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Abstract

Dyskinesia induced by long-term L-Dopa (LID) therapy in Parkinson disease is associated with
altered striatal function whose molecular bases remain unclear. Here, a transcriptomic approach
was applied for comprehensive analysis of distinctively regulated genes in striatal tissue, their
specific pathways, and functional- and disease-associated networks in a rodent model of LID. This
approach has identified transforming growth factor beta type 1 (TGFB1) as a highly upregulated
gene in dyskinetic animals. TGFP1 pathway is a top aberrantly regulated pathway in the striatum
following LID development based on differentially expressed genes (> 1.5 fold change and P<
0.05). The induction of TGFB1 pathway specific genes, 7TGFB1, INHBA, AMHRZ2and PMEPA1
was also associated with regulation of NPTX2, PDP1, SCGZ, SYNPR, TAC1, TH, TNNTI genes.
Transcriptional network and upstream regulator analyses have identified AKT-centered functional
and ERK-centered disease networks revealing the association of 7TGFB1, /L-1Gand TNFa with
LID development. Therefore, results support that TGF1 pathway is a major contributor to the
pathogenic mechanisms of LID.
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11 INTRODUCTION

Parkinson disease (PD) is characterized by motor symptoms that primarily originate from
the loss of nigrostriatal dopaminergic neurons. Dopamine replacement by L-Dopa improves
motor disability, but is frequently complicated by the appearance of involuntary movements,
namely L-Dopa-induced dyskinesia (LID). Although the mechanisms underlying LID
development are not completely understood, there is evidence for major regulatory changes
of several molecules in the striatum. Elevated levels of the transcription factor AFosB%2 and
the phosphorylated forms of (a) dopamine cAMP related phosphoprotein (oDARPP32),3 (b)
extracellular signal regulated kinase 1/2 (pERK 1/2)* and (c) histone H3 (H 3)° are
consistently found in rodent and primate models of LID. These molecules participate in
signaling mechanisms of dopamine D1 and D2 receptors. 4FosB is widely overexpressed in
striatal cells that express either D1 or D2 receptors. cCAMP/PKA/DARPP-32 and PKA/
mitogen activated protein kinase extracellular signal regulated kinase (MEK)I ERK 1/2
largely mediate D1R signaling.3:6-8 Phosphorylated ERK1/2 activates mammalian target of
rapamycin complex 1 (mTORCI),° which is a critical regulator of synaptic plasticity and
memory,10 and plasticity mechanisms are altered in rodent models of LID.11-13 LID is
associated with dysregulation of striatal glutamate transmission.1# In particular, changes in
NMDAR subunits G/luN2A and 2B play a key role in altered plasticity mechanisms in both
D1R- and D2R-expressing cells.15-18 Thus, at the cellular level, LID is related to
dysfunction in both direct and indirect striatal projection neurons (dSPN and iSPN), which
express dopamine D1R and D2R, respectively.1920 Signaling from striatal interneurons are
dysregulated as a result of glutamatergic and dopaminergic changes, and interneurons
majorly drive striatal microcircuits.3

In addition, glial mechanisms and inflammatory changes that participate in altered synaptic
function?! are present following chronic L-Dopa treatment,?2-24 suggesting a potential role
in LID development. Nevertheless, the mechanisms and mediators of neuroinflammation
associated to LID have not been profiled. Global gene expression analyses in animal
models2>-29 have been limited to differentially expressed genes and enrichment of regulated
pathways without detailing early molecular events. Here, we applied transcriptomic and a
combination of pathway enrichment, gene networking and upstream regulator analyses to
identify key molecular mediators of LID development. We used chronic L-Dopa treatment in
a rodent model of PD to induce abnormal involuntary movements (AIMs), which are
equivalent to the primate LID. Pathway enrichment, functional and disease network building
and upstream regulator analyses have identified transforming growth factor beta type 1
(TGFpB1I), interleukin 1 beta (/L16) and tumor necrosis factor alpha ( 7A/Fa) cytokines as key
mediators of chronic inflammation leading to AlMs development in rats.
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21 RESULTS
2.11 Identification of gene regulation in the striatum of dyskinetic rats

2.21

AlIMs were evident in the L-Dopa-treated group but not in control saline-treated rats (Figure
1A-C). Baseline contralateral rotation induced by apomorphine was similar between the two
groups of rats, and contralateral rotation in the L-Dopa-treated group was robust on day 1
and progressed with daily treatment to a significant difference by day 8 (Figure 1D).
Increased expression of striatal AFosB, an established LID marker, was confirmed in the L-
Dopa-treated group using quantitative polymerase chain reaction (qQPCR) (Figure 1E).
Consistent with previous reports,12 eight out of nine RNA samples showed a minimum
increase of 1.6-fold in 4FosB gene expression normalized to values of control rats. In
contrast, no significant changes in FosB gene expression were observed between the two
groups (Figure 1E). Therefore, the group of chronic L-Dopa treatment expressed correlated
behavioral and molecular patterns of the rodent model of LID.

Transcriptomic analysis was performed on RNA extracted from striatal tissue samples
derived from L-Dopa-treated and control rats (n = 6 in each group) to identify a list of
AlMs-associated genes. Results showed a differential gene expression pattern (Figure 2A).
Due to the number of samples (n = 6 per group) and rigorous filtration (1.5 FC and < 0.05 P
significance), 147 (0.67%) out of 13,374 genes were aberrantly regulated in animals with
AlMs (Figure 2A). Among these genes, 110 (0.5%) were upregulated (Table S2), and 37
(0.16%) were downregulated (Table S3). Mapping of differentially expressed transcript IDs
to NCBI Entrez gene database in IPA resulted in 108 upregulated and 35 downregulated
transcripts of known genes in the database. To understand the differences between
transcriptomes of L-Dopa-treated and control groups, we performed principal component
analysis on whole transcriptome datasets of mRNA profiles and identified a marked
difference between datasets (Figure 2B). Subsequently, we performed functional
classification of expressed transcripts to categorize the differentially expressed genes. This
analysis showed host genes of enzymes (kinases, phosphatases and peptidases), growth
factors, ion channels, chemokines, G-protein coupled receptors, nuclear receptors and
transcription factors as major classes of genes associated with AIMs (Figure 2C).

Validation of highly regulated TGFg1, INHBA, NMU, TIMP1 and TAC1 genes

We selected TGFB1, INHBa, NMU, TIMP-1and TACI among the upregulated genes in
microarray analysis for validation as gene expression changes underlying L-Dopa-induced
AlMs. We selected 7TGFB1 because it belongs to a top regulatory TGFp1 pathway in L-
Dopa-treated rats compared with controls, and the /NHBa gene because of its association
with TGFB1 pathway. We also selected the upregulated 7/MP-1and TACI genes because of
their previously reported role in LID3931 and NMU because of its association with neuronal
inflammation.32 The mRNA expression of selected transcripts was validated in quantitative
polymerase chain reaction (QPCR) assays. Comparison of threshold cycle (CT) values of
these genes normalized with GAPDH showed a significant increase in mMRNA expression
(INHBA > 5.5-fold, TGFB1> 4.7, TAC1> 4.14, NMU> 1.76, TIMP1 > 1.92) in eight out
of nine L-Dopa-treated rats compared with control rats (Figure 3A). These results validated
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our microarray-identified upregulated gene profile in association with the development of
AlIMs in L-Dopa treated rats.

2.31 Pathway enrichment analysis identifies hyper regulation of TGFS1 signaling

We performed pathway enrichment analysis on significantly up and downregulated (1.5-fold,
P < .05) gene datasets of L-Dopa-treated rats compared with control rats by IPA. TGFB1
pathway was identified as a novel top regulatory pathway with modulation of key pathway
associated genes (7GFB1, INHBA, AMHRZ and PMEFAI) in the striatum of L-Dopa
treated rats (Table 1; Figure 3B,C). In our dataset, 7H, DUSP26, TGFB1, CREM, TNNI3,
PTGS2and PTEN genes were associated with protein kinase A signaling pathway; ILK
signaling (FN1, RHOQ, PTGS2and PTEN); inhibition of matrix metalloproteinases or
MMPs (TIMP1, MMP14); protein ubiquitination pathway (CRYAB, HSPA5, DNAJBS,
HSPBI); melatonin degradation (POR and SULT1AI); and prostanoid biosynthesis
(PTGS2) pathways (Table 1 and Figure 3B). These data are consistent with the role of PKA
signaling in the aberrant neuronal activity underlying LID development in animal models.3
More importantly, our analysis identified the key role of 7GFB1 pathway (Figure 3C), which
is highly regulated among altered pathways in the striatum of the rodent model of LID.

2.41 Regulation of gene expression by AKT- and ERK-associated transcriptional
programs

To investigate operating transcriptional programs in relation to LID, we performed network
analysis of upregulated genes (1.5 FC and Pvalue < 0.05) from our microarray results to
identify transcription factors (TFs) that control distinct sets of differentially expressed genes
in IPA. We identified 36 distinctly regulated genes in a “neuronal” gene network containing
the genes regulated during known nervous system disorders with AKT as a central regulator
(Figure 4A). In this network, CFLAR, PDYNand TACI genes were identified as key genes
associated with AIMs. We have also identified the ERK centered “neurological” gene
network involving 35 upregulated genes associated with “function” of nervous system
(Figure 4B). Notably, among the key LID-associated genes identified in this study, CFLAR,
CRYAB, GADD45A, GJB6, TACI1, TH, HSPA5, HTR1B, NPTXZ2are known to play a role
in neuronal inflammation31:33-42 and 74C1and 7H are directly associated with PD3! (Table
S4). Therefore, gene networking analyses identified AK7and ERK centered gene networks
in the striatum of L-Dopa-treated rats regulating key transcriptional programs.

2,51 Roleof TGFAL, IL-1/gand TNFa cytokines in parkinsonian rats with AIMs

In the list of upregulated LID genes, we performed upstream regulator analysis (URA) and
found altered expression of distinct cytokines, growth factors and TFs. Chronic
inflammatory marker, 7GFB1 was the top upstream regulatory growth factor that stimulated
expression of 25 target genes (4.09 Z score, A= 4.84 x 1078) from the list of LID genes
(Figure 4C and Table S5). Several growth factors, AG7, BMPZ, EGF, FGF2, HGF, IGF1,
MSTN, NGFand VEGFA were identified as upstream regulators with a minimum of P<
0.01 and = 2.0 Z score (Table S5). URA has identified significant induction of /L-15(2.41 Z
score, P=2.77 x 10711 and 7NFa (2.97 Z score, P= 2.77 x 10~11) inflammatory cytokines
that are predicted to stimulate expression of 22 upregulated genes in this rat model of LID
(Figure 4D and Table S5). OSM, /L-1a, IL-5, IL-17a and TNFSF11 cytokines were
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identified as LID-associated upstream regulators in our analysis (Figure 4D). We found a
link between TFs that control expression of multiple genes from the list of differentially
expressed genes in our dataset using URA. CREB1 was identified as a major TF that
controls the expression of NPTX2, SCG2and HSFPA5 target genes (Figure 4E and Table S5).
GADD45A, HSPA5 and HTR1B genes were predicted to be regulated by 7GFB1.
Interestingly, pro-inflammatory /L-1p cytokine that is known to play a key role in multiple
neurodegenerative disorders was predicted to control expression of CFLAR, CRYAB,
GADD45aand TACI LID genes (Table S5). In addition, 7A/Fa-controlling CFLAR,
CRYAB, GADD45a, TACIand TH gene expression showed a direct link between
inflammatory cytokines and regulated genes in this rat model of LID (Figure 4E and Table
S5). CREBI controlling the expression of 23 genes was among the top upstream regulatory
TF with high significance (Pvalue, 2.6 x 10716) and 4.25 Z score (Figure 4E and Table S5).
CEBPa, EGR1, SMAD3, SMARCA4, SP1, STAT3and TP53were among other
upregulated TFs with a minimum of 2.0 Z score and 0.01 Pvalue significance. SMAD7 was
the only down modulated TF based on upregulated target gene analysis (Table S5). These
results showed that inflammatory factors, 7GFB1, IL-15and TNFa play a major role in the
control of gene expression associated with LID in the rat model of PD.

31 DISCUSSION

Our integrated transcriptomic analyses revealed a significant contribution of TGFf1
pathway and other cytokines to the development of AlMs in the rodent model. Although
previous studies have provided insights into the gene regulation in relation to the
development of LID in animal models,2529 the integration of various systems biology tools
applied here, including transcriptomic, pathway enrichment, gene networking and URA led
to identify important early molecular events in LID development. Konradi et al, 25 utilized L-
Dopa (6 mg/kg, i.p.) to induce AIMs in rats with 6-hydroxydopamine hydrobromide (6-
OHDA)-lesions, and analyzed striatal gene expression in a smaller set of 8000 transcripts.
This study has identified 250 differentially expressed transcripts, but all those genes were
moderately regulated (< 1.6 FC) in rats with AIMs. By contrast, Charbonnier-Beupel et al?’
utilized a higher dose of L-Dopa (20 mg/kg, i.p.) in dopamine-depleted mice to analyze the
transcriptomic profile of the striatum, which was more consistent with our data showing
NPTXZ, TH, NOCT and AFosB upregulated genes. Heiman et al. utilized a different
approach to identify gene regulation in subpopulations of striatal projection neurons (SPNs),
that is, dSPNs expressing dopamine D1 receptors and iSPNs expressing dopamine D2
receptors following low and high doses of L-Dopa treatment in rodents.#3 Interestingly, in
this study, several of the genes associated with cyclic AMP-responsive element binding,
activator protein 1, ERK and inflammatory signaling pathways were highly regulated in
dSPNs, but minimal or no changes were observed in iSPNs in L-Dopa-treated rodents with
AlMs. These differences may contribute to the specific mechanisms underlying the
development of AlMs, since both dSPNs and iSPNSs play a role in movement generation,
44.45 hut may undergo distinctive dysregulation after chronic L-Dopa treatment.3 However,
the comprehensive approach taken in the present study allowed us to uncover operating
transcriptional programs and upstream regulated genes in the striatum associated with the
dyskinesias of parkinsonian rats.
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Patients with Parkinson disease are treated with variable L-Dopa doses that range from 400
to 800 mg per day on average,*6 and LID develops gradually during chronic therapy.4”
However, the onset and the severity of LID are not strictly dependent on the L-Dopa dose,
but rather related to a combination of factors, including disease progression and the presence
of hypersensitive motor responses.8 Based on FDA dose equivalence, the human equivalent
rat dose could be estimated between 40 and 80 mg/kg, but the L-Dopa doses commonly used
in rat models of PD to reproduce LID are much lower (8-25 mg/kg).2%:27:43 Unilateral 6-
OHDA lesion of the median forebrain bundle (MFB) creates a unique model of complete
dopamine denervation on one side of the brain (> 95% nigral cell loss), which results in very
high sensitivity to dopaminergic stimulation and lower dose requirements.#9-50 In this
model, LID can be observed even with the first L-Dopa dose in some animals and fully
develops within days of daily administration in the majority of animals.2:51 We selected to
use L-Dopa at 25 mg/kg twice daily to induce consistent expression of all categories of
AlMs across animals since lower doses can induce variable severity of AlMs in only 50% of
animals.52 A robust motor response with dyskinesias was critical to conduct a mechanistic
study using microarray technologies. The present data show that the development of robust
AlIMs by chronic L-Dopa treatment (25 mg/kg, i.p.) in rats was associated with gene
regulation of pro-inflammatory mediators.

Elevated levels of 7TGFB1, IL-1-fand TNFa, all markers of inflammation, were reported in
cerebrospinal fluid and brain tissue of patients with PD and exposed to chronic L-Dopa
treatment.53-55 TGFp1 is a pleiotropic cytokine that induces pro- and anti-inflammatory
responses depending on the pathological context. 7GFB1 activation can be neuroprotective
against MPTP toxicity in mice, an effect likely mediated by its upregulation following the
adaptive transfer of regulatory T cells (CD4 + CD25hi), which control the function of T
cells, increasing the levels of glial cell derived neurotrophic factor (GDNF).5” Additionally,
TGFB1 deficiency leads to age-related degeneration of the nigrostriatal system.>6 Therefore,
TGFp1 possesses anti-inflammatory effects in the context of PD. The upregulation of the
TGFp1 gene along with pathway specific genes (/NHBA, AMHRZ and PMEPAI) in the
present study indicates the role of TGFB1 pathway in inflammatory response occurring in
chronic L-Dopa treatment and the development of AIMs in rats. Microglia and macrophages
are the major source of 7GFB1 production in the brain.5” Congruent with these data, a
recent study reported marked astrocytosis associated with inflammation in the striatum of
dyskinetic rats.23 Multiple inflammatory factors may participate in the inflammation of brain
tissue, but the role of L-Dopa and advanced (or progression of) neurodegenerative changes
in the activation of cytokine mediators needs further investigation.

Increased glutamatergic neurotransmission is thought to play a role in the development of
dyskinesia, and amantadine, which has NMDA antagonistic actions, has antidyskinetic
effects.>® The beneficial effects of Amantadine is partially attributed to inhibition of
inflammation caused by microglia in the brain of animal models of PD.59 Therefore,
inflammation could play a major role in the adaptive glutamatergic changes developed
during chronic L-Dopa treatment and likely associated with LID. Our analysis showed that
the 5-HT1B gene (HTR1B) was induced by chronic L-Dopa treatment. Eltoprazine, a
selective partial agonist at 5-HT1A and 5-HT1B receptors has showed a significant
reduction of LID in animal models,®? and importantly in a dose-response study conducted in
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patients with PD.61 Our data are consistent with Zhang et al®2 findings of upregulated
HTR1B mRNA expression in rodents after dopamine loss and L-Dopa treatment.
Interestingly, H7R1B may promote migration of pro-inflammatory monocytes and dendritic
cells into lymphoid tissues®3 and also causing airway inflammation.4 However, further
studies are necessary to evaluate the role of #7R1B in the chronic inflammation associated
with LID. Gene network analyses provided additional evidence that key genes involved in
neuronal inflammation, including CFLAR, CRYAB, GADD45A, GJB6, HSPA5, HTR18B,
NPTXZ2, TACIand THwere induced in the striatum of dyskinetic rats. Notably, both non-
physiologic levels of dopamine due to L-Dopa treatment and significant glutamate
dysregulation in advanced PD are known to create a cytokine mediated pro-inflammatory
microenvironment in the striatum.®® Particularly, treatment in the form of non-physiologic
pulsatile dopaminergic stimulation by L-Dopa that induces clear LID is also associated with
neuroinflammation.22 Elevated levels of cytokines /L-18, TNFa and TGFB1 may coexist at
different stages of PD.5¢ Migration of immune cells into the brain or immune cell activation
during chronic L-Dopa treatment may contribute to the upregulated inflammatory mediators.
66 A role of TNFa and IL-1p cytokines in PD pathology has been reported in recent studies.
67-69 Data of early exposure to anti-TNFa therapy in patients with inflammatory bowel
disease showed substantially reduced PD incidence.5” Furthermore, administration of TNFa
specific inhibitor, XPro1595 to hemiparkinsonian rats reduced nigral cell loss and glial
activation, indicating a mechanistic improvement of PD pathology.®8 Activation of IL-1
pathway has been associated with dopamine loss and parkinsonism during aging, and
reduction of IL-1 activity may have neuroprotective effects.5 Conceivably, these
inflammatory mediators could play a role in modulating adaptive changes during chronic L-
Dopa treatment. The transcriptomic analyses performed here revealed a prominent
regulation of the 7GFB1 pathway during chronic L-Dopa treatment. While there is no
evidence for effects of anti-TNFa, anti-IL-1p and anti-TGFp1 therapies on LID, the
available data warrant investigations of these agents for specific antidyskinetic actions. The
present data also support further studies to dissect the inflammatory mechanisms associated
with LID.

41 MATERIALS AND METHODS

4.11

Experimental model and subject details

Male Sprague-Dawley rats (150-250 g weight) were purchased from Charles River,
Wilmington, Massachusetts and were housed at the Yerkes National Primate Research
Center (YNPRC), Emory University with free access to food and water, 12 hours light/dark
cycles, constant temperature and humidity. Animal maintenance and procedures were in
accordance with the National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals and approved by the institutional animal care and use committee
(IACUC). Deeply anesthetized rats were surgically injected with 6-hydroxydopamine (6-
OHDA) (Sigma—Aldrich, St. Louis, Missouri) unilaterally into the medial forebrain bundle
under stereotactic guidance, as described previously.”® Three weeks after the surgery, the
rotational response to a subthreshold dose of apomorphine (0.05 mg/kg, s.c.) (Sigma—
Aldrich, St. Louis, Missouri) was determined to assess the extent of the lesion. Rats with
more than 100 contralateral 360° turns compatible with a full lesion (>95% dopamine cell
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loss) were selected for the study and divided into two groups, chronic L-Dopa or saline
(control) treatment. L-Dopa methyl ester plus benserazide (25 mg/kg and 6.25 mg/kg),
respectively, Sigma—Aldrich, St. Louis, Missouri) or saline was administered through
intraperitoneal (i.p.) route twice daily for eight days to develop maximal motor behavioral
responses in rats.

Behavioral assessment

Both groups of rats (L-Dopa treated, n = 9, and saline-treated controls, n = 9) were assessed
for their movement disorder related responses to L-Dopa on days 1 and 8 of daily L-Dopa
treatment. Control rats received L-Dopa only on test days 1 and 8, the other days they
received only saline twice daily. AIMs were scored using a standardized scale including the
classic categories: (a) limb dyskinesias; (b) axial dystonia; and (c) masticatory (orolingual)
dyskinesias that were graded from score 0 to 4. Each category was scored 0 to 4 (0 is absent;
1 is occasionally present and lasting < 30 sec; 2 is occasionally present and lasting > 30 sec;
3 is frequently present and lasting = 30 sec or continuous but may be interrupted by strong
sensory distractions; and 4 is continuous and not interrupted by strong sensory distraction.
29,71 Animals were observed and scored directly by an examiner every 15 minute for 210
minutes after L-Dopa injection on test days 1 and 8. Scores in each interval were added to
obtain a total value of the AlMs category for each animal in each test. Contralateral rotation
was assessed as described before? at day 1 and 8, and only turns of completed 360° were
counted. Contraversive rotation was not included in the analysis of total AIMs because it
also represents the antiparkinsonian effect of L-Dopa.® Rotational behavior was measured
using an automated rotometer for the whole duration of the L-Dopa response. Full circle
rotations contralateral to the lesion were computed for analysis of L-Dopa responses. Total
rotation was the sum of complete contraversive turns measured every 5 minute interval for
the entire L-Dopa response.

RNA extraction and microarray procedures

All eighteen rats were sacrificed on day 8 post L-Dopa (treated group) or saline (controls)
treatment. Brains were rapidly removed, and the striatum was dissected on ice, immediately
stored at —80°C until processed for RNA extraction. Total RNA was extracted from striatal
tissue ipsilateral to the 6-OHDA lesion of chronic L-Dopa-treated rats and saline-treated rats
(controls) using Qiagen RNeasy fibrous tissue mini kit (Qiagen, USA). On-column RNase
free DNAse digestion for DNA clean-up from RNA was also included according to the
manufacturer's protocol. RNA integrity was analyzed with Bioanalyzer (Agilent
Technologies, USA), and all samples showed >9.0 RNA integrity number, which indicated
their high quality for downstream applications. Concentration of extracted RNA was
assessed with Nanodrop spectrophotometer (Nanodrop Technologies, USA) according to the
manufacturer's protocol. A total of 17 striatal tissue samples (n = 9 from L-Dopa treated
group and n = 8 from untreated controls) yielded high RNA concentration and were used in
subsequent microarray or gPCR assays. Six RNA samples from each rat group were
randomly selected for microarrays that were performed at the Emory integrated genomics
core facility at the Emory University as previously described.”273 A total of 1 ug of RNA of
each sample was reverse transcribed into double stranded complimentary DNA (cDNA)
using the cDNA library construction kit (Affymetrix, USA). The cDNA was fragmented and
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labeled with biotin using Genechip WT terminal labeling kit (Affymetrix, USA). Biotin-
labeled single stranded cDNA samples were hybridized to an Illumina genechip RatRef-12
v1 expression bead chip, a whole genome gene expression array containing more than 22
000 probes per array targeting genes and alternative splice variants. Array hybridization and
wash was performed using genechip R hybridization, wash and stain Kit (Affymetrix, USA)
in Hybridization Oven 645 (Affymetrix, USA), and Fluidics Station 450 (Affymetrix, USA)
according to the manufacturer's instructions. Slides were scanned by genechip R scanner
3000 (Affymetrix, USA), which generated raw data CEL and CHP files.

Microarray analysis

Raw data CEL and CHP files originated from microarray experiments on striatal tissue
mRNA derived from L-Dopa (treated group) or saline (controls)-treated rats were analyzed
in the Genespring GX10 (GGX10) software (Agilent technologies, USA) and preprocessed
them with Robust Multiarray Analysis as previously described.’2:73 In this analysis, the back
ground signal correction, per gene normalization to median and probe set summarization
was performed. The GGX10 software was also used to analyze genes differentially
expressed between L-Dopa (treated group) or saline (controls)-treated groups of rats. The
differentially expressed genes were determined by comparing the gene expression intensity
profiles of each gene in the L-Dopa-treated group of rats with saline-treated controls.
Statistical significance analysis was performed using t test with the filters of < 0.05, and
1.5 FC. Principal component analysis (PCA) was performed to identify the difference
between overall transcriptomic changes between the L-Dopa treated versus control group of
rats in the GGX10 software according to the manufacturer's protocol.

Pathway enrichment, network and upstream regulator analyses

We used the Ingenuity Pathway Analysis (IPA) software (Agilent technologies, USA) to
enrich pathways, identify gene networks and upstream transcriptional regulators in our
differentially expressed genes. First, “core analysis” was performed on the list of
differentially expressed up and down regulated genes (0.057, 1.5 FC) in separate analyses to
interpret biological pathways as previously described’2 and identify gene networks.
Pathways that are regulated due to induction or inhibition of genes associated with them and
showed a minimum of <0.05 Pvalue significance in their change were considered as
influenced pathways during L-DOPA treatment as compared to the saline-treated controls.
We generated gene networks by core analysis of LID responsive genes during our
“comparative analysis” with controls to find a link among each of the neurological function
and disease associated networks. Upstream regulator analysis (URA) of genes was
performed in IPA to identify significantly (0.01 P) regulated upstream regulators, such as
cytokines, growth factors and transcription factors (TFs), to differentially expressed LID
genes with significant Z score (>2.0) that could predict their activation status using IPA
software.

Quantitative real-time PCR

Total RNA extracted from striatal tissue of L-Dopa-treated rats or control saline-treated rats
was reverse transcribed to synthesize cDNA using VILO cDNA synthesis kit (Invitrogen,
USA) according to the manufacturer's protocol. Real-time PCR on cDNA samples was
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performed in 384 well plate format using a standard protocol in applied biosystems 7900HT
instrument. We performed SYBR Green PCRs for FOSB, AFOSB, INHBA, NMU, TACI,
TGFB1and TIMP1 genes using primers listed in Table S1. PCR cycles include, a single
initial hot start cycle at 95°C for 5 minute followed by 40 repeats of denaturation (95°C, 15
seconds), primer annealing (55°C, 15 seconds) and DNA synthesis cycles (72°C, 30
seconds). After 40 cycles, an extension step was performed at 72°C for 10 minute and a final
step of DNA polymerase deactivation step at 95°C for 5 min. FC in mRNA expression level
of each sample was determined using AACT method’4 and GAPDH was used as internal
control in qPCR assays. Three minimum replicates were used for all samples in gPCR
assays (n = 3).

4.7 1 Quantification and statistical analysis

Behavioral data were analyzed with two-way ANOVA for repeated measures followed by
post-hoc PLSD tests if the ANOVA 'f' indicated significance. In transcriptomic analyses, six
chronic LID rats (n = 6) were compared with PD controls. Genes that were differentially
expressed in the striatal tissue of rats with AlMs as compared to their PD counterparts
(saline treated rats without AIMs) with a minimum of 1.5 FC and 0.05P value using
unpaired ¢test were considered significant. Then, significantly regulated genes were used to
identify differentially regulated pathways and upstream regulators using IPA. t tests were
used to compare differences in microarray profiles between two animal groups. IPA
generates a wide array of pathways, and to increase the specificity of identified regulated
pathways, we used 0.05 Pvalue significance filter.

Supplementary Material

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

Behavioral assessment of motor responses to L-Dopa. Limb, A; axial, B; masticatory, C,
abnormal involuntary movements (AlIMs); and the total number of contralateral turns, D, in
L-Dopa- and saline-treated groups of rats with unilateral 6-hydroxydopamine hydrobromide
(6-OHDA) lesion of the nigrostriatal pathway are shown (Materials and Methods). Chronic
L-Dopa administration (25 mg/kg, ip) induced significant AlMs, which progressed from day
1 to day 8 of daily treatment. The control group received daily saline injections (rats in both
groups have similar baseline rotational responses to apomorphine before starting daily L-
Dopa treatment). ** 0.01 Pand *** 0.001 Pvs control group (n = 9 each group). Data are
mean + SEM. E, Quantitative rerverse transcription polymerase chain reaction (RT-PCR)
analysis of striatal FOSB and AFOSB transcripts in L-Dopa-treated rats are depicted as fold
change in mMRNA expression compared with controls (average mRNA expression in saline-
treated rats). The mRNA expression of each animal was normalized to GAPDH internal
control as described in material and methods. * 0.05 Pbetween FOSB and AFOSB
transcripts in the L-Dopa-treated group. Fold change baseline was set to 1
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FIGURE 2.

Regulated genes identified in the striatum of parkinsonian rats following chronic L-Dopa
treatment and development of long-term L-Dopa. A, Differentially regulated genes (1.5 FC
and 0.05 A) that were identified in the striatum of L-Dopa-treated rats with unilateral 6-
hydroxydopamine hydrobromide (6-OHDA) lesion of the nigrostriatal pathway depicted as
fold change compared with control saline-treated rats (n = 6 each group) using microarray
analysis of extracted mRNA (Materials and Methods). Fold change baseline was set to +1
for upregulated genes and -1 for downregulated genes. B, Principal component analysis
(PCA) on transcriptomes of L-Dopa-treated rats (blue spots) and control saline-treated rats
(red spots). Each spot indicates the location of a single animal in PCA plot based on its
distinction in transcriptomic profile from other samples. C, Categories of genes differentially
regulated in the striatum of L-Dopa-treated rats compared with control saline-treated rats (n
= 6 each group). Differentially expressed genes (1.5 FC; 0.05 A) identified in microarray
analysis were classified based on their product function using the IPA software
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FIGURE 3.

Reverse transcription polymerase chain reaction (RT-PCR) analysis of upregulated genes
and activated biological pathways in the striatum of L-Dopa-treated parkinsonian rats. A,
INHBA, TGFB1, NMU, TIMP1and TACI mRNA expression was significantly higher in the
striatum of L-Dopa-treated parkinsonian rats compared with control saline-treated rats (fold
change vs average mRNA expression in saline-treated rats). The mMRNA expression of each
animal was normalized to GAPDH internal control as described in Materials and Methods.
Significance was taken at a minimum of 1.5 fold change in L-Dopa-treated group of
parkinsonian rats compared with control saline-treated rats (n = 6 each group). B, Pathways
significantly upregulated (0.05 A) in L-Dopa-treated parkinsonian rats compared with
controls (n = 6 each group) were identified by pathway enrichment tool using the IPA
software based on the list of upregulated genes (>1.5 FC and 0.05 A). C, TGFB1 pathway is
a top regulatory pathway in the striatum of L-Dopa-treated rats as identified in pathway
enrichment analysis in the IPA software. Upregulated genes in 7GFB1 pathway are indicated
inred
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FIGURE 4.

Operated gene networks and upstream regulatory genes that may control the expression of
upregulated genes in the striatum of L-Dopa-treated parkinsonian group of rats. A, AK7T and
B, ERK- (right) centered networks are regulated as predicted by significantly upregulated
target genes in the striatum of L-Dopa-treated parkinsonian rats using gene networking
analysis (IPA). Red color indicates transcript-upregulation. C, Growth factors; D, Cytokines;
and E, Transcription factors to be modulated based on their targets from the list of
differentially regulated genes (>1.5 FC and < 0.05 Pvalue) in L-Dopa-treated compared
with control saline-treated parkinsonian rats (Z score > 2.0 and 0.01 Pvalue) using upstream
regulator analysis tool in the IPA software. The counts of target genes are shown for each
cytokine, growth factor and transcription factor on Y-axis
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