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Polymorphism of the dopamine transporter
type | gene modifies the treatment response
in Parkinson’s disease
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After more than 50 years of treating Parkinson’s disease with L-DOPA, there are still no guidelines on setting the optimal dose for a
given patient. The dopamine transporter type 1, now known as solute carrier family 6 (neurotransmitter transporter), member 3
(SLC6A3) is the most powerful determinant of dopamine neurotransmission and might therefore influence the treatment response.
We recently demonstrated that methylphenidate (a dopamine transporter inhibitor) is effective in patients with Parkinson’s disease
with motor and gait disorders. The objective of the present study was to determine whether genetic variants of the dopamine
transporter type 1-encoding gene (SLC6A3) are associated with differences in the response to treatment of motor symptoms and
gait disorders with .-DOPA and methylphenidate (with respect to the demographic, the disease and the treatment parameters and
the other genes involved in the dopaminergic neurotransmission). This analysis was part of a multicentre, parallel-group, double-
blind, placebo-controlled, randomized clinical trial of methylphenidate in Parkinson’s disease (Protocol ID:2008-005801-20;
Clinical Trials.gov:NCT00914095). We scored the motor Unified Parkinson’s Disease Rating Scale and the Stand-Walk-Sit Test
before and after a standardized acute 1-DOPA challenge before randomization and then after 3 months of methylphenidate
treatment. Patients were screened for variants of genes involved in dopamine metabolism: rs28363170 and rs3836790 polymorph-
isms in the SLC6A3 gene, rs921451 and rs3837091 in the DDC gene (encoding the aromatic L-amino acid decarboxylase involved
in the synthesis of dopamine from L-DOPA), rs1799836 in the MAOB gene (coding for monoamine oxidase B) and rs4680 in the
COMT gene (coding for catechol-O-methyltransferase). Investigators and patients were blinded to the genotyping data throughout
the study. Eighty-one subjects were genotyped and 61 were analysed for their acute motor response to L-DOPA. The SLC6A3
variants were significantly associated with greater efficacy of L-DOPA for motor symptoms. The SLC6A3 variants were also
associated with greater efficacy of methylphenidate for motor symptoms and gait disorders in the ON L-DOPA condition. The
difference between motor Unified Parkinson’s Disease Rating Scale scores for patients with different SLC6A3 genotypes was
statistically significant in a multivariate analysis that took account of other disease-related, treatment-related and pharmacogenetic
parameters. Our preliminary results suggest that variants of SLC6A3 are genetic modifiers of the treatment response to L-DOPA
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and methylphenidate in Parkinson’s disease. Further studies are required to assess the possible value of these genotypes for
(i) guiding L-DOPA dose adaptations over the long term; and (ii) establishing the risk/benefit balance associated with methylphen-
idate treatment for gait disorders.
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Introduction

Parkinson’s disease affects >1% of the population over the
age of 60 (de Lau and Breteler, 2006). The loss of dopa-
mine production in the striatum (as a result of progressive
neuronal degeneration in the substantia nigra pars com-
pacta) is the primary chemical disease marker for
Parkinson’s disease (Chaudhuri et al., 2009). Since the
introduction of the dopamine precursor L.-DOPA in 1969,
treatment with this drug has remained the most effective
therapeutic strategy in Parkinson’s disease (Nutt et al.,
2008). However, the practical value of long-term oral
L-DOPA administration is hampered by interindividual
variations in the treatment response (i.e. the absolute level
of improvement on L-DOPA) (Hauser et al., 2009) and
intraindividual variations (i.e. motor fluctuations over
time). Moreover, there are still no guidelines for determin-
ing the optimal .-DOPA dose in a given patient, which

increases the likelihood of incorrect dosage. Better know-
ledge of pharmacogenetic factors involved in dopamine
neurotransmission might enable physicians to determine
L-DOPA doses and thus limit 1-DOPA-related motor
complications.

The occurrence of L-DOPA-related motor complications
is related to the progression of neurodegeneration, the ab-
solute dose of L-DOPA and the pulsatile administration of
what is a short half-life drug (Fabbrini et al., 1988; de la
Fuente-Fernandez et al., 2004). In selected patients, the
main treatment for L-DOPA-related motor complications
is deep brain stimulation of the subthalamic nucleus
(Krack et al., 2003). Although subthalamic nucleus stimu-
lation improves a patients’ quality of life, the long-term
benefits are often reduced by the development of incapaci-
tating gait disorders (Krack et al., 2003). These disorders
include gait hypokinesia (slow walking, with a short step
length) and freezing of gait (a brief, episodic absence or
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notable reduction of forward progression of the feet, des-
pite the intention to walk) (Nutt et al., 2011). We recently
demonstrated that chronic, high-dose (1 mg/kg/day) admin-
istration of methylphenidate (an inhibitor of SLC6A3) re-
duces the severity of gait disorders in subthalamic nucleus-
stimulated patients with advanced Parkinson’s disease
(Moreau et al., 2012). In fact, we observed a greater
effect in the OFF 1-DOPA condition than in the ON
L-DOPA condition (i.e. after an acute L-DOPA challenge).
Pharmacogenetic factors (particularly those related to
SLC6A3) might thus partly explain the heterogeneity of
the response to methylphenidate, especially in the ON
condition.

We therefore decided to investigate genetic polymorph-
isms known to have a functional impact on dopamine me-
tabolism. Most of the presynaptic dopamine reuptake
occurs through SLC6A3, which is the most powerful deter-
minant of dopamine neurotransmission (Gainetdinov et al.,
1998). The SLC6A3 protein (previously known as DaT1) is
encoded by the SLC6A3 gene, which is characterized by
repetition alleles [with 3-11 repeats of the 40-bp variable
number tandem repeat (VNTR) in the 3°UTR]. The 9- and
10-repeat alleles are the most frequent in patients with
Parkinson’s disease (Vandenbergh et al., 1992; Uhl,
2003). However, the functional effect of the SLC6A3
3’'UTR VNTR has yet to be established. Hence, we also
selected another frequent, functional genetic variant: the
SLC6A3 intron 8 VNTR (rs3836790, Int8 VNTR), with
two common alleles of five and six repeats. It has been
reported that Int8 VNTR is significantly associated with
cocaine dependence (Guindalini et al., 2006). At present,
there are no literature data to suggest that the distribution
of SLC6A3 rs3836790 differs when comparing patients
with Parkinson’s disease and control subjects; all of the
studies of SLC6A3 rs28363170 have been negative, with
the exception of a recent report of a weak, positive associ-
ation (Supplementary Table 1).

When seeking to analyse the influence of SLC6A3 geno-
types, it is essential to control for possible interactions with
other genetic factors that are known (or suspected) to in-
fluence dopamine metabolism. The major pathway for the
synthesis of dopamine from L-DOPA iz vivo is decarboxyl-
ation by aromatic L-amino acid decarboxylase (encoded by
the DDC gene) (Berry et al., 1996). We previously demon-
strated that the overall reduction in the severity of motor
handicap during an acute L-DOPA challenge [the area
under curve of the Unified Parkinson’s Disease Rating
Scale (UPDRS) score, measured every 15-30 min] was
influenced by the DDC gene variants rs921451 and
rs3837091 (Devos et al., 2014). The main enzymatic path-
ways in dopamine metabolism involve monoamine oxidase
B (MAOB, encoded by the MAOB gene) and catechol-O-
methyltransferase (COMT, encoded by the COMT gene).
One of the main variants involved in L-DOPA metabolism
is the rs4680 VAL158MET in the COMT gene; this variant
modifies the enzyme activities and is known to influence the
age at onset of Parkinson’s disease (Klebe et al., 2013).
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Another frequent gene variant involved in 1-DOPA metab-
olism is rs1799836, in intron 13 of the MAOB gene
(Harris et al., 1993). Although the A—G substitution
does not change the protein sequence, it is associated
with differences in enzyme activity in vitro and in vivo. It
has been shown that MAOB activity is higher in G allele
carriers than in A allele carriers (Costa-Mallen et al., 2005).
The influence of these COMT and MAOB genotypes on
the L-DOPA response is subject to debate (Lee et al., 2001;
Watanabe et al., 2003; Biatecka et al., 2004, 2008; Contin
et al., 2005; Corvol et al., 2011).

We hypothesized that it would be easier to study the
association between genotypes and the motor response to
L-DOPA during a very standardized, acute L-DOPA chal-
lenge than during chronic L-DOPA administration (as the
latter is subject to many sources of bias). This assessment
might therefore constitute the first step in the investigation
of using pharmacogenetic information to guide L-DOPA
dose adjustments in clinical practice. Although methylphen-
idate can reduce the severity of severe gait disorders and
the frequency of freezing of gait in Parkinson’s disease
(Moreau et al., 2012), the drug’s potential cardiac risk
and its variable effects in patients (Devos et al., 2013)
make it a good candidate for personalized, pharmacogen-
etics-based treatment in Parkinson’s disease. To the best of
our knowledge, there are no published reports on the phar-
macogenetic modulation of the motor response to 1-DOPA
and methylphenidate.

Materials and methods

The pharmacogenetic analysis was planned and performed as
part of a multicentre, parallel-group, double-blind, placebo-
controlled, randomized clinical trial of methylphenidate
in  Parkinson’s disease  (Protocol ID:2008-005801-20;
ClinicalTrials.gov:NCT00914095) (Moreau et al.,, 2012),
which was reported in line with the 2010 CONSORT guide-
lines. The main aspects of the trial are summarized below.

Participants

Patients were prospectively enrolled by 13 movement disorders
departments throughout France. We included under-80 adults
with Parkinson’s disease [diagnosed according to Gibb’s cri-
teria (1998)], subthalamic nucleus stimulation, and mild-to-
severe gait disorders (for details, see Moreau et al., 2012).
Briefly, we defined gait disorders as gait hypokinesia (subscore
>2 for UPDRS part II item 15) and freezing of gait (subscore
>2 for UPDRS part II item 14) in the OFF condition, and
score of 2 or more for UPDRS part III item 30 on gait in the
ON condition. The main exclusion criteria were gait disorders
possibly induced by subthalamic nucleus stimulation, any
change in subthalamic nucleus stimulation variables or dopa-
minergic therapy 90 days before the study or during the study,
inability to walk without continuous ambulatory assistance
while on treatment, dementia (diagnosed in accordance with
the Movement Disorders Society criteria; Emre et al., 2007),
progressing axis I psychiatric disorders (as assessed in a
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semi-structured interview with a trained psychiatrist), serious
or unstable medical disorders, and ongoing treatment with
sympathomimetics, monoamine oxidase inhibitors, or opiates.
All patients provided written, informed consent to participa-
tion before the initiation of any study procedures. The study
protocol was approved by the local independent ethics com-
mittee of CHRU of Lille approved in 2008 (Protocol ID: 2008-
005801-20; ClinicalTrials.gov reference: NCT00914095).

Procedures

The acute levodopa challenge

We performed a standardized, acute L-DOPA challenge in the
fasting state and in both OFF and ON 1-DOPA conditions. To
avoid bias, none of the subthalamic nucleus stimulation par-
ameters were modified, and stimulation was continued
throughout the study (including the two acute levodopa chal-
lenges). The OFF condition was performed first (at 8.30 am),
after overnight withdrawal of 1.-DOPA and 24 h of withdrawal
of dopaminergic agonists. The ON condition was then assessed
at 9.30 am. The 1.-DOPA was administered at 9.00 am and
corresponded to 150% of the usual morning L-DOPA equiva-
lent dose used by patients to relieve their symptoms (i.e. the
first morning dose of L-DOPA, plus the L-DOPA equivalent
dose of the first morning dose of dopamine agonist, plus an
additional 50 mg of L.-DOPA). The 1-DOPA used was immedi-
ate-release L-DOPA with 25% benserazide (Roche).

The randomized clinical trial

Patients received placebo or a dose of 1mg/kg/day methyl-
phenidate (four to eight 10mg tablets) divided into three
doses (at 8.00 am, noon and 4.00 pm). An initial 4-week ti-
tration period was used, with an increment of 0.25 mg/kg per
week. Tolerability and compliance (assessed in an interview
and via pill counts) were checked every 2 weeks. In the
event of poor tolerance, the titration phase was extended by
1 week, the dosage was reduced to 0.8 mg/kg/day and study
centres were asked to achieve and maintain the highest pos-
sible tolerated dose (at least 0.8 mg/kg/day). The last dose of
study treatment was administered at 7.00 am on Day 90.

Randomization was balanced by centre. The 1:1 assignment
sequence (based on a block size of four and the use of a com-
puter random-number generator) was produced by the
Statistics Department at Lille University Hospital. The ran-
domization list was sent to an independent contract research
organization (LC2) for preparation and distribution of identi-
cal capsules of methylphenidate and placebo. Patients, carers,
study staff and investigators were blinded to the group
assignments.

Efficacy criteria

We investigated the associations between SLC6A3 rs3836790
(the VNTR in intron 8), SLC6A3 rs28363170 (the VNTR in
the 3°UTR), DDC rs921451 (T>C), DDC rs3837091 (insdel
AGAG), COMT rs4680 (Val158Met), and MAOB rs1799836
gene variants on one hand and the motor and gait responses to
L-DOPA on the other (defined as the difference between the
OFF and ON scores during the acute 1-DOPA challenge at
baseline, i.e. before randomization). The efficacy criteria were
the motor UPDRS score (part III), and the number of steps (the
trial’s primary efficacy criterion) and the completion time in
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the Stand-Walk-Sit Test (which involves standing up, making a
14m round trip, and sitting down as quickly as possible;
Martinez-Martin et al., 1997). We also rated the number of
episodes of freezing of gait during a sensitive trajectory
(Snijders et al., 2012). The participants performed a standar-
dized gait trajectory with the usual triggers of freezing of gait,
composed by gait initiation and termination (self-triggered,
cued), narrow turning (360° and 540°turns in different direc-
tions, at preferred and maximal speed), walking through
narrow space and dual tasking (walking and subtracting serials
of three). We took into account freezing of gait severity eval-
uated by the number and duration of freezing of gait episodes
(short episodes of freezing of gait <10s were rated 1, medium
episodes between 10 and 30s were rated 2, episodes >30s
were rated 3) during the freezing of gait trajectory. The freez-
ing episodes were rated by each investigator in each centre and
controlled on the video recording.

The associations between SLC6A3, DCC, MAOB, and
COMT genotypes on one hand and the response to methyl-
phenidate on the other was analysed in terms of the changes in
motor and gait criteria after 90 days of methylphenidate treat-
ment, as defined by the difference in the above mentioned ef-
ficacy criteria between inclusion (Day 0) and Day 90 in both
OFF and ON conditions, respectively (to control for the con-
founding effects of L-DOPA) and with respect to the placebo
group. We also tested patients for the association between
genotypes and the methylphenidate’s effect on gait, as the
SLC6A3 variants and COMT Vall58Met are reportedly cor-
related with basal dopaminergic prefrontal activity and thus
might interact with the L-DOPA response (Frank ef al.,
2009; Hoogland et al., 2010).

All measurements of efficacy criteria were reported on a
study-specific case report form in each centre and were subse-
quently double-checked in a blinded video assessment by two
neurologists (C.M. and A.D.). If the video data differed from
the case report form data, the mean offline video rating was
used in the analysis.

Genotyping

Genomic DNA was extracted from venous blood samples
using standard procedures. The SLC6A3 rs28363170 variant
was genotyped by PCR in a total volume of 25ul of
AmpliTaq® PCR buffer, containing 50 ng genomic DNA, one
unit of AmpliTaq® polymerase (Applied Biosystems), 1.5 mM
MgCl,, 250 uM dNTPs, and 15 pmol of the forward primer
(5GGTGTAGGGAACGGCCTGAGAG3') and the reverse
primer (5-CTTCCTGGACACGGCTCAAGG-3'). The cycling
conditions for amplification were as follows: 5 min at 96°C, 35
cycles of 1 min at 94°C, 30s at 65°C and 1 min at 72°C, and
then an extra Smin at 72°C. Amplification products were
resolved in 2% agarose gels. The SLC6A3 rs3836790 was
genotyped under the same PCR conditions, with 15 pmol of
forward primer (5-GCACAAATGAGTGTTCGTGCATGTG-
3’) and reverse primer (5'-AGCAGGAGGGGCTTCCAGGC-
3’). We then used 5% polyacrylamide gel electrophoresis to
separate the amplification products. The DDC rs921451 was
analysed by Sanger sequencing following PCR amplification of
a 216bp DNA fragment, using a 3130XL DNA analyser
(Applied Biosystems). The DDC rs3837091 was characterized
by measuring the size of the products following DNA ampli-
fication by PCR in a total volume of 25 pl of AmpliTaq PCR
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buffer, containing 50 ng genomic DNA, one unit of AmpliTaq
polymerase, 1.5 mM MgCl,, 250 uM dNTPs, and 15 pmol of
forward primer (5-GGCAATCACATCTTCTGTGC-3') and
reverse primer (5-GAGCCATGAGGACAAAGAGC-3'). The
cycling conditions for amplification were as follows: 5 min at
96°C, 30 cycles of 30s at 94°C, 1min at 57°C and 2 min at
72°C and then an extra Smin at 72°C. On 2% agarose gels,
amplification of the two alleles yielded 112 and 108 bp bands,
respectively. For each patient, two control experiments were
analysed concomitantly for each genotype. The catechol-O-
methyltransferase (COMT) VAL158MET variant (rs4608)
was analysed using a polymerase chain reaction-restriction
fragment length polymorphism (PCR-RFLP) assay, as
described previously (Kunugi et al, 1997) The MAOB
rs1799836 was analysed using a PCR-RFLP assay in a total
volume of 25pul of AmpliTaq PCR buffer containing 50 ng
genomic DNA, one unit of AmpliTaq polymerase (Applied
Biosystems), 1.50mM MgCl,, 250 uM dNTPs, and 15 pmol
of forward primer (§-TTCTGGCCTTTACCTTGGTG-3')
and reverse primer (§-GCCAGATTTCATCCTCTGGA-3').
The cycling conditions involved 5min at 96°C, followed by
30 cycles of 30s at 94°C, 2min at 59°C and 1min at 72°C
and an extra Smin at 72°C. Amplification products were
resolved in 5% acrylamide gels. Tsp451 endonuclease was
used to characterize the A and G alleles of MAOB rs1799836.

SLC6A3 density analysis

At the study centre in Lille, we used *'FP-CIT (Ioflupane)
single photon emission computed tomography (SPECT) to
examine whether or not methylphenidate reduced SLC6A3
binding in the striatum of patients with Parkinson’s dis-
ease—a phenomenon that would be suggestive of a dopamin-
ergic, pharmacodynamic action in Parkinson’s disease—and
the putative effect of SLC6A3 genotypes on this reduction.
The SLC6A3 density analysis was performed in the morning
on non-fasted patients taking their usual dopaminergic treat-
ment, once before treatment initiation and then on Day 91 of
the treatment period. The mean presynaptic SLC6A3 density
4h after intravenous injection of 92 MBq of *3'FP-CIT was
measured on a SPECT system (DaTSCAN™, GE Healthcare)
equipped with a Symbia S gamma camera (Siemens). Data ac-
quisition and analysis were performed according to the
European Association of Nuclear Medicine guidelines. A
total of 120 40-s projections were acquired for each patient.
Images were analysed using the Flash 3D iterative reconstruc-
tion algorithm (Siemens) with 10 iterations, eight subsets and a
Gaussian pre-filter (6 mm full-width at half-maximum, yielding
a pixel size of 3.3mm). The SPECT results were compared
after data registration using a mutual information algorithm,
with masking of non-brain uptake and normalization against
the maximum uptake value. The data were evaluated visually
by two nuclear medicine physicians (G.P. and C.H.F., who
were blinded to the clinical observations). A quantitative ana-
lysis was performed on the binding potential of each striatum
(computed from rectangular regions of interest and after series
registration).

Statistical analysis

In view of the sample size and the skewed distributions with
extreme values for most of the efficacy criteria, all quantitative
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variables are expressed as the median (interquartile range).
Qualitative variables are expressed as the number (percentage).
Comparisons in efficacy criteria were performed using a non-
parametric Kruskal-Wallis or Wilcoxon tests. Associations be-
tween genotypes and efficacy criteria were first studied with a
co-dominant model. The Tukey-Kramer method was used to
test differences between genotypes. Linkage disequilibrium
and haplotype structures were determined using Haploview
software (Broad Institute: www.broadinstitute.org). Hardy-
Weinberg equilibrium was tested with both Haploview soft-
ware and a chi-squared test with Yates’ correction.
Associations between haplotypes and continuous traits were
assessed with Haplotype Trend Regression software (Zaykin
et al., 2002).

All comparisons were adjusted first for the total dose of
L-DOPA and then for age, gender, weight, daily dose of
L-DOPA and disease duration. Theses prespecified adjustments
were made using non-parametric analysis of covariance
(Bergersen et al., 2011). In view of our study’s exploratory
nature and small sample size, we did not adjust for multiple
comparisons. Statistical testing was done at two-tailed a-level of
0.05. Data were analysed with SAS version 9.3 (SAS Institute).

Results

Characteristics of the study
population

Between 15 October 2009 and 16 December 2011, a total
of 81 patients with Parkinson’s disease were screened for
inclusion. Of these, 69 patients with severe gait disorders
and freezing of gait (despite optimized, stable L-DOPA and
subthalamic nucleus stimulation parameters) were prospect-
ively enrolled. Sixty-one of the included patients were gen-
otyped (Fig. 1). The methylphenidate and placebo groups
were well balanced in terms of baseline characteristics
(Table 1). On the basis of patient and caregiver interviews
and fortnightly pill counts, treatment compliance was
>90% for all patients, with the exception of three individ-
uals in the placebo group and two in the methylphenidate
group with values between 90% and 70%. The mean
L-DOPA equivalent daily dose was 710 + 90.8 mg/day in
the methylphenidate group and 720 4 100 mg/day in the
placebo group. The data obtained from the case report
form did not differ significantly from those in the video
assessment: a difference of +2 steps was only recorded
for four patients with a high number of steps (two patients
from each group).

The distribution of the genetic variants complied with
Hardy-Weinberg equilibrium (P > 0.05) (Supplementary
Tables 1-6). The allele frequencies for SLC6A3 polymorph-
isms did not differ when comparing our Parkinson’s disease
population with 100 control subjects (data not shown). The
linkage disequilibrium between SLC6A3 rs3836790 and
rs28363170 was D’=0.89 (0.73-0.97) (r*=0.62), and
the linkage disequilibrium between DDC 1921451
and rs3837091 was D’ =0.939 (0.76-0.99) (= 0.58).
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81 patients screened

(15 October 2009 to 16 December 2010)

4 with dementia
2 without caregiver

2 with hallucination in progress
1 unable to walk unaided on L-DOPA

v

1 association of orthopaedic disorder

69 patients randomly assigned

1 without deep brain stimulation
1 with severe cardiac disorder

Modifying factors for L-DOPA effect
61 patients genotyped and analysed

| 35 allocated to methylphenidate

2 withdrew for adverse events
(1 with nightmare and chest pain)
(1 with nausea and headache)

-~

v

34 allocated to placebo I

—>| 2 withdrew for lack of efficacy

A

33 analysed for primary end point in
Full-analysis set at Day 90

32 analysed for primary end point in
Full-analysis set at Day 90

!

Modifying factors for methylphenidate effect
28 patients genotyped and analysed

Figure | Flowchart.

Table | Baseline characteristics of the subjects in each group

L-DOPA effect (n=61)

Methylphenidate effect (n =33)

rs3836790°° °r 56 rs3836790%¢ rs3836790°° °r 56 rs3836790°¢
(rs28363170%7 °r °/1%) (rs28363170''%) (rs28363170%° ° /'%) (rs28363170'''%)
Number of patients 28 33 19 14
Age, years 63 (58-67) 62 (59-66) 62 (57-68) 60 (58-64)
Gender ratio (F/M) 0.75 0.65 0.65 0.6
Body weight, kg 79 (64-87] 80 (73-87) 78 (64-87) 80 (73-92)
Disease duration, years 16 (14-18] 17 (14-22) 16 (14-18) 17 (12-24)
Subthalamic nucleus stimulation 6 (3-8] 6 (3-8) 6 (3-8) 5 (3-9)
duration, years
Mattis DRS (dementia < |30) 137 (133-140) 136 (132-140) 137 (133-140) 137 (134-140)

L-DOPA dose for acute tests
L-DOPA daily dose
L-DOPA equivalent daily dose

250 (200-300)
750 (462-962)
875 (537-1062)

Use of dopaminergic agonists, n (%) 16 (57)
Use of entacapone, n (%) 8 (28)
Use of amantadine, n (%) 9 (32)
Mean TEED 102 (70-155)

250 (200-300)
700 (450-825)
900 (700-1000)
23 (69)
9 (27)
8 (24)
101 (72-150)

250 (200-300)
700 (500-1100)
700 (600-1200)

250 (200-300)
500 (462-950)
850 (800—1200)

8 (47) 9 (81)
6 (35) 3 (27)
6 (35) 3 (27)

102 (72-155) 100 (71-148)

Baseline characteristics as taken into account when analysing the association between the SLC6A3 genotype on one hand and the acute L-DOPA response and the chronic

methylphenidate treatment response on the other. There were no significant differences between groups with the SLC6A3 rs3836790 and SLC6A3 rs28363 170 genotypes. The effect
of L-DOPA was studied on the entire genotyped population prior to randomization (n = 6é1). The effect of methylphenidate was only analysed in the treated group (n = 33). The
median (first quartile—third quartile) values and the number (n) and percentage (%) of patients are reported. F = female; M = male; DRS = Dementia Rating Scale. The mean total
electrical energy delivered (TEED) for the bilateral subthalamic nucleus stimulation was calculated as TEED = (V2 x frequency x pulse width) / 2 (Koss et al., 2004). There was no

significant intergroup difference in total electrical energy delivered. L-DOPA doses are expressed in milligrams.
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We did not observe any influence of the SLC6A3 genotypes
or other genotypes on (i) the effectiveness of subthalamic
nucleus stimulation efficacy; (ii) the levodopa dose reduc-
tion during stimulation (analysed 1 year after electrode im-
plantation); or (iii) the stimulation parameters after 1 year
and at the time of the study (data not shown).

Association between genotypes and
the motor response to L-DOPA

In a co-dominant model, genotypes at SLC6A3 rs3836790
(the VNTR in intron 8) and rs28363170 (the VNTR in the
3’UTR) were associated with the response to L-DOPA
(Table 2). There were two major and three minor haplo-
types of rs3836790 and rs28363170. Analysis of the haplo-
type structures showed that rs3836790 allele 6 and
rs28363170 allele 10 were on the same haplotype, as
were 1$3836790 allele 5 and rs28363170 allele 9, giving
two major haplotypes: 6/10 and 5/9 (Supplementary Table
5). Haplotype trend regression analyses revealed that
rs3836790 and rs28363170 haplotypes were associated
with the response to L-DOPA (P =0.0003) and that the
association was based on the two major haplotypes. A
comparison with allelic associations showed that haplo-
types were not more informative than the data on
rs3836790 alone. Thus, only rs3836790 was further inves-
tigated. Regarding the relationship between rs3836790 and
the response to L-DOPA, a Tukey-Kramer test revealed a
significant difference between 6/6 and 5/6 genotypes
(P < 0.0001), but not between the 5/5 genotype and the
other genotypes. In view of the mean response to
L-DOPA (a score of 14.0) for the three patients with the
5/5 genotype relative to the mean responses for the 5/6 and
6/6 genotypes (12.2 and 17.2, respectively), we chose to
pool 5/5 and 5/6 patients and compare them with 6/6 pa-
tients. Using this model for a recessive allele 6, a significant
association (P < 0.0001) with the response to L-DOPA was
detected when comparing 6/6 genotypes (mean + SD:
17.2 +£SD) with 5/5 and 5/6 genotypes (mean =+ SD:
12.3 +2.5).

In a multivariate analysis, this association was still stat-
istically significant when adjusted for age, gender, weight,
disease duration and 1-DOPA equivalent daily dose
(P =0.0004).

In co-dominant models, there were no significant associ-
ations between the response to 1.-DOPA on one hand and
the DDC rs921451, rs3837091, MAOB rs1799836, and
COMT rs4680 variants on the other (with P-values ranging
from 0.402 to 0.748) (Supplementary Table 6).

Associations between genotypes and
improvement of gait by L-DOPA
In a co-dominant models, the genotypes at SLCG6A3

rs3836790 were significantly associated with the number
of freezing of gait episodes (P =0.0132) but not with the
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number of steps (P=0.062) and the completion time
(P=0.0551) (Table 3). In view of the low number of pa-
tients (7 = 3) with the 5/5 genotype, associations between
the number of freezing of gait episodes, the number of
steps, the completion time and genotypes were analysed
in a recessive model (i.e. 6/6 versus 5/5 + 5/6 genotypes).
The analysis revealed that the SLC6A3 rs3836790 geno-
type was significantly associated with the number of freez-
ing of gait episodes, the number of steps and the
completion time (with P-values of 0.004, 0.02 and 0.016,
respectively).

A multivariate analysis adjusted for the dose of L-DOPA
gave similar significant results for the number of steps
(P =0.0009), the completion time (P =0.001) and the
number of freezing of gait episodes (P =0.005). A multi-
variate analysis adjusted for age, gender, weight, disease
duration and L-DOPA equivalent daily dose (or L-DOPA
daily dose) revealed significant associations for the
number of steps (P=0.0005) the completion time
(P=0.001) and the number of freezing of gait episodes
(P =0.004).

In co-dominant models, there were no significant associ-
ations between the number of steps, the completion time,
and the number of freezing of gait episodes on one hand
and the DDC rs921451, rs3837091, MAOB rs1799836,
and COMT rs4680 variants on the other (with P-values
ranging from 0.165 to 0.976).

Association between the SLC6A3
rs3836790 genotype with motor
and gait improvements after
methylphenidate treatment

A non-parametric covariance analysis adjusted for the base-
line value revealed a significant association between the
SLC6A3 13836790 genotype and an improvement in
motor symptoms and gait in the ON L-DOPA condition
after methylphenidate treatment (Table 4). No significant
associations between SLC6A3 rs3836790 genotype and ef-
ficacy criteria in the OFF 1L-DOPA condition were detected,
except for the Stand-Walk-Sit Test completion time. In a
multivariate analysis adjusted for the dose of L-DOPA, the
SLC6A3 rs3836790 genotype was strongly correlated with
the motor UPDRS score ON 1-DOPA (P =0.002) the
number of steps ON L-DOPA (P = 0.0003), the completion
time OFF L-DOPA (P =0.027), the completion time ON
L-DOPA (P =0.0009) and the number of freezing of gait
episodes ON L-DOPA (P =0.017).

In a multivariate analysis adjusted for age, gender,
weight, disease duration and 1-DOPA equivalent daily
dose (or L-DOPA daily dose), the association was still stat-
istically significant for the motor UPDRS score ON L-
DOPA (P =0.0005) the number of steps ON L-DOPA
(P =0.0005), the completion time OFF 1-DOPA
(P=0.030), the completion time ON ©»-DOPA
(P=0.0001) and the number of freezing of gait episodes
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Table 2 Effect of genotypes on the UPDRS motor score improvement following administration of L-DOPA

Genotypes at SLC6A3

rs3836790 (the VNTR in intron 8) 5/5 (n=3) 5/6 (n=25) 6/6 (n=33) - P-value
Response to L-DOPA 140 £ 1.0 122 +£26 172 +£ 4.0 <0.0001
rs28363170 (VNTR in 3'UTR) 10/10 (n =32) 9/10 (n=21) 5/9 (n=1) 9/9 (n=5)

Response to L-DOPA 16.8 + 3.9 124 + 3.4 14 13.8 +3.5 0.0003

Mean (SD) difference in the motor UPDRS score when comparing OFF and ON conditions.

Table 3 Associations between the SLC6A3 rs3836790 genot
disorders during L-DOPA treatment

ype (Int8 VNTR) and changes in the severity of gait

SLC6A3

Parameter Condition 5/5 or 5/6 (n =28) 6/6 (n=33) prt
Number of steps in the SWS

OFF 33 (28-53) 34 (27-40)

ON 34 (25-42) 25 (20-28)

Difference (%) 9.2 (4.6-29.7) 27.6 (17.2-34.3) 0.001/<0.001
SWS completion time, s

OFF 23 (19-58) 25 (18-34)

ON 19 (15-33) I5 (11-19)

Difference (%) 10.2 (4.8-32.4) 42.1 (18.9-56.6) 0.002/0.001
Number of freezing of gait episodes during the freezing of gait trajectory

OFF 7 (5-12) 6 (4-10)

ON 5 (2-10) 2 (1-5)

Difference (%) I1.8 (0.0-57.3) 50.0 (25.0-83.3) 0.005/0.005

Data are reported as the median (interquartile range) values in the OFF and ON conditions and the difference between the two. *In a Wilcoxon test; fIna non-parametric covariance

analysis adjusted for the dose of .L-DOPA. SWS = Stand-Walk-Sit Test.

ON 1-DOPA (P = 0.017). The same effect was observed for
the SLC6A3 rs3836790 genotype (data not shown).

Association of SLC6A3 rs3836790
genotype with the striatal
SLC6A3 binding

After 3 months of treatment with methylphenidate, striatal
SLC6A3 expression was significantly lower (by 35%) in
the methylphenidate group than in the placebo group
(Table 5). The rs3836790 genotype was significantly asso-
ciated with lower post-treatment level of SLC6A3 binding
in the methylphenidate group but not the baseline (pretreat-
ment) level of DaT binding.

Discussion

This study is the first to show that some genotypes of the
SLC6A3 gene (encoding SLC6A3, previously known as
DaT1) may be associated with differences in the acute
motor response to L-DOPA and the chronic response of
gait parameters to methylphenidate in patients with

Parkinson’s disease. We observed a significant mean differ-
ence of 6 points (i.e. a 17% difference) in the motor
UPDRS scores when comparing patients with the genotype
associated with a greater effect of L-DOPA after an acute
challenge (the SLC6A3 rs3836790 6/6 genotype) and pa-
tients with the genotypes associated with a lower effect (the
SLC6A3 rs3836790 5/6 or 5/5 genotypes). This association
was independent of gender, weight, the challenge dose of 1-
DOPA and the genotypes of some other genes that may be
involved in the metabolism of dopamine and L-DOPA.

A systematic literature search did not detect publications
dealing with a possible association between SLC6A3 geno-
types on one hand and the acute motor response to
L-DOPA and the acute and chronic motor response to me-
thylphenidate on the other. More than 100 studies have
assessed possible associations between variants in the
SLC6A3 gene and psychiatric disorders (notably attention
deficit hyperactivity disorder and substance abuse). To a
lesser extent, SLC6A3 gene variants have also been inves-
tigated in Parkinson’s disease as modifiers of the disease
risk modifiers or the occurrence of dopaminergic-related
complications (such as hallucinations, dyskinesia, and de-
pression) (Supplementary Table 1). To the best of our
knowledge, only one previous study has assessed (and
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Table 4 Associations between the SLC6A3 rs3836790 genotype (Int8 VNTR) and the changes in the severity of gait
and motor symptoms after methylphenidate administration

Dopamine transporter

Symptoms Conditions Visit 5/5 or 5/6 (n=17) 6/6 (n=11) prt
Motor UPDRS score OFF Baseline 29 (24-37) 27 (24-37)
3 months 24 (19-34) 23 (19-27)
Difference % 16.7 (—3.2-21.9) 15.4 (3.7-41.0) 0.40/0.42
ON Baseline 20 (14-28) 17 (10-24)
3 months 21 (15-29) Il (8-20)
Difference % 3.8 (—7.7-10.0) 26.7 (8.3-40.0) 0.003/0.007
Number of steps OFF Baseline 34 (31-55) 32 (28-38)
3 months 33 (26-42) 30 (27-32)
Difference % 3.7 (0.0-26.1) 10.2 (-1.7-25.0) 0.94/0.37
ON Baseline 28 (25-31) 26 (24-32)
3 months 28 (24-31) 23 (19-29)
Difference % 33 (—11.6-10.2) 16.7 (9.2-28.3) 0.003/<0.001
Completion time, s OFF Baseline 22 (18-25) 22 (19-30)
3 months 19 (17-25) 17 (14-20)
Difference % 6.7 (-2.9-14.7) 26.7 (9.4-35.9) 0.01/0.008
ON Baseline 17 (15-20) 19 (16-22)
3 months 17 (16-20) 15 (12-17)
Difference % 0.0 (-15.6-10.5) 18.5 (13.5-25.9) <0.001/<0.001
Number of freezing OFF Baseline 6 (3-7) 8 (3-14)
3 months 4 (1-8) 4 (0-6)
Change 1 (1-4) 3 (1-7) 0.58/0.65
ON Baseline 4 (2-5) 5 (3-8)
3 months 3 (3-5) 2 (0-3)
Difference % 1 (1-2) 3 (2-5) 0.01/0.03

Data are reported as the median (interquartile range) value and the change from baseline (expressed in %; except for the number of freezing of gait episodes because of a value of
zero at baseline). The number of steps and the completion time at the Stand-Walk-Sit Test and the number of freezing of gait (FOG) at the freezing of gait trajectory are displayed.
*P-values for intergroup comparisons were calculated using a Wilcoxon test or a non-parametric analysis of covariance adjusted for baseline values (for the number of freezing of gait

episodes); A non-parametric covariance analysis adjusted for the total dose of L-DOPA.

Table 5 Association between the SLC6A3 binding potential (in SPECT measurements) and SLC6A3 rs3836790

genotypes
Overall study population Methylphenidate-treated population
Placebo Methylphenidate P-value* 5/5 or 5/6 6/6 P-value*
n 14 14 7 7
Baseline 0.35 (0.20-0.47) 0.34 (0.21-0.38) 0.32 (0.19-0.40) 0.34 (0.20-0.38)
3 months 0.35 (0.19-0.48) 0.22 (0.10-0.25) 0.25 (0.16-0.32) 0.20 (0.10-0.22)
Difference (%) 6.1 (0.8-10.2) 31.5 (19.7-51.1) <0.001 21.3 (17.6-21.9) 50.6 (41.0-51.5) 0.0l

Median (interquartile range) of the dopamine transporter density parameter at baseline and 3 months, together with the difference between the two (in %). *Mann-Whitney U-test.

failed to detect) a putative association between SLC6A3
genotypes and the response pattern to an acute oral
L-DOPA challenge (Contin et al., 2004). In contrast to
the latter study, the requirement for a stable L-DOPA regi-
men was an inclusion criterion in our present work.
Furthermore, we studied a large population of subthalamic
nucleus-stimulated patients, all of whom were at the same
advanced stage of Parkinson’s disease; this is likely to have
reduced interindividual variability in the motor response
and thus strengthens our results.

Dopamine transporters and the
L-DOPA response

Our results suggest the presence of a highly significant as-
sociation between SLC6A3 genotypes and the response to
L-DOPA. SLC6A3 is the most powerful determinant of
dopamine metabolism in the striatum (Gainetdinov et al.,
1998). In studies of conditions other than Parkinson’s dis-
ease, it has been suggested that patients with SLC6A3
rs3836790 6/6 or SLC6A3 rs28363170 10/10 genotypes
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have a higher baseline levels of dopamine transporter ex-
pression than patients with other SLC6A3 genotypes
(rs3836790 5/5 and 6/6, and rs28363170 9/9 and 9/10)
and thus lower synaptic dopamine levels (due to greater
dopamine reuptake) (Fuke et al., 2001; VanNess et al.,
20035; Dreher et al., 2009; Forbes et al., 2009). In advanced
Parkinson’s disease, the situation could be more critical
because the presynaptic neurons within the striatum degen-
erate markedly (as shown by the very low baseline binding
in the dopamine transporter imaging analysis). Hence, one
can resonantly hypothesize that exogenous L.-DOPA admin-
istration may be more effective in patients with SLC6A3
rs3836790 6/6 or SLC6A3 rs28363170 10/10 genotypes,
as larger numbers of SLC6A3 in the striatum would lower
baseline extracellular dopamine levels through greater
dopamine reuptake. This might result in greater clinical
benefit than in patients with other genotypes and lower
numbers of SLC6A3 transporters (i.e. with lower dopamine
reuptake and thus higher baseline extracellular dopamine
levels in the striatum). However, this hypothesis cannot be
proved by a SLC6A3 density analysis, which was only per-
formed here on a subpopulation of 14 patients receiving
their usual dopaminergic treatment. In fact, the objective
of the SLC6A3 density was to assess the effect of methyl-
phenidate (Table 5).

The SLC6A3 genotype appears to be associated with the
DOPA-sensitivity of gait disorders observed in the popula-
tion of patients with advanced Parkinson’s disease (i.e.
hypokinesia and freezing of gait) studied here. Our results
suggest that to better relieve gait disorders, it may be worth
increasing the dose of L-DOPA in patients harbouring the
SLC6A3 1s3836790 6/6 or SLC6A3 rs28363170 10/10
genotypes. Indeed, it seems that higher dopaminergic
doses are required to control gait disorders than to control
segmental symptoms, as shown by the sole reduction in the
frequency of freezing of gait in our L.-DOPA condition. This
observation also suggests that better knowledge of SLC6A3
genotypes could help the physician to define the L.-DOPA
treatment strategy in patients with severe gait disorders.

Dopamine transporters and the
methylphenidate response

We found that SLC6A3 genotypes were also strongly asso-
ciated with less severe motor handicap and gait disorders in
patients receiving 1-DOPA and methylphenidate (relative to
placebo). This association was independent of gender,
weight, and the challenge dose of 1-DOPA. Interestingly,
methylphenidate improved symptoms more in the OFF con-
dition than it did in the ON condition, for which the results
were more variable (Moreau et al., 2012). The SLC6A3
genotype might explain this variability (at least in part).
In the present study, methylphenidate produced an effective
pharmacological blockade of dopamine transporters, as re-
flected by lower striatal radioligand binding relative to the
placebo group (a difference of 35%). The greater benefit of
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the genotypes SLC6A3 1s3836790 6/6 or SLCG6A3
rs28363170 10/10 seemed to be related to a higher level
of SLC6A3 inhibition (by up to 29 when compared with
other genotypes). One can thus hypothesize that methyl-
phenidate inhibits a larger number of SLC6A3 transporters
in patients with the SLC6A3 rs3836790 6/6 or rs28363170
10/10 genotypes, which are likely to be associated with a
higher striatal extracellular dopamine levels after exogen-
ous L-DOPA administration, greater potentiation of dopa-
mine neurotransmission and thus greater clinical benefit.
This observation might be of great value in helping to pre-
dict the risk/benefit balance of prescribing methylphenidate
for severe gait disorders in advanced Parkinson’s disease.
Indeed, long-term methylphenidate use may be risky in eld-
erly patients and those with a cardiac risk. Hence, the bene-
fit of methylphenidate seems to be more pronounced for
patients with SLC6A3 rs3836790 6/6 or rs28363170 10/
10 genotypes, even though some patients with other geno-
types also displayed clinical improvements. The established
consequences of the SLC6A3 rs3836790 genotype suggest
that the association reported here is based on functional
involvement (Guindalini et al., 2006).

Other genotypes

Our analysis of the other main gene variants involved in
dopamine neurotransmission failed to show any significant
associations. MAOB genotypes have been frequently stu-
died as potential disease modifier of Parkinson’s disease,
with conflicting results. Only two retrospective studies
have investigated the association between MAOB variants
and the effect of chronic L-DOPA therapy. The results of a
clinical study of a group of 95 patients with Parkinson’s
disease in Poland indicated that 1-DOPA therapy may be
efficient in individuals carrying the MAOB A allele
(Biatecka et al., 2004). A recent study of 103 patients did
not find any significant differences in genotype distributions
when comparing those receiving daily doses of L-DOPA
above 500 mg and below 500 mg in the fifth year of treat-
ment (Torkaman-Boutorabi et al., 2012). In accordance
with previous studies, neither the DDC nor COMT vari-
ants studied here were associated with the peak motor re-
sponse to L-DOPA (Contin et al., 2005; Corvol et al., 2011;
Devos et al., 2014). In fact, DDC genotypes may be asso-
ciated with the central bioavailability of dopamine (rather
than peripheral bioavailability) because of the concomitant
use of a DDC inhibitor. This results in a greater area under
the curve for the motor response during an acute L.-DOPA
challenge (Devos et al., 2014).

Limitations

Our study had several limitations. The .-DOPA dose for
the acute challenge was 150% of the usual morning L-
DOPA equivalent dose used by patients to relieve their
symptoms. This dose was chosen with a view to obtaining
the best possible motor state on L-DOPA. However, it
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would also have been interesting to give a fixed dose of L-
DOPA to assess the effect of the patient’s genotype.
However, this latter paradigm would have prevented us
from minimizing sources of bias influencing DOPA-sensitiv-
ity (bodyweight, etc.). Lastly, the doses of L-DOPA used in
the present study did not differ greatly from one patient to
another or from one genotype group to another. In view of
the large number of parameters and sources of possible
bias, pharmacogenetic studies usually require very large
numbers of patients to achieve sufficient statistical power.
In an a posterior power calculation, we calculated the smal-
lest significant difference in the change in the motor UPDRS
score (expressed as an effect size using the standardized
mean difference) between SLC6A3 genotypes (collapsed
into two groups) in patients treated with L-DOPA and me-
thylphenidate, respectively. Based on our study sample sizes
and the SLC6A3 genotype distribution, we were able to
detect an effect size of 0.7 for the L-DOPA group and 1.0
for methylphenidate group, with a power of 80% and an
alpha risk of 5%. Both these effect sizes can be considered
to be large (Cohen et al., 1992). In view our study’s ex-
ploratory nature and small sample size, we did not adjust
for multiple comparisons. However, our highly standar-
dized conditions of treatment administration and our very
homogenous study population enabled us to observe stat-
istically significant results for SLC6A3 genotypes with a
smaller number of patients. All of our patients were receiv-
ing subthalamic nucleus stimulation at the same, advanced
stage of Parkinson’s disease. This population is highly
DOPA-sensitive (i.e. with a marked difference between
OFF and ON conditions). We excluded patients with
Parkinson’s disease with low DOPA sensitivity and the
severe cognitive disorders that are frequently observed in
older and non-stimulated Parkinson’s disease populations.
Moreover, patients with late-stage Parkinson’s disease are
mostly dependent on exogenous 1-DOPA, which reduces
bias related to the influence of endogenous dopamine
when seeking to identify pharmacogenetic factors.

Although the dopamine transporter genotypes probably
influenced dopamine bioavailability in the nigrostriatal
pathway, our present data could not provide insight into
the underlying mechanisms. To establish the dopamine
transporter polymorphisms’ impact on the duration and
amplitude of L-DOPA efficacy, we would have had to
score the motor part of the UPDRS for each patient every
15 min and calculate the area under the curve.

Conclusions and perspectives

The concept of personalized medical care guided by phar-
macogenetic parameters is attractive but complex because
of the many associated factors (i.e. the physician’s and the
patient’s beliefs and fears). Hence, the goal is to establish
whether or not genetic knowledge will enable physicians to
adapt the dose of L.-DOPA more rapidly and thus reduce
long-term, 1-DOPA-related complications in Parkinson’s
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disease. We hypothesize that patients bearing SLC6A3
rs3836790 6/6 or rs28363170 10/10 genotypes would
gain greater benefit from 1-DOPA treatment and would
require slightly lower doses and longer time intervals be-
tween doses. This knowledge would also guide the use of
methylphenidate in elderly patients with cardiac risks. We
also hypothesize that patients with the SLC6A3 rs3836790
6/6 or rs28363170 10/10 genotype would gain greater
benefit from long-term treatment with methylphenidate.
The decisional value of genotype data should be analysed
in term of the risk/benefit balance and the health economic
impact (i.e. the relatively low cost of genotyping versus the
high cost of severe motor and gait complications). The pre-
sent work is the first of several studies designed to establish
guidelines on dose modulation. Our findings must first be
replicated in an independent cohort. A very large, rando-
mized, standardized, prospective study could then provide
information on how the daily dose of L.-DOPA might be
modulated as a function of genotype in a non-stimulated
population.
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Appendix |

The Parkgait-Il Study Group (alphabetic order):

Bertrand Accard, Amélie Bichon, Séverine Bleuse, Michel
Borg, Pierre Burbaud, Maxime Bubrovszky, Walid Chucha,
Maria-Clara Cohelo-Braga, Philippe Damier, Bérangére
Debilly, Gilles Defer, Marie Delliaux, Dominique Deplanque,
Pascal Derkinderen, Sandrine Dupouy, Frédérique Fluchere,
Olivier Fleury, Patrick Gelé, Nathalie Girault, David Grabli,
Claude Hossein-Foucher, Paul Krack, Alexandre Kreisler,
Pierre Krystkowiak, Romain Lefaucheur, Eugénie Lhommée,
Francois Mahieu, Thavarak Ouk, Pierre Pollak, Pierre Renou,
Nathalie Rouaix, Emmanuelle Schmitt, Clémence Simonin,
Violaine Talmant, Marc Verin, Frédérique Warembourg,
Marie-Laure Welter, Tatiana Witjas



