JOURNAL OF CHILD AND ADOLESCENT PSYCHOPHARMACOLOGY

Volume 24, Number 5, 2014
© Mary Ann Liebert, Inc.

Pp. 238-244

DOI: 10.1089/cap.2013.0102

Original Articles

Dopamine Transporter Genotype
and Stimulant Dose-Response in Youth
with Attention-Deficit/Hyperactivity Disorder

Mark A. Stein, PhD] Irwin Waldman, PhD,? Jeffrey Newcorn, MD?
Jeffrey Bishop, PharmD,? Rick Kittles, PhD,* and Edwin H. Cook, Jr®*

Abstract

Objectives: This study seeks to determine if variation in the dopamine transporter gene (SLC6A3/DAT1) moderates the dose-
response effects of long-acting dexmethylphenidate (D-MPH) and mixed amphetamine salts (MAS) in children with

attention-deficit/hyperactivity disorder (ADHD).

Methods: Fifty-six children and adolescents (mean age=11.7+2.2) participated in a double-blind, two period crossover,
dose-response study with a randomized placebo week in each 4 week drug period. Each period consisted of sequential week-
long exposures to three dose levels (10, 20, 25-30 mg, depending upon weight) of D-MPH or MAS.

Results: Doses of 10-20 mg of either D-MPH or MAS had little to no effect on hyperactivity-impulsivity and total ADHD
symptom scores in subjects with the 9/9 genotype; this was in contrast to the dose-response curves of subjects with either

the 10/10 or 10/9 genotype.

Conclusions: ADHD youth with the 9/9 genotype may require higher stimulant doses to achieve adequate symptom control.

Introduction

TIMULANT TREATMENT FOR attention-deficit/hyperactivity

disorder (ADHD) typically employs a “‘trial and error’” ap-
proach, using one or another formulation from the methylphenidate
(MPH) or amphetamine (AMP) class, and gradually increasing the
dose until clinically significant improvement is observed. Both
MPH and AMP formulations have demonstrated robust acute ef-
ficacy, as indicated by large effect sizes on ADHD symptom
measures (Conners 2002; Pliszka et al. 2006). In general, higher
doses are needed to treat more severe symptoms, but may also be
associated with higher levels of side effects, such as appetite loss
and insomnia (Douglas et al. 1986; Stein et al. 2003; Newcorn et al.
2010). When AMP and MPH formulations are dosed comparably,
few differences in response or tolerability are reported at the group
level (Faraone 2009). However, there have been few systematic
comparator trials. Moreover, despite overall comparability in re-
sponse at the group level, findings to date suggest that many indi-
viduals have a superior response to one stimulant class over the
other (Elia et al. 1991; Arnold 2000). In recognition of this point,
current treatment algorithms recommend prescribing a different
stimulant if there is lack of efficacy or poor tolerability to the first
agent or formulation selected (Dulcan 1997; Pliszka et al. 2006).
However, there are not yet established predictors of which medi-

cation class is likely to be more effective and/or better tolerated by
individual children, as well as predictors of optimal dose (Denney
and Rapport 1999; Elia et al. 1999).

Polymorphisms in a variable number tandem repeat (VNTR) in
the 3" untranslated region of the dopamine transporter (SLC6A3/
DAT1) gene located on chromosome 5p15.3 have been studied
with regard to both susceptibility for ADHD (Cook et al. 1995), and
prediction of stimulant response (Winsberg and Comings 1999;
Froehlich and Stein 2010). This variant has been highly investi-
gated because of its direct relevance to the mechanism of action of
stimulant medications, which characteristically enhance synaptic
dopamine through blockade of the presynaptic dopamine trans-
porter (Volkow and Swanson 2003). The VNTR varies from 3 to
11, with the 10/10 and 10/9 repeat being the most common.

In the first ADHD pharmacogenetic study examining DAT1
(Winsberg & Comings, 1999), the homozygous 10 repeat allele of
DAT]1 was associated with a diminished response to MPH relative
to heterozygotes in a sample of 30 stimulant-naive children.
However, other studies have shown no relationship with the 9 re-
peat allele (McGough et al. 2009; Froehlich et al. 2010), and a
recent meta-analysis of 16 studies concluded that DATI is not a
reliable predictor of treatment success based upon comparisons of
response in individuals who were homozygous for the 10 repeat
versus non-10/10 carriers (Rambeitz et al. 2014). Although this
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genotype grouping has been inconsistent in relationships with re-
sponse across studies, there appears to be growing evidence that
examining DAT1 genotypes in an additive fashion across three
genotype groups may be informative.

Stein et al. (2005) reported that children with the less common 9/9
genotype of DAT1 displayed a dose-response curve distinct from that
of those with more common genotype groups containing a 10 repeat
allele, in a placebo-controlled trial of osmotic controlled-release oral
delivery system (OROS) MPH in 46 youth (Stein et al. 2005). Uti-
lizing a dose response methodology (as opposed to a flexible or op-
timal dose design), ADHD symptoms of children with the 9/9 were
less responsive to increasing stimulant doses. Subsequently, two other
studies reported that ADHD youth with the 9/9 genotype displayed a
lower response rate, based upon parent ratings of ADHD symptoms
(McGough et al. 2006; Joober et al. 2007). However, Froehlich et al.
recently examined dose-response effects of MPH in 89 children with
ADHD, including 5 with the 9/9 genotype, and found that those with
the 9/9 genotype displayed a more robust response than other ge-
notype groups, especially at the higher dose level (Froehlich et al.
2011). It is of note that in the latter study, hyperactive-impulsive
symptom scores were more severe for children with the 9/9 geno-
type relative to children with genotypes containing the 10 repeat
until relatively high doses (i.e., >1.5 mg/kg) were attained. There-
fore, emerging data from several studies indicate that youth who
have the 9/9 genotype of DATI1 display a different dose-response
curve than more common genotype groups when treated with MPH.

An important point to consider with regard to stimulant treatment
is that there is considerable variability across individuals in tolera-
bility, which presumably contributes to the well-acknowledged poor
long-term adherence to treatment (Charach et al. 2004). Therefore, in
addition to predicting efficacy, it is also important to consider pos-
sible differences in tolerability as a function of genotype. For ex-
ample, Gruber et al. (2009) systematically examined the relationship
between DAT1 polymorphisms and three parent-reported stimulant
side effects factors (i.e., emotionality, somatic complaints, being
overfocused) derived from the Side Effects Rating Scale in children
treated with MPH. Children with the 9/9 genotype displayed higher
scores on the emotionality factor (i.e., irritability, sadness, anxiety,
being prone to crying) during placebo and MPH treatment relative to
the other genotype groups (Gruber et al. 2009), whereas children
with the 10/10 genotype displayed a significant, dose-dependent
increase in somatic complaints (e.g. decreased appetite, insomnia).
Taken together, these and other findings (Leddy et al. 2009), suggest
that when analyzed separately, youth with the 9/9 DATI genotype
display a response to MPH that differs from that of those with the
more common genotypes containing a 10 repeat.

Therefore, the goals of the present study are to: 1) test for dif-
ferences in dose-response curves of MPH in children and adoles-
cents with the 9/9 genotype relative to the 10/10 and 10/9 groups; 2)
examine the association of DAT1 with stimulant side effect factors;
and 3) examine whether DAT1 genotype moderates dose-response
effects for mixed amphetamine salts (MAS) and dexmethylpheni-
date (D-MPH). As yet, the effects of DAT1 have not been studied
for the AMP class of stimulants in youth with ADHD, and no
studies have considered possible differential effects of DAT1 geno-
type on response to MPH and AMP.

Methods and Materials

Participants

Sixty-five children and adolescents 9—17 years of age (mean=
11.7, SD=2.24) met the study inclusion criteria (American Psy-
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chiatric Association, Diagnostic and Statistical Manual of Mental
Disorders, 4th ed. [DSM-1V] criteria for ADHD based on the
Schedule for Affective Disorders and Schizophrenia for School-
Age Children- Present and Lifetime Version) (American Psychia-
tric Association 1994; Kaufman et al. 1997), and 56 participated in
the clinical trial; 7 decided not to participate or were lost to follow-
up, and 2 did not comply with the protocol. The sample was pre-
dominantly male (47 boys [73%] and 17 girls), with a higher
prevalence of the combined subtype (CT) (67%). The sample was
ethnically diverse (per self-report) with equivalent percentages of
subjects from African-American and Caucasian, or European-
American, ethnic backgrounds (41% each); in addition, 7% were
Latino, 7% were biracial, 2% were Asian, and 2% were Native
American. Written consent was obtained from parents and partici-
pants prior to study participation. This study was approved by the
Institutional Review Board of the University of Illinois at Chicago.

Measures

During the initial assessment and at each weekly visit, partici-
pants met with clinical staff to discuss medication effects and to
complete the ADHD Rating Scale (ADHD RS) —IV: Home version
(DuPaul et al. 1998), and a structured side effect scale that included
items from the Barkley Side Effects Rating Scale (Barkley et al.
1990). Three side effect factor scores (emotionality, somatic
complaints, overfocused) based on Gruber et al (2009) were cal-
culated for each subject.

Procedure

The details of the recruitment, study design, demographics, and
comparative efficacy have been published preciously (Stein et al.
2011). In brief, participants were treated with extended release
(ER) MAS (Adderall XR), dexmethylphenidate (D-MPH; Focalin
XR), or placebo in an 8 week, randomized, double-blind, placebo-
controlled, two-period crossover dose-response study with weekly
dose escalations. Three dose conditions of ER D-MPH and ER
MAS (10, 20, and 25-30 mg) were administered sequentially from
lowest dose to highest dose, with a randomized week of placebo
included in each 4 week drug period. The maximum dose was
25mg in children <35kg, to minimize potential side effects. The
research pharmacist developed a randomization schedule for order
of study drug and randomization of the placebo weeks, and pre-
pared weekly blister packs for each subject containing capsules of
study drug, which were indistinguishable from each other.

Blood was collected from all participants and genomic DNA
extracted using a PureGene kit from 10mL whole blood. The
genotyping procedures for this assay have been described previ-
ously (Bedard et al. 2010). Briefly, 50 ng of DNA was used for
polymerase chain reaction (PCR) amplification and fragment de-
tection was performed on a 3730XL capillary instrument to identify
the number of VNTRs with the most commonly observed 9 and 10
repeat alleles utilized for the analyses herein.

Dose-response effects were examined via hierarchical linear
models using the linear mixed models module in SPSS version 20
(Bryk and Raudednbush 1992). Specifically, for each of the out-
come variables we included the following main effect and inter-
action terms in the linear mixed modeling equation: sex, age,
weight, ADHD subtype, prior stimulant exposure, ethnicity (self-
report of African American, European, or Hispanic ancestry),
DATI1 genotype, and dose, and then the interaction of dose
with DAT1 polymorphism, drug with DAT1, and dose by drug by
DATI. In addition, a second set of analyses was conducted with
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baseline ADHD symptom severity added as a covariate to control
for baseline differences in symptom severity. We tested for both
linear and curvilinear components of dose-response in these mod-
els. Variables other than dose, DAT1, and drug type were entered as
main effects to serve as covariates, to control for any possible
contribution to variance in the outcome measures and to prevent
any potential bias in estimates of the effects of the focal explanatory
variables dose, drug type, and DAT1 genotype. With the exception
of tests of self-identified ethnicity, which has two degrees of free-
dom, all tests had one degree of freedom.

Departure from Hardy—Weinberg equilibrium (HWE) was used
to evaluate genotyping reliability. The DAT1 genotype frequencies
for our sample were as follows: 9/9, 12%; 9/10, 36%; and 10/10,
52%, consistent with HWE (p=0.388).

Results

As previously reported in Stein et al. (2011), there were signifi-
cant and substantial dose-related decreases in total and hyperactive-
impulsive symptom scores (p<0.001, R ?=0.59 and p<0.001,
R?=0.46, respectively) that did not differ by type of stimulant, as
well as significant dose-related decreases for inattention symptom
scores (p<0.001, R? =0.11) that were more modest in magnitude,
but which also did not differ by type of stimulant.

Does DAT1 genotype moderate dose response effects
on total ADHD score and ADHD symptom dimensions?

As seen in Figure 1A (data for both stimulants combined), there
was a significant main effect for dose (F=17.08, p<0.001) and
DATI1 (F=12.5, p<0.001) on total ADHD RS and a significant
curvilinear dose-response curve that was different for subjects
absent the 10 repeat allele (F=5.1, p=0.024). This dose response
by DATI interaction remained after adjusting for baseline ADHD
symptom severity, as subjects with the 9/9 genotype continued to
display a different dose-response curve from those with genotypes
containing the 10 repeat allele (F=3.7, p=0.05). Subjects with the
9/9 genotype displayed higher ADHD symptoms at all dose levels
and displayed a less adequate response to increasing dose of either
D-MPH or MAS (see Fig. 1B and C). DAT1 genotype did not
interact with type of stimulant. ADHD symptom levels also varied
by age (F=11.2, p<0.001), subtype (F=28.9. p<0.001), stimulant
history (F=8.5, p<0.01), and weight (F=16.3, p<0.001), but not
by ethnicity.

Examination of ADHD symptom dimensions revealed a main
effect of DATI1 genotype (F=16.5, p=0.001) and an interaction
with dose-response (F'=8.8, p=0.003) for hyperactive-impulsive
symptoms. Subjects with the 9/9 genotype displayed higher
hyperactive-impulsive scores at all dose levels, and a distinct dose-
response curve, with little benefit noted for either drug. The dose
response by DATT interaction on hyperactive-impulsive symptoms
remained after controlling for baseline ADHD symptom severity,
as subjects with the 9/9 genotype continued to show a different
dose-response curve from those with genotypes containing the
10-repeat allele (F=6.37, p=0.012). Significant covariates were
age (F=32.1, p<0.001), ADHD subtype (F=33.5, p<0.001), and
weight (F=24.2, p<0.001).

For inattentive symptoms, there was a main effect of DATI1
genotype (F=5.3, p=0.022); genotype did not interact with dose-
response (F=1.8, p=0.185), with results remaining similar after
controlling for baseline inattentive symptom levels (F=191,
p=0.169). Subjects with the 9/9 genotype displayed higher inatten-
tion scores overall, but did not differ in their dose-response compared
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FIG. 1. Baseline and dose response for Attention-Deficit/

Hyperactivity Disorder Rating Scale (ADHD-RS) total by DAT1
3’UTR VNTR genotype for mixed amphetamine salts (MAS) and
dexmethylphenidate (D-MPH). (A) represents both stimulants
combined and includes baseline characteristics. (B) and (C) rep-
resent MAS and D-MPH dose-response curves separately (ex-
cludes baseline). A color figure is available in the online version
of this article at www.liebertonline.com/jcap

with other DAT1 genotype groups. Weight (F=6.9, p=0.009) and
ADHD subtype (F'=16.3, p<0.001) were significant covariates.

Does DATT1 genotype moderate dose-response effects
of ER-MAS and D-MPH on side effect factors?

The relationships between DAT1 genotype, ER D-MPH and
MAS dose and side effect factors were evaluated using empirically
derived stimulant effect factor scores (Gruber et al. 2009). Dose-
response effects on the emotionality factor (i.e., irritability,
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FIG. 2. Dose-response for emotionality by DATI 3’'UTR VNTR
genotype for mixed amphetamine salts and dexmethylphenidate.
SERS, Stimulant Side Effect Scale. A color figure is available in
the online version of this article at www.liebertonline.com/jcap

sadness, tendency to cry, and anxiety) are portrayed in Figure 2.
There were no significant main effects of DAT1, no interaction with
dose, and no differences between ER MAS and D-MPH. However,
ADHD subtype was a significant covariate (F=16.1, p<0.001);
subjects with CT displayed higher emotionality scores (mean=6.2
+0.58) than did those with the predominantly inattentive subtype
(mean=3.4%0.606).

There was a trend for differences across DAT1 genotypes on the
somatic complaints factor (e.g., decreased appetite, insomnia)
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FIG. 3. Dose effects on somatic complaints by DATI 3'UTR
VNTR genotype for mixed amphetamine salts and dexmethyl-
phenidate. SERS, Stimulant Side Effect Scale. A color figure is
available in the online version of this article at www.liebertonline
.com/jcap

241

DAT1
3UTR
VNTR # of
10-repeat
alleles
]
—1

—

8.00

6.00

4.00

\
|

2.00

T

FIG. 4. Dose-response effects on overfocused factors by DAT1
3’'UTR VNTR genotype for mixed amphetamine salts and dex-
methylphenidate. SERS, Stimulant Side Effect Scale. A color
figure is available in the online version of this article at www
Jliebertonline.com/jcap

(F=3.1, p=0.079). As portrayed in Figure 3, subjects who had at
least one 10 repeat allele displayed higher scores on the somatic
factor as did subjects with the 9/9 genotype, at all dose levels.
Significant covariates were ADHD subtype (F'=8.1, p=0.005),
weight (F=5.8, p=0.016), and self-reported ethnicity (F'=3.04,
p=0.050). Subjects with ADHD CT, a previous history of stimu-
lant treatment, and lower body weight were more likely to display
somatic complaints, and subjects of Hispanic origin displayed
slightly higher scores (mean=5.4+1.6) than did those European-
American (mean=4.8+5.6) or African-American (mean=3.6%
5.7) origin.

As portrayed in Fig. 4, subjects with the 9/9 genotype displayed
significantly higher ratings on the overfocused factor (i.e., stares,
bites nails) (F=19.6, p<0.001) at all dose levels, but there was no
dose by genotype effect. Significant covariates included ADHD
subtype (F=76.4, p<0. 001), weight (F=4.8, p=0.029), and
stimulant history (F=7.3, p=0.007). Subjects with ADHD CT,
lower body weight, and prior stimulant treatment displayed higher
scores on the overfocused factor.

Discussion

In this placebo-controlled, crossover study of two commonly
utilized ER stimulants, ADHD youth with the 9/9 genotype dis-
played a dose-response curve distinct from that of carriers of the 10
repeat allele. Specifically, youth with the 9/9 genotype displayed
little or no effect on total ADHD symptoms and hyperactive-
impulsive symptoms at low and moderate dose levels of D-MPH or
MAS. Consistent with findings from several previous dose- response
studies of MPH (Stein et al. 2005; Joober et al. 2007; Froehlich et al.
2011) and AMP (Lott et al. 2005), children with the 9/9 phenotype
displayed decreased sensitivity to the beneficial behavioral effects of
stimulants at low and moderate dose levels. DAT1 genotype mod-
erated dose-response to stimulant treatment even after controlling for
baseline severity. Moreover, ADHD youth with the 9/9 genotype did
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not display dose-dependent increases in somatic complaint or other
stimulant side effect factor scores.

The results of this study add to previous findings indicating that
individuals homozygous for the 9 repeat allele of DAT]1 represent a
small but important biologically defined subgroup of ADHD chil-
dren and adolescents, whose baseline characteristics and response
to stimulant medication differs from those with the 9/10 genotype.
Children and adolescents with the 9/9 genotype displayed higher
base rates of ADHD symptoms, and more staring and nail biting, thus
highlighting the importance of evaluating levels of these behaviors
and purported side effects at baseline (Sonuga-Barke et al. 2009).

In contrast to our findings in which the 9/9 genotype was not
associated with decreased appetite or other somatic complaints,
Leddy et al. reported that children with 9/9 genotype consumed 28%
and 49% less food at lunch than children with 10/10 or 10/9 geno-
types, when receiving doses of 0.3 and 0.6 mg/kg of MPH, respec-
tively (Leddy et al. 2009). It is unclear if the differences in findings
across these two studies are related to subject differences, using an
immediate release versus an extended release preparation, or dif-
ferent methodological factors of study design, dosing, or assessment
method. Nevertheless, further study is warranted on the relationship
between DAT1 genotype and stimulant and dose related effects on
appetite and eating behaviors utilizing objective measures.

The neurobiological basis for our findings of altered dose-
response characteristics in youth with the 9/9 genotype of DATI is
interesting to consider. The 9 repeat allele has been associated with
increased dopamine transporter binding in the striatum (Spencer
et al. 2013). The issue of poor therapeutic response has recently
been discussed by Volkow and colleagues (Volkow et al. 2009),
who suggested that nonresponse to MPH may reflect very low
dopamine activity while some adverse events may be the result of
high neuronal activity. Based upon the current findings, one could
speculate that the 9/9 genotype is associated with lower baseline
striatal DAT activity, and that youth with the 9/9 genotype may
require higher stimulant dosages to achieve symptom control. In
contrast, individuals with DAT1 genotypes containing the 10 repeat
allele appear to respond to lower stimulant dose levels. These
findings are in agreement with the hypothesis that stimulant medi-
cations may be most effective in individuals with greatest trans-
porter densities or activity (Bellgrove et al. 2005). In addition to
data from the positron emission tomography (PET) radioligand
studies cited, there is also some evidence from gene expression
studies to support this model (Heinz et al. 2000; Mill et al. 2002).

Conclusions

The results of our study should be interpreted in the context of its
limitations. As reported in other candidate gene studies examining
the intermediate phenotype of drug response (Hart et al. 2013),
there may be increased risk of type 1 error because of the modest
sample size of the study. However, treatment intervention studies
often allow for the detection of large effect sizes with smaller
numbers of participants.

Additionally, we had a racially diverse study sample, which
requires analyses to assure that population stratification is not
influencing the results. Failure to adequately control for population
stratification may lead to spurious results, especially in a sample
with a high degree of admixture, such as samples comprising
multiple ethnic groups from the United States (Baye and Wilke
2010). Our predefined analysis plan addressed potential biases
caused by population stratification in two ways. First, we controlled
for self-reported ethnicity (i.e., European or African ancestry,
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Hispanic) in all analyses presented herein. Second, given that a
majority of the individuals with the 9/9 genotype were of African
American self-reported ethnicity, we conducted a set of sensitivity
analyses that also included ancestry informative markers (AIMS)
that genetically characterize the degree of West African ethnicity,
to examine whether our results did not adequately control for
possible population stratification effects. Results from both analy-
ses were consistent, indicating a primary effect of genotype that is
unlikely to be confounded by population stratification. Adding
strength to the findings of the present study is that similar results
were obtained for both AMP and MPH stimulants used in the
crossover design, and the findings here are generally consistent
with previous placebo-controlled studies employing similar dose-
response designs (Stein and McGough 2008; Froehlich et al. 2010).

However, because of the exploratory nature of the present study
and small sample size, we did not control for multiple comparisons.
We limited our planned analysis to effects on dimensional mea-
sures of ADHD symptoms and stimulant side effects. In order to
reduce the number of comparisons, we utilized a data reduction
technique and examined side effect factor scores rather than ex-
amining individual side effects. Furthermore, we compensated for
the relatively small number of 9/9 subjects in our analytic plan by
statistically controlling for a variety of extraneous factors that may
influence drug response, such as age, weight, previous stimulant
exposure, and ethnicity. Nonetheless, replication is needed with
larger sample sizes, and as suggested by Hart et al. (2013), a pro-
spective genotyping strategy to obtain more balanced genotyping
groups may be helpful for evaluating uncommon alleles in future
studies.

Clinical Significance

What is the clinical importance of identifying a small subgroup
of youth based upon DAT1 genotype who require higher doses of
stimulant medication to reduce ADHD symptoms? The findings
from this and other studies (Froelich et al. 2010) raise the possi-
bility that the 9/9 genotype of DAT1 could account for a dispro-
portionate degree of poor response to stimulant medications in
youth with ADHD because of early discontinuation and under-
dosing. Children and adolescents with the 9/9 genotype are likely to
require dose levels =25 mg/day. In the community, clinicians are
often reluctant to prescribe higher doses for fear of increased side
effects (Vahue 2001). Knowledge that higher doses are likely to
produce improvement without increasing side effects in this sub-
group should positively affect treatment decisions. The importance
of providing adequate treatment for this difficult to treat subgroup is
noteworthy, as previous studies have demonstrated that the 9 repeat
genotype is associated with persistence of ADHD (Barkley et al.,
2006; Franke et al. 2010). Furthermore, children with the 9/9 ge-
notype are at increased risk of future conduct problems (Lahey et al.
2011). If this finding is confirmed, it might justify the decision to
incorporate genotype into the titration schedule and medication
algorithm for ADHD. However, although this approach has con-
siderable intuitive appeal, it is premature to recommend incorpo-
rating pharmacogenomic approaches into clinical care until larger
scale replications and cost efficacy investigations are performed.
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