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Medications for attention deficit hyperactivity disorder (ADHD)
are only partially effective. Ideally, new treatment targets would
derive from a known pathophysiology. Such data are not avail-
able for ADHD. We combine evidence for new etiologic pathways
with bioinformatics data to assess the possibility that existing
drugs might be repositioning for treating ADHD. We use this
approach to determine if prior data implicating the sodium/
hydrogen exchanger 9 gene (SLC9A9) in ADHD implicate sodi-
um/hydrogen exchange (NHE) inhibitors as potential treat-
ments. We assessed the potential for repositioning by
assessing the similarity of drug—protein binding profiles between
NHE inhibitors and drugs known to treat ADHD using the Drug
Repositioning and Adverse Reaction via Chemical-Protein
Interactome server. NHE9 shows a high degree of amino acid
similarity between NHE inhibitor sensitive NHEs in the region of
the NHE inhibitor recognition site defined for NHE1. We found
high correlations in drug—protein binding profiles among most
ADHD drugs. The drug—protein binding profiles of some NHE
inhibitors were highly correlated with ADHD drugs whereas the
profiles for a control set of nonsteroidal anti-inflammatory drugs
(NSAIDs) were not. Further experimental work should evaluate
if NHE inhibitors are suitable for treating ADHD. © 2013 Wiley

Periodicals, Inc.
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INTRODUCTION

It has been the hope of genetic studies that discovering new
biological pathways would provide new targets for treating atten-
tion deficit hyperactivity disorder (ADHD) [Faraone and
Mick, 2010]. One new target is sodium/hydrogen exchanger iso-
form 9 (SLC9A9), which was first implicated in ADHD by a report
of a family in which ADHD co-segregated with a pericentric
inversion that disrupted SLC9A9 [de Silva et al., 2003]. Significant
ADHD-SLC9A9 associations in humans were reported from can-
didate gene studies [Brookes et al., 2006; Markunas et al., 2010] and
SLC9A9 achieved one of the lowest P-values in an ADHD genome-
wide association study (GWAS) (~1073; [Lasky-Suetal.,2008]). In
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another GWAS, SLC9A9 was nominally associated with nicotine
dependence [Uhl et al., 2007], which is also associated with ADHD
[Monuteaux et al., 2007; Biederman et al., 2009].

The spontaneously hypertensive (SHR) rat from Charles River,
Germany (SHR/NCrl) is an animal model of ADHD [Sagvolden
et al., 2009]. We described a new rat model for the inattentive
subtype of ADHD (WKY/NCrl, from Charles River, Germany)
[Sagvolden et al., 2008], which shows impaired sustained attention,
but normal activity level and impulsiveness. Both rat models show
increased dopamine transporter (DAT) activity [Roessner
etal., 2010]. We subsequently found increased SLC9A9 expression
in hippocampus (WKY/NCrl rats) and prefrontal cortex (SHR/
NCrl) rats. We found two nonsynonymous mutations in SLC9A9
for the inattentive WKY/NCrl rats located in a domain where
regulatory proteins bind. This region has a similar amino acid
structure as other members of the sodium-hydrogen exchange
(NHE) protein family (we use the terminology NHE9 to refer to the
protein coded by the SLC9A9 gene and likewise for other family
members). We showed that the mutations significantly changed
NHE9’s interaction with calcineurin homologous protein (CHP),
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but had no effect on its interaction with RACK1 [Zhang-James
et al., 2011]. We also examined the expression and relationship of
SLCY9A9, CHP, and eight additional genes (RACK1, CaM, PPP3R1,
PPP1R10, PKCm, CaMKI, NR2B, and PLCb1) in the hippocampus
of the WKY/NCrl rat and SHR/NCrl models of ADHD. The
expression levels of these genes were significantly correlated, sug-
gesting that they may be coregulated [Zhang-James et al., 2012].
Principal component analysis identified two main factors that
accounted for 94% of the expression variance of the 10 genes.
Significant differences were found for both factors across the three
different rat strains, suggesting that SLC9A9-mediated signaling
pathways could contribute to the ADHD phenotype of the two rat
models [Zhang-James et al., 2012].

Because very little is known about the structure and biology of
NHEDY, no studies have yet been conducted to determine if it is
targeted by existing drugs. In contrast, a large literature describes
molecules that inhibit NHEI-NHE7, with most of this work
focused on NHEI-NHE5 [Karmazyn et al, 2003; Masereel
et al., 2003]. NHE inhibitors (e.g., amiloride) are used as diuretics,
anti-hypertensive agents, and for the prevention of cardiac or
neural ischemia [Karmazyn et al., 2003; Masereel et al., 2003].
The potential for these drugs to inhibit NHE9 is unclear because
studies of NHE inhibitors have focused on plasma membrane NHEs
(NHE1-NHES5) and not organelle specific NHEs (NHE6-NHE9)
and the two types of NHEs show some structural divergence in
their amino acid sequences [Nakamura et al., 2005]. Although the
overall amino acid similarity between the two classes of NHEs is low
(23-27%), the membrane regions are more highly conserved,
with about 50% amino acid identity between classes [Nakamura
et al., 2005]. Of particular relevance to ADHD, clonidine is a
modest inhibitor of plasma membrane NHEs [Karmazyn
etal.,2003; Masereel et al., 2003], and is also a moderately efficacious
drug for ADHD [Palumbo et al., 2008; Jain et al., 2011; Kollins
etal., 2011].

In summary, five pieces of evidence suggest that medications
which inhibit sodium-hydrogen exchange proteins could treat
ADHD symptoms: (1) SLC9A9 is associated with ADHD in
humans; (2) SLC9A9 mRNA expression is increased in ADHD-
relevant brain regions in two rat models of ADHD; (3) one rat
model of ADHD has mutations in SLC9AY; (4) the rat mutations are
associated with greater than normal binding of CHP, which would
be expected to increase the activity of NHE9, and (5) clonidine
is a modest NHE inhibitor and a moderately effective ADHD
medication.

The present work hypothesized substantial similarity of the
amino acid sequence in the binding region for NHE inhibitors
between NHE9 and NHEs known to be inhibited by NHE inhib-
itors. Such a finding would suggest that these drugs would inhibit
NHE9. We further hypothesized that, if NHE9 inhibition is useful
for the treatment of ADHD, it is possible that, in addition to
clonidine, other ADHD medications might have a dual mechanism
of effect much as clonidine inhibits sodium—hydrogen exchange
and also agonizes the adrenergic alpha-2A receptor. To assess this
possibility, we hypothesized that an in silico approach from drug
repositioning methodology would find a correspondence between
the drug—protein binding profile of ADHD medications and those
of NHE inhibitors.
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To compare the amino acid sequences of NHE9 with other NHEs,
we multiply aligned human NHE sequences using ClustalW and
the BLOSUMG62 alignment score matrix as implemented by
UniProt, http://www.uniprot.org/. A cluster plot of NHE amino
acid sequence similarity was created in Jalview 2.6.2. Although
Nakamura et al. [2005] had previously presented the amino acid
similarities of NHE proteins, we have focused on the NHE
inhibitor recognition region which was shown experimentally
to involve residues within the fourth and ninth membrane
spanning helices (these are bounded by amino acids 150 and
400) Khadilkar et al. [2001].

To assess the correspondence between the drug—protein binding
profile of ADHD medications and those of NHE inhibitors, we used
the drug repositioning methodology of Luo et al. [2011] and Yang
et al. [2009a,b]. This approach uses a collection of 392 structural
models of targetable human proteins from UniProt and 582 active
forms of drug molecules from DrugBank having known treatment
indications. These targets were required to have known, targetable
sites with binding pockets that were screened according several
criteria to assure the presence of a suitable binding pocket (for
details, see Yang et al. [2009a,b]). This database, known as the drug
repositioning and adverse reaction via chemical-protein interac-
tome (DRAR-CPI), is accessible at http://cpi.bio-x.cn/drar/.

To assess the similarity of our drugs of interest with the drug—
protein binding profile of the drugs in DRAR-CPI, we submitted a
structural model of the drug molecule to the DRAR-CPI server. The
structure of each drug, in SMILES format, was retrieved from
PubChem (http://pubchem.ncbi.nlm.nih.gov/). These were then
input to CORINA (http://www.molecular-networks.com/online_-
demos/corina_demo) to generate minimal energy conformations.
The CORINA files were translated into .ml2 files by VEGA ZZ.
These structural models were hybridized in silico with each protein
target in the DRAR-CPI database using DOCK [Ewing et al., 2001].
The ability of the molecule to dock with the target is quantified as a
z-score such that z-scores less than —0.5 indicate that the molecule
tends to bind with the protein.

We included five drugs approved by the US Food and Drug
Administration for the treatment of ADHD (methylphenidate,
amphetamine, guanfacine, atomoxetine, and clonidine), each hav-
ing substantial data indicating efficacy for ADHD [Faraone and
Buitelaar, 2010; Faraone and Glatt, 2010]. We examined six NHE
inhibitors chosen due to prior knowledge about their pattern of
selectivity for NHE subtypes [Masereel et al., 2003]: Amilioride and
benzamil have limited NHE subtype selectivity; Cariporide selec-
tively inhibits NHE1; S3226 selectively inhibits NHE3; Quinine
selectively inhibits NHE7; Harmaline selectively inhibits NHES. To
control for the possibility that DRAR-CPI might produce spurious
correlations, we also tested the association of ADHD drugs with five
nonsteroidal anti-inflammatory drugs (NSAIDs), for which we had
no prior reason to believe would be associated with ADHD drugs:
naproxen, aspirin, ibuprofen, celecoxib, and rofecoxib. We refer to
all of these drugs as our study drugs.

We used DRAR-CPI to compute z-scores indicating the degree
to which each study drug is predicted to bind to the 389 protein
targets in the DRAR-CPI database. Thus, for each of our study
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drugs, we computed 389 z-scores. These z-scores are informative
because two study drugs that bind proteins similarly (and would
thus be hypothesized to have similar biological effects) should have
similar z-scores. To assess the similarity of the profile of 389 z-scores
among study drugs, we correlated the z-scores between each ADHD
drugand (a) other ADHD drugs; (b) the NHE inhibitors and (c) the
NSAIDs drugs used as controls. A positive correlation means that
two study drugs share similar patterns of drug—protein binding
across all of the targets in the DRAR-CPI database.

To visualize the similarity of drug—protein binding predictions
among the study drugs, we used classical multidimensional scaling
using Euclidean distance of their z-scores as the similarity metric,
the stress criterion as the loss function and principal normalization
as the normalization method. These analyses were accomplished
with STATA [StataCorp, 2007].

We used E-DRAGON, http://146.107.217.178/1ab/edragon/, to
compute molecular descriptors. A molecular descriptor refers to a
quantitative feature of a molecule that can be used to compare it
with other molecules. Because two drugs with a similar profile of
molecular descriptors are likely to have similar structures, they are
also likely to have similar biological effects. We used molecular
descriptors from four categories: 48 constitutional descriptors, 261
three-dimensional descriptors, 121 topological descriptors, and 22
molecular property descriptors. To assess the similarity of drugs as
regards these molecular descriptors, we used multidimensional
scaling as described above. We used seemingly unrelated regression
analyses to assess the association of drug subsets with drug—protein
binding and with molecular descriptors. This regression method
provides joint estimates from several regression models when the
error terms of the models are correlated.

AsFigure 1 shows, in the predicted transmembrane region, NHE9 is
most similar to NHE6 and NHE7. There is one large cluster
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FIG. 1. Amino acid sequence similarities among sodium hydro-
gen exchanger proteins.
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comprising NHE1-5 and NHES8 and a third cluster with NHE10
and NHE11. The percent of identical or similar positions between
NHE9 and NHEs shown experimentally to be sensitive to NHE
inhibitors are NHE1: 68%, NHE2: 72.4%; NHE3: 65.6%; NHE4:
72.8%, and NHES5: 64.4%.

Table I shows the results of our analyses correlating protein
binding affinity z-scores between drugs. With the exception of
clonidine, all ADHD drugs were highly and significantly correlated
with other ADHD drugs. This suggests that the ADHD drugs have
similar drug—protein binding features to one another, which would
be consistent with them having similar biological activities. Thus,
the DRAR-CPI drug—protein database recovers most of the
expected associations among ADHD drugs.

For the NHE inhibitors amiloride, cariporide, $3226, and
benzamil, drug-binding profiles were significantly positively cor-
related with methylphenidate, amphetamine, atomoxetine, and
guanfacine. Benzamil and amiloride were also positively correlated
with clonidine. Quinine showed modest negative association with
two ADHD drugs. Harmaline was negatively correlated with
amphetamine and positively correlated with clonidine. No NSAID
drug was positively correlated with any ADHD drug. We did,
however, observe several significant, albeit, modest negative
correlations.

We used multidimensional scaling to visualize the similarity of
drug—protein binding among the drugs in Tables I and II. Two
dimensions accounted for 95.8% of the variance. The mean corre-
lation between observed drug differences in drug—protein binding
and the Euclidean distances of the two-dimensional solution was
0.97, indicating an excellent fit of the model. Figure 2 plots the two-
dimensional solution. These dimensions summarize the similarity
of drugs across the many drug—protein interactions recorded in
DRAR-CPI. They do not correspond to specific protein or drug
features. The lower right hand corner of this figure shows a cluster of
drugs comprising all ADHD drugs (except clonidine) and four
NHE inhibitors: amiloride, benzamil S2226, and cariporide. The
small cluster on the lower left contains three NSAIDs. The upper-
middle cluster contains two NSAIDs and two NHE inhibitors
(harmaline and quinine). Clonidine did not cluster with other
drugs.

Because the analyses of drug—protein interaction indicated that
two of the NHE inhibitors (quinine and harmaline) and one ADHD
drug (clonidine) did not associate with other ADHD drugs, we
sought to determine if that could be accounted for by the properties
of these molecules. A multidimensional scaling of the molecular
descriptors of the ADHD and NHE inhibitor drugs, extracted three
dimensions accounting for 86% of the variance. The mean correla-
tion between observed drug differences in molecular descriptors
and the Euclidean distances of the two-dimensional solution was
0.96, indicating an excellent fit of the model. The three-dimensional
solution is given in Figure 3. These dimensions summarize the
similarity of drugs across the many molecular descriptors derived
from E-DRAGON. They do not correspond to specific drug
features.

To further understand clarify these differences among drugs, we
used regression analysis to compare drug types on the molecular
feature dimensions. These analyses used drug type as the predictor
variable and the molecular feature dimensions as dependent
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MPH AMPH
Attention deficit hyperactivity disorder drugs
Methylphenidate 1.00 0.73
Dextroamphetamine 0.73 1.00
Atomoxetine 0.8 0.75
Guanfacine 0.74 0.84
Clonidine
Sodium/hydrogen exchange inhibitors
Cariporide 0.65 0.65
Amiloride 0.70 0.86
S$3226 0.61 0.60
Benzamil 0.68 0.71
Quinine —0.31
Harmaline —0.21
Nonsteroidal anti-inflammatory drugs
Naproxen —0.59 —0.49
Aspirin —0.53 —0.37
Ibuprofen —0.56 —0.44
Celecoxib
Rofecoxib —0.27

ATX GUAN CLON
0.78 0.74
0.75 0.84
1.00 0.81
0.81 1.00
0.70 0.71

0.79 0.88 0.21
0.72 0.72

0.75 0.72 0.23
—0.21

0.55
—0.56 —0.50
—0.53 —0.45
—0.56 —0.53
—0.20

MPH, methylphenidate; AMPH, amphetamine; ATX, atomoxetine; GUAN, guanfacine; CLON, clonidine; only correlations significant at the Bonferroni corrected level of P < 0.0004 are presented.

variables. They showed that clonidine, quinine, and harmaline
significantly differed from the other drugs on the third molecular
features dimension (z = 3.4, P = 0.001) but not the first two
molecular feature dimensions (P’s > 0.5). We also used regression
analyses to assess the association between the drug—protein binding
dimensions of Figure 2 and the molecular descriptor dimensions
of Figure 3. Regression analyses also found that drug—protein
binding dimension one was significantly associated with molecular
descriptor dimension three (z = 2.98, P = 0.003). Drug—protein
binding dimension two was associated with molecular descriptor
dimensions one (z = 3.46, P = 0.001) and three (z = 2.68,
P = 0.007). From these results, separation of harmaline, quinine,
and clonidine from the other drugs are best highlighted by plotting
drug—protein dimension 1 against molecular descriptor dimension
3 (Fig. 4). As can be seen in the lower left quadrant of Figure 4,
harmaline, quinine and clonidine cluster away from the other
drugs.

Molecular descriptor dimension 1
Molecular descriptor dimension 2
Molecular descriptor dimension 3

Our results provide two sources of information that support the
hypothesis that NHE inhibitors may act on NHE9 and may have
anti-ADHD efficacy. First, NHE9 shows a high degree of amino acid
similarity between NHE inhibitor sensitive NHEs in the region of
the NHE inhibitor recognition site that has been defined for NHEI.
Second, we found highly significant, positive associations among
drugs approved by the US Food and Drug Administration for the
treatment of ADHD and drugs known to inhibit sodium hydrogen
exchange. We did not find positive associations between ADHD
drugs and the control NSAID drugs.

The high correlations among ADHD drugs validate the idea that
the DRAR-CPI database can recover meaningful associations
among drugs based on their predicted binding affinities with
many different proteins. This result is particularly impressive given
that the database did not include the primary targets of these

Drug—protein binding dimensions

1 2
0.196 (0.56) —0.625 (0.04)
0.048 (0.89) —0.126 (0.71)
0.654 (0.03) —0.484 (0.13)

Drug—protein binding and molecular description dimensions derived from multidimensional scaling. P-values are in parentheses. See text for details.
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FIG. 2. Multidimensional scaling of drug—protein binding similari-
ty among drugs.

medications, which are believed to mediate their therapeutic effects
on ADHD (the dopamine transporter for methylphenidate and
amphetamine; the norepinephrine transporter for atomoxetine and
the adrenergic, alpha-2A, receptor for guanfacine and clonidine).
The correlational data for guanfacine are particularly intriguing. Its
putative mechanism of action is via the alpha-2A receptor, yet it did
not correlate with clonidine, which is believed to have a similar
mechanism of action. In contrast, it correlated highly with the
stimulants and atomoxetine, the primary targets of which are the
dopamine and norepinephrine transporters, respectively. This
could indicate that there are additional mechanisms of action
shared among this latter set of drugs that have been captured by
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FIG. 3. Multidimensional scaling of molecular descriptor
similarity among drugs.
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FIG. 4. Association between drug—protein binding and molecular
descriptors.

DRAR-CPIL Determining if such mechanisms exist and if they are
relevant to therapeutic efficacy will require additional research.

We found many significant, positive correlations between
ADHD drugs and NHE inhibitors. In contrast, we found no
significant positive correlations between the NSAID drugs and
the ADHD drugs. This latter finding provides some reassurance
that our methodology was not biased to find positive correlations
with ADHD drugs.

We could not determine why some NHE inhibitors cluster with
ADHD drugs and others do not. The pattern we observed cannot be
explained by the NHE inhibition selectivity of these compounds.
The pattern of amino acid similarity among NHE proteins (Fig. 1)
shows that NHE7 is more similar to NHE9 than are the other NHE
proteins. Despite this similarity, the drug—protein binding profile of
quinine (which selectively inhibits NHE7) was not positively
correlated with any of the ADHD drugs. Comparing our findings
with experimental NHE inhibition results reported by Masereel
et al. [2003], the NHE inhibitors that belong to the ADHD drug
cluster in Figure 2 do not show a specific pattern of NHE inhibition.
Amilirode and benzamil are nonspecific inhibitors, cariporide is a
selective NHEI inhibitor and S3226 selectively inhibits NHE3. We
also found no positive correlations for harmaline, which selectively
inhibits NHE5.

Our analysis of molecular descriptors is limited by the small
sample size, which makes it difficult to show statistical significance.
Nonetheless, these results offer additional validation for the idea
that the use of drug—protein binding profiles to cluster drugs is
sensitive to variability in molecular features. It also provides some
insights into why some NHE inhibitors are associated with ADHD
drugs and others are not.

Although promising, our results are not entirely supportive of
our hypothesis. Notably, clonidine, is approved for the treatment of
ADHD and is a modest NHE inhibitor. However, it did not cluster
with the other ADHD drugs in our analysis of drug—protein
binding. This finding tempers our conclusion that NHE inhibitors
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might inhibit NHE9. Another obstacle to NHE9 inhibition is that,
unlike NHEs that are currently targeted by these drugs, NHE9 is an
intracellular protein, which could complicate drug delivery.

Our results suggest that further experimental work should be
done to determine if the NHE inhibitors that cluster with ADHD
drugs might be suitable for treating ADHD. If we are successful, the
potential impact of this project is broad because (a) ADHD is a
common disorder affecting 6% of children [Faraone et al., 2003];
(b) in the majority of cases, the disorder persists into adulthood
[Biederman and Faraone, 2005; Faraone et al., 2006]; and (c) the
disorder is associated with serious impairments including traffic
accidents [Biederman and Faraone, 2005], increased health care
utilization [Biederman and Faraone, 2005], substance abuse
[Biederman and Faraone, 2005], reading difficulties [Cheung
et al, 2012], neuropsychological dysfunction [Bloemsma
et al., 2012], brain abnormalities [Paloyelis et al., 2012], unem-
ployment [Biederman and Faraone, 2005], emotional dysregula-
tion [Banaschewski et al., 2012], and divorce [Biederman and
Faraone, 2005]. The economic impact of ADHD is between
$77.5 and $115.9 billion each year [Biederman and Faraone,
2006]. Although medications for ADHD are effective in controlling
symptoms for many patients, they do not “cure” the disorder. As we
have shown in our longitudinal study of ADHD children [Bieder-
man et al., 1996], even those receiving treatment are at risk for
adverse outcomes.

Future work includes screening NHE inhibitors that perform
well in silico with in vitro and in vivo assays of NHE9 inhibition.
That could be followed by testing in the well-established SHR rat
model of ADHD [Sagvolden et al., 2009] as well as human trials for
drugs that are currently approved for such use by pertinent regula-
tory agencies.

Financial Disclosures: In the past year, Dr. Faraone received
consulting income and research support from Shire and Alcobra
and research support from the National Institutes of Health (NIH).
In previous years, he received consulting fees or was on Advisory
Boards or participated in continuing medical education programs
sponsored by: Shire, McNeil, Janssen, Novartis, Pfizer and Eli Lilly.
Dr. Faraone receives royalties from books published by Guilford
Press: Straight Talk about Your Child’s Mental Health and Oxford
University Press: Schizophrenia: The Facts. His Institution has filed
for a patent for the use of sodium-hydrogen inhibitors in the
treatment of ADHD. Dr. Zhang-James™ research is funded by
NARSAD and the NIH.

Banaschewski T, Jennen-Steinmetz C, Brandeis D, Buitelaar JK, Kuntsi J,
Poustka L, Sergeant JA, Sonuga-Barke EJ, Frazier-Wood AC, Albrecht B,
et al. 2012. Neuropsychological correlates of emotional lability in chil-
dren with ADHD. J Child Psychol Psychiatry 53(11):1139-1148.

Biederman J, Faraone SV. 2005. Attention deficit hyperactivity disorder.
Lancet 366(9481):237-248.

Biederman J, Faraone SV. 2006. The effects of attention-deficit hyperac-
tivity disorder on employment and house hold income. MedGenMed 8
(3):12.

Biederman J, Faraone SV, Milberger S, Curtis S, Chen L, Marrs A, Ouellette
C, Moore P, Spencer T. 1996. Predictors of persistence and remission of

AMERICAN JOURNAL OF MEDICAL GENETICS PART B

ADHD: Results from a four-year prospective follow-up study of ADHD
children. ] Am Acad Child Adolesc Psychiatry 35(3):343-351.

Biederman J, Monuteaux MC, Faraone SV, Mick E. 2009. Parsing the
associations between prenatal exposure to nicotine and offspring
psychopathology in a nonreferred sample. J Adolesc Health 45(2):
142-148.

Bloemsma JM, Boer F, Arnold R, Banaschewski T, Faraone SV, Buitelaar JK,
Sergeant JA, Rommelse N, Oosterlaan J. 2013. Comorbid anxiety and
neurocognitive dysfunctions in children with ADHD. Eur Child Adolesc
Psychiatry 22(4):225-234.

BrookesK, Xu X, Chen W, Zhou K, Neale B, Lowe N, Aneey R, Franke B, Gill
M, Ebstein R, et al. 2006. The analysis of 51 genes in DSM-IV combined
type attention deficit hyperactivity disorder: Association signals in
DRD4, DAT1 and 16 other genes. Mol Psychiatry 11(10):934-953.

Cheung CH, Wood AC, Paloyelis Y, Arias-Vasquez A, Buitelaar JK, Franke
B, Miranda A, Mulas F, Rommelse N, Sergeant JA, et al. 2012. Aetiology
for the covariation between combined type ADHD and reading difficul-
ties in a family study: The role of IQ. J Child Psychol Psychiatry 53
(8):864-873.

de Silva MG, Elliott K, Dahl HH, Fitzpatrick E, Wilcox S, Delatycki M,
Williamson R, Efron D, Lynch M, Forrest S. 2003. Disruption of a novel
member of a sodium/hydrogen exchanger family and DOCK3 is associ-
ated with an attention deficit hyperactivity disorder-like phenotype.
] Med Genet 40(10):733-740.

Ewing TJ, Makino S, Skillman AG, Kuntz ID. 2001. DOCK 4.0: Search
strategies for automated molecular docking of flexible molecule data-
bases. ] Comput Aided Mol Des 15(5):411-428.

Faraone S, Biederman ], Mick E. 2006. The age dependent decline of
attention-deficit/hyperactivity disorder: A meta-analysis of follow-up
studies. Psychol Med 36(2):159-165.

Faraone SV, Buitelaar J. 2010. Comparing the efficacy of stimulants for
ADHD in children and adolescents using meta-analysis. Eur Child
Adolesc Psychiatry 19(4):353-364.

Faraone SV, Glatt SJ. 2010. A comparison of the efficacy of medications for
adult attention-deficit/hyperactivity disorder using meta-analysis of
effect sizes. J Clin Psychiatry 71(6):754-763.

Faraone SV, Mick E. 2010. Molecular genetics of attention deficit hyperac-
tivity disorder. Psychiatr Clin North Am 33(1):159-180.

Faraone SV, Sergeant J, Gillberg C, Biederman J. 2003. The worldwide
prevalence of ADHD: Is it an American condition? World Psychiatry 2
(2):104-113.

Jain R, Segal S, Kollins SH, Khayrallah M. 2011. Clonidine extended-release
tablets for pediatric patients with attention-deficit/hyperactivity disor-
der. ] Am Acad Child Adolesc Psychiatry 50(2):171-179.

Karmazyn M, Avkiran M, Fliegel L, editors. 2003. The sodium-hydrogen
exchanger: From molecule to its role in disease. Norwell, MA: Kluwer
Academic Publishers. 380 pp.

Khadilkar A, Iannuzzi P, Orlowski J. 2001. Identification of sites in the
second exomembrane loop and ninth transmembrane helix of the
mammalian Na+/H+ exchanger important for drug recognition and
cation translocation. ] Biol Chem 276(47):43792—43800.

Kollins SH, Jain R, Brams M, Segal S, Findling RL, Wigal SB, Khayrallah M.
2011. Clonidine extended-release tablets as add-on therapy to psychos-
timulants in children and adolescents with ADHD. Pediatrics 127(6):
el406—e1413.

Lasky-SuJ, Neale BM, Franke B, Anney RJ, Zhou K, Maller JB, Vasquez AA,
Chen W, Asherson P, Buitelaar J, et al. 2008. Genome-wide association
scan of quantitative traits for attention deficit hyperactivity disorder
identifies novel associations and confirms candidate gene associations.
Am ] Med Genet Part B 147B(8):1345-1354.



FARAONE AND ZHANG-JAMES

Luo H, Chen J, Shi L, Mikailov M, Zhu H, Wang K, He L, Yang L. 2011.
DRAR-CPI: A server for identifying drug repositioning potential and
adverse drug reactions via the chemical-protein interactome. Nucleic
Acids Res (May 10) 1-7.

Markunas CA, Quinn KS, Collins AL, Garrett ME, Lachiewicz AM,
Sommer JL, Morrissey-Kane E, Kollins SH, Anastopoulos AD, Ashley-
Koch AE. 2010. Genetic variants in SLC9A9 are associated with measures
of attention-deficit/hyperactivity disorder symptoms in families. Psy-
chiatr Genet 20(2):73-81.

Masereel B, Pochet L, Laeckmann D. 2003. An overview of inhibitors of Na
(4+)/H(+) exchanger. Eur ] Med Chem 38(6):547-554.

Monuteaux MC, Spencer TJ, Faraone SV, Wilson AM, Biederman J.
2007. A randomized, placebo-controlled clinical trial of bupropion
for the prevention of smoking in children and adolescents with
attention-deficit/hyperactivity disorder. J Clin Psychiatry 68(7):1094—
1101.

Nakamura N, Tanaka S, Teko Y, Mitsui K, Kanazawa H. 2005. Four Na+/
H+ exchanger isoforms are distributed to Golgi and post-Golgi compart-
ments and are involved in organelle pH regulation. ] Biol Chem 280(2):
1561-1572.

Paloyelis Y, Mehta MA, Faraone SV, Asherson P, Kuntsi J. 2012.
Striatal sensitivity during reward processing in attention-deficit/hyper-
activity disorder. ] Am Acad Child Adolesc Psychiatry 51(7):722e9—
732e9.

Palumbo DR, Sallee FR, Pelham WE Jr, Bukstein OG, Daviss WB,
McDermott MP. 2008. Clonidine for attention-deficit/hyperactivity
disorder: I. Efficacy and tolerability outcomes. ] Am Acad Child Adolesc
Psychiatry 47(2):180-188.

Roessner V, Sagvolden T, Dasbanerjee T, Middleton FA, Faraone SV,
Walaas SI, Becker A, Rothenberger A, Bock N. 2010. Methylphenidate
normalizes elevated dopamine transporter densities in an animal model
of the attention-deficit/hyperactivity disorder combined type, but not to

717

the same extent in one of the attention-deficit/hyperactivity disorder
inattentive type. Neuroscience 167(4):1183-1191.

Sagvolden T, Dasbanerjee T, Zhang-James Y, Middleton F, Faraone S. 2008.
Behavioral and genetic evidence for a novel animal model of attention-
deficit/hyperactivity disorder predominantly inattentive subtype. Behav
Brain Funct 4:56.

Sagvolden T, Johansen EB, Woien G, Walaas SI, Storm-Mathisen J,
Bergersen LH, Hvalby O, Jensen V, Aase H, Russell VA, et al. 2009.
The spontaneously hypertensive rat model of ADHD-the importance of
selecting the appropriate reference strain. Neuropharmacology 57(7-8):
619-626.

StataCorp. 2007. Stata statistical software: Release 10. College Station, TX:
StataCorp LP.

UhIGR, Liu QR, Drgon T, Johnson C, Walther D, Rose JE. 2007. Molecular
genetics of nicotine dependence and abstinence: Whole genome associa-
tion using 520,000 SNPs. BMC Genet 8:10.

Yang L, Chen J, He L. 2009a. Harvesting candidate genes responsible for
serious adverse drug reactions from a chemical-protein interactome.
PLoS Comput Biol 5(7):e1000441.

Yang L, Luo H, Chen J, Xing Q, He L. 2009b. SePreSA: A server for the
prediction of populations susceptible to serious adverse drug reactions
implementing the methodology of a chemical-protein interactome.
Nucleic Acids Res 37(web server issue):W406-W412.

Zhang-James Y, Dasbanerjee T, Sagvolden T, Middleton FA, Faraone SV.
2011. SLC9A9 mutations, gene expression, and protein-protein inter-
actions in rat models of attention-deficit/hyperactivity disorder. Am J
Med Genet Part B 156B(7):835-843.

Zhang-James Y, Middleton FA, Sagvolden T, Faraone SV. 2012. Differential
expression of SLCI9A9 and interacting molecules in the hippocampus of
rat models for attention deficit/hyperactivity disorder. Dev Neurosci 34
(2-3):218-227.



