes in ion channel gene expression of striatonigral (STR-SNR) and
striatopallidal (STR-GP) neurons

nine residue 34 via cyclic guanosine

Expression level

monophosphate formation and protein (el ype Control Lesion Ratio (log,) pvalue (ANOVA) Entrez gene ID
kinase G activation (Greengard et al.,
1999) (Fig. 5F) STR-SNR 64.5 77.6 0.266 0.049 Cacna2d?
& ’ . STR-SNR 68.5 82.9 0.276 0.001 (acna2d3
Several genes coding for known target  ¢p.onr 539 394 —0.449 0.005 Cacng]
proteins  of  PKA/DARPP-32/PP1-  STR-sNR 338 264 —0353 0.037 Kenn3
mediated phosphorylation showed altered ~ STR-SNR 164 2024 0303 0.014 Kenk1
transcription levels after chronic DA de-  STR-SNR 273 379 0.474 0.004 Kenab3
pletion (Fig. 54, C—E). As a general pat-  STRSNR 4163 5241 o 0.047 S9a
. . STR-SNR 127.5 94.4 0.432 0.016 Sentb
tern, the direction of these changes corre-

. . STR-SNR 196.1 1613 —0.281 0.019 Senla
lated with the effect of phosphorylationon  ¢p c\p 1147 852 —0.428 0.002 Tiovl
the respective proteins, i.e., proteins that  sp-gp 516.8 4708 —0.134 0.049 (en3
are activated by phosphorylation showed  STR-GP 746 67.6 —0.142 0.027 Kenké
increased mRNA expression levels and  STR-GP 118.9 103.4 —0.201 0.033 Kena1
vice versa. Histone H3, which is function- gESER 1‘;3 12;; _gﬁz gg;‘g Kend2
ally upregulated by increased phosphory- STR: @ 1097 705 063 0.003 Accn
lation (Nowak and Corces, 2004) has re- STR-SNR 59'3 52'9 _0'1 6 0.028
cently been shown to be subject to  spgp 473 693 0.549 0.001 Cacnb
DARPP-32-dependent DA signaling. D,  STR-SNR 1133 150.7 041 0.01
receptor stimulation in striatonigral neu-  STR-GP 120.5 89.5 —0.428 0.045 Kenk2

rons results in increased phosphorylation,

whereas D, receptor stimulation in stria-

topallidal neurons has the opposite effect (Bertran-Gonzalez et
al., 2008). In our dataset the expression of H3f3a, a member of the
histone H3 family of genes, showed opposing changes in the two
pathways, with increased and decreased mRNA levels occurring
in striatonigral and striatopallidal neurons, respectively (Fig.
5A,C,D). In addition to H3f3a the same pattern was observed for

several genes that changed exclusively in striatonigral neurons.
mRNA expression levels of 3 different NMDA- (Grinl) and
AMPA-type (Grial and Gria4 ) glutamate receptor subunits were
found to be increased in these neurons (Fig. 5 B, E). Both types of
receptors have previously been demonstrated to be subject to
PKA/DARPP-32/PP1 regulation (Greengard et al., 1999). The
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Figure 4.  Experimental validation of microarray data. A, Comparison of gene expression
ratios from control and 6-OHDA-treated animals in the subpopulation of striatonigral neurons
and the total population of striatal medium-sized neurons. The former represent ~45% of the
total population. Depicted are all genes with significant changes in the striatonigral population
for which the changes in the total population occurred in the same direction (75.4% of all
significantly regulated genes). B, qPCR validation of array data from control and 6-OHDA-
treated animals in the total population of striatal neurons (n = 3). qPCR experiments were
performed with the same amplified RNA that was used for the array hybridization or nonam-
plified RNA from recaptured neurons of the same animals. All differences were statistically
significantly different ( p << 0.05) except for the Cnr1 data from nonamplified RNA (Student's t
test).

upregulation of NMDA receptor function has been shown to be
mediated by phosphorylation of the NRI (Grinl) subunit
(Greengard et al., 1999). Similarly, AMPA receptor activity is
increased through PKA-dependent mechanisms. Phosphoryla-
tion of its Grial subunit causes an increase in peak currents
(Roche et al., 1996), whereas phosphorylation of the Gria4 sub-
unit stimulates synaptic incorporation of the receptor (Esteban et
al., 2003). In contrast to NMDA and AMPA receptors, activity
levels of the Na*,K "-ATPase are downregulated by increased
phosphorylation (Greengard et al., 1999). In our experiments the
al subunit of Na™,K"-ATPase (Atplal) showed a decreased
mRNA expression level (Fig. 5B, E).

Together these data demonstrate that chronic dopamine de-
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Table 3. Dilution effects of unchanged expression in one subpopulation on
differential gene expression in the other

Expression level

pvalue
Cell type Control Lesion Ratio (log,) (ANOVA) Annotation
Total pop. 94.59 89.29 0.083 0.711
STR-SNR 154.66 9232 0.744 0.013 Ntsr2
STR-GP 110.26 95.17 0.212 0.15
Total pop. 85.01 87.53 —0.042 0.792
STR-SNR 119.27 125.27 —0.071 0.677
STR-GP 85.59 4238 1.014 130 x10°° (snk2b
Total pop. 143.92 148.91 —0.049 0.979
STR-SNR 92.67 149.35 —0.689 0.032
STR-GP 95.32 88.59 0.106 0.737 Tmsb10
Total pop. 1184 128.93 —0.123 0.72
STR-SNR 133.14 206.97 —0.636 0.016
STR-GP 470.12 467.18 0.009 0.872 Nap111
Total pop. 201.11 190.8 0.076 0.906
STR-SNR 174.82 163.13 0.1 0.531
STR-GP 53.14 37.52 0.513 0.001 Gstp2

pop., Population.

pletion of striatal projection neurons caused multiple transcrip-
tional alterations within postsynaptic DARPP-32-related signal
transduction systems. The responses occur in a cell-type-specific
manner either through bimodal regulation of the same genes or
selective changes in one of the two populations.

L-Dopa treatment causes a cell-type-specific reversion of gene

expression changes

To test the effects of chronic 1-dopa treatment on gene expression
changes in the DARPP-32-associated signal transduction cas-
cade, 6-OHDA-lesioned animals (n = 4) were treated with 25
mg/kg L-dopa twice daily at 12 h intervals for a period of 3 weeks
as described by Dunah et al. (2000). With regard to the severity of
the nigrostriatal lesion, behavioral inclusion criteria for these ex-
periments were as described above. All L-dopa-treated animals
exhibited contralateral rotation, orofacial dyskinesias, and dys-
tonic movements and postures, the latter being most pronounced
toward the end of the rotational period. Control groups (n = 4in
each group) consisting of naive and 6-OHDA-treated animals
received vehicle injections. The mRNA abundance of select
DARPP-32-associated genes that changed their expression levels
following chronic DA depletion were assessed by qPCR analyses
of nonamplified template mRNA from laser-dissected striatoni-
gral and striatopallidal neurons.

Comparisons of control and 6-OHDA-treated animals con-
firmed the array data for Ppp1r2, Ppp2r2a, and Gucyla3 (Fig. 6).
L-dopa treatment resulted in a cell-type-specific alteration of
these lesion-induced transcriptional adaptations. In striatonigral
neurons the expression levels for Ppp1r2 and Ppp2r2a remained
increased and decreased, respectively (for Ppp1r2 the difference
between control and L-dopa-treated animals did not reach statis-
tical significance ( p = 0.071)), whereas for Gucyla3 the mRNA
level changed in the opposite direction (Fig. 6A). In contrast to
the findings in striatonigral neurons the expression levels of all
three genes returned to normal control values in striatopallidal
neurons (Fig. 6 B). These data indicate a cell-type-specific regu-
lation of gene expression in response to chronic dopamine re-
placement therapy in animals with severe nigrostriatal lesions.

Discussion

Our transcriptome analyses in a well characterized animal model
of striatal DA depletion revealed large-scale alterations in gene
expression profiles of striatonigral and striatopallidal neurons.
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Consistent with its function as a slow-
acting neuromodulator, the loss of dopa-

. . . pvalue
mine caused multiple changes in pos'gsyn— Cell type Control Lesion Ratio (log,) (ANOVA) Annotation
aptic ~ PKA/DARPP-32/PP1-associated — ; 076 005 )
: : _ otal pop. 177 .4 170.7 .05 .57
Slg?al. trarisdcll,lctlon. casce}lldes. These dtr.an STR-SNR 266.94 34331 0.386 0.014 Similar to NADH:ubiquinone oxidoreductase
scriptional adaptations that occurred ina gqp oo 4341 10129 0363 0.011 B15 subunit
cell-type-specific manner are likely to af- 14610, 86.47 79.61 0119 0.404
fect the efficacy of signal transduction and  STR-SNR 57.84 812 —0.44 0.002
thus change the intrinsic responsiveness of ~ STR-GP 55.54 75.35 0.423 910X 10™*  epoxide hydrolase 1
medium spiny projection neurons in the  Total pop. 90.88 87.55 0.054 0.837
stiatum. e sm o mso 0es oo o2
A quintessential prerequisite of the 3 ; ’ ’ ; oin

. . . . . Total pop. 159.71 169.27 —0.084 0.702
study is the identification and sampling of ¢z p 141.62 9350  —0.861 0.049
striatonigral and striatopallidal neurons  sp-gp 167.53 304.19 0597 0.015 decorin
with the least possible amount of cross-  Totalpop.  413.72 3441 —0.07 0473
contamination. For technical reasons such ~ STR-SNR 172.11 230.76 0.58 0.02
as lack of appropriate antibodies for label- ~ STR-GP 242.07 161.91 —0.423 0.026 quanylate cyclase 1, soluble, alpha 3
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Table 4. Annihilating effects of changes in opposite directions

Expression level

ing of marker proteins and superior pres-  pop. Population.

ervation of RNA during the staining pro-

cedure for the retrograde tracer, we decided to use a previously
described tracing method (Gerfen et al., 1990; Schiffmann and
Vanderhaeghen, 1993) to identify neurons of the two projections
systems. QPCR based expression analyses of the dopamine recep-
tors Drdl and Drd2 as well as two differentially expressed pep-
tides, dynorphin and enkephalin, confirmed the validity of the
approach. The expression ratios for each of these marker genes
are in agreement with recently published data obtained from
transgenic mice that express enhanced green fluorescent protein
under the control of the Drdl and Drd2 promoters (Heiman et
al., 2008). In addition, the detection of changes that occur in
opposite directions in the two populations provides further evi-
dence for the relatively high purity of the cell samples; these re-
sults would not have been possible with a substantial cross-
contamination of the samples.

The large discrepancy between the responses of striatonigral
and striatopallidal neurons to chronic DA depletion is likely to
have several reasons. In addition to the differential expression of
the D, and D, DA receptors and their distinct coupling to
postsynaptic signal transduction cascades (Stoof and Kebabian,
1981; Beaulieu et al., 2005; Bertran-Gonzalez et al., 2008), re-
cently discovered intrinsic differences that are not directly linked
to DA action, such as cellular excitability (Gertler et al., 2008) and
intracellular Ca®* release (Heiman et al., 2008) might contribute
to the diverse regulation of gene expression. The finding that
differences between the two cell types are mainly related to func-
tions of signal transduction and signal integration is in agreement
with our data that demonstrate a larger degree of overlap in do-
pamine depletion induced transcriptional changes for cytoskel-
etal and neurotransmitter release-associated functions than for
ion channels, receptors, and signal transduction cascades.

The biological relevance of transcriptional regulation as an
adaptive mechanism to changes in DA input is supported by the
fact that changes in the core PKA/DARPP-32/PP1 cascade occur
at multiple levels. Thus the potential effects on the overall signal-
ing efficacy are mediated by different mechanisms. In D, -positive
striatonigral neurons the activity of PKA will be increased by a
decreased expression of Pdelb (Reed et al., 2002) and Ppp2r2a
(Kamibayashi et al., 1992). It has previously been shown that
PP2A is part of a positive feedforward loop that increases PKA
activity through dephosphorylation of DARPP-32 at Thr75
(Svenningsson et al., 2004). This in turn will result in increased
phosphorylation of DARPP-32 at Thr34, which will cause in-
creased inhibition of PP1. PP1 activity will also be reduced by the

decreased expression of the catalytic o subunit Ppplca and the
increased expression of the inhibitory subunit Ppp1r2. Opposite
effects will occur in striatopallidal neurons.

The potential impact on DARPP-32 phosphorylation profiles,
consisting of increased Thr34 and decreased Thr75 phosphoryla-
tion in striatonigral neurons and a reversed pattern in striatopal-
lidal neurons, parallels the effects of DA in the respective cell
types under physiologic conditions (Bateup et al., 2008). Thus the
most likely interpretation of the DA depletion induced transcrip-
tional changes in postsynaptic signal transduction is that they
represent compensatory mechanisms.

In accordance with the central role of DARPP-32 for signal inte-
gration in striatal projection neurons, transcriptional adaptations
also occurred in other neurotransmitter systems that feed into the
DARPP-32 cascade. The regulation of Mchrl and Gucyla3 expres-
sion will induce prodopaminergic phosphorylation patterns in stria-
tonigral and striatopallidal neurons (Greengard et al., 1999; Saito et
al,, 1999). Both neurotransmitter systems have previously been im-
plicated in the physiologic control of motor functions (Greengard et
al,, 1999; Smith et al., 2005). Our data suggest that they are also part
of a transcriptional adaptation in motor system disease. Interest-
ingly, the increased binding levels for D, and D, DA receptors in
mice with deletions of the MchrI (Smith et al., 2005) suggest that
there might be a potential for reciprocal adaptive interactions be-
tween different neurotransmitter systems.

Further support for the hypothesis that the responses are at
least in part compensatory results from transcriptional changes
in multiple target proteins of DA signaling that represent a broad
range of cellular functions. The physiologic DA effects on histone
H3-mediated chromatin remodeling (Bertran-Gonzalez et al.,
2008) might be partially mimicked by the changes in H3f3a ex-
pression. Similarly, the altered expression levels of “leak” current
producing Kenk channel subunits (Goldstein et al., 2001) repre-
sent a potential compensation for the lack of DA-mediated mod-
ulation of Kir2- and Kenk-mediated anomalous rectifier K * cur-
rents (Nicola et al., 2000; Perez et al., 2006). As a potential effect,
the changes in Kenk channel expression might increase the inher-
ent difference in anomalous rectifier currents in striatonigral and
striatopallidal neurons (Gertler et al., 2008) by as much as 70%.
Given the fact that these currents account for a large proportion
of the conductance at resting membrane potential (Uchimura et
al., 1989), these changes might cause a substantial alteration in
excitability in the two types of neurons. Thus the adaptation of
Kenk expression levels might provide a mechanism for the re-
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Expression changes of genes associated with DARPP-32 signal transduction and their prospective functional effects
within the signaling cascades. A, Microarray data of DARPP-32-associated genes that change in opposite directions in striatonigral
and striatopallidal neurons. Group sizes for the array experiments are n = 5 for striatonigral and n = 3 for striatopallidal neurons.
* indicates significant differences ( p << 0.05; Student's ¢ test). B, Array data for genes that changed exclusively in striatonigral
neurons. C~F, Association of altered gene expression levels and published functions of DARPP-32-related genes. Blue fill color of
boxes/ovals reflects decreased and red color indicates increased expression levels. Green and blue arrows depict stimulatory and
inhibitory effects, respectively, and arrow sizes reflect the quantitative aspect of the effect. Circled P symbolizes a phosphate group
with the size of the circle indicating the degree of phosphorylation. Green and blue fill colors of the circles indicate
phosphorylation-mediated activation and deactivation, respectively. C, D, Potential effects of expression changes in cAMP/PKA/
DARPP-32/PP1-related genes in striatonigral (C) and striatopallidal (D) neurons. E, Expression changes of DA target genes in
relation to the effects of DA-mediated phosphorylation on the respective gene products in striatonigral neurons. F, Impact of

altered guanylate cyclase expression on PKG/DARPP-32 signaling.
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spective decrease and increase in respon-
siveness of striatonigral and striatopallidal
neurons to cortical stimulation in a rodent
model of PD (Mallet et al., 2006).

However, alterations of excitability in
the down state constitute only one compo-
nent of the mechanisms that determine the
overall activity patterns of MSNs. What is
perhaps more important is the transition
to the up state (Wilson and Kawaguchi,
1996), a process that is regulated by a com-
plex interplay of multiple neurotransmit-
ters and ion channels. Dopamine plays a
crucial role in this transition via modula-
tion of ion channel activities (Nicola et al.,
2000). The fact that in both types of striatal
projection neurons the transcriptional
changes represent compensatory mecha-
nisms might indicate that the increasingly
deficient dopamine signaling is one of the
main reasons for the disease-related
changes in firing patterns. In other words,
the compensational changes are insuffi-
cient to prevent the occurrence of abnor-
mal electrical activity and motor symp-
toms. This hypothesis is supported by
changes in glutamatergic signaling that
mediate the transition from down to up
states. In striatonigral neurons the in-
creased expression of several different glu-
tamate receptor subunits might partially
compensate for the decreased level of ac-
tivity (Mallet et al., 2006). On the other
hand the reduction of glutamatergic syn-
apses on striatopallidal neurons after do-
pamine depletion, as described by Day et
al. (2006) potentially compensates the in-
creased excitability and activity seen after
dopamine depletion (Mallet et al., 2006),
implicating that the anatomical changes in
these neurons are homeostatic. In summary,
this hypothesis assumes that one of the ma-
jor postsynaptic deficits in MSNss lies in do-
pamine controlled state transitions.

Our findings have several implications
for diseases associated with reduced DA
innervation in the striatum such as PD.
The postsynaptic changes in transcription
patterns provide at least a partial explana-
tion for the protracted preclinical phase of
the disease. Studies in human PD patients
(Bernheimer et al., 1973; Morrish et al.,
1995) and a primate model of the disease
(Bezard et al., 2001) have estimated that
the threshold for symptom development is
40-50% for the loss of DA neurons and
70—80% for the loss of DA terminals and
DA uptake sites. Depending on their per-
sistence after the initiation of DA replace-
ment therapy, the changes identified in
our experiments might also have an im-
pact on the effects of externally adminis-
tered DA agonists (Bezard et al., 2003; San-
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Figure 6.  qPCR expression analyses of genes associated with DARPP-32 signal transduction

after t-dopa treatment. A, B, qPCR experiments were conducted with nonamplified samples
from striatonigral (A) and striatopallidal (B) neurons in a different set of animals (n = 4 for all
treatment groups and cell types). Each sample contained ~100 neurons. * indicates p values
<<0.05 (Student’s ¢ test).

tini et al., 2008). In fact, the partial reversion of the DARPP-32-
associated gene expression changes in striatonigral neurons in
our experiments suggests the occurrence of altered phosphoryla-
tion patterns during long-term L-dopa treatment. This hypothe-
sis is in agreement with reports about increased phosphorylation
of DARPP-32 at threonine residue 34 (Picconi et al., 2003) and
hyperphosphorylation of the Grin1 subunit of the NMDA recep-
tor at serine residues (Dunah et al., 2000) in animals that have
received extended L-dopa treatment. Potential mechanisms for
this complex cell-type-specific response might include the pulsa-
tile or nonphysiologic nature of dopamine receptor stimulation
or indicate the existence of additional regulators such as trophic
feedback from DA terminals.

In summary the data provide solid evidence for the profound
changes in transcriptional profiles in striatonigral and striatopallidal
neurons after DA depletion. Based on the combined functional pat-
terns of the individual changes, the responses in both types of neu-
rons are most likely compensatory. Elucidating the mechanisms that
orchestrate these complex alterations will provide valuable insight
into the adaptability of the brain to disease-related dysfunction.
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