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Abstract

Background—The dopamine transporter (DAT) is known to be a key regulator of dopamine and
recent studies of genetics, treatment and imaging have highlighted the role of DAT in Attention
deficit-hyperactivity Disorder (ADHD). However, the findings of in vivo neuroimaging of DAT in
ADHD have been somewhat discrepant.

Method—DAT binding was measured using a highly selective ligand (C-11 altropane) and positron
emission tomography (PET). The sample consisted of 47 well characterized, treatment naive, non-
smoking, non-comorbid adults with and without ADHD. Additionally, controls had few symptoms
of ADHD.

Results—Results showed significantly increased DAT binding in the right caudate in adults with
ADHD compared with matched controls without this disorder.

Conclusions—These results confirm abnormal DAT binding in the striatum of adults with ADHD
and provide further support that dysregulation of DAT may be an important component of the
pathophysiology of ADHD.

Introduction

An emerging literature provides compelling support for the hypothesis that the underlying
pathophysiological substrate of Attention deficit-hyperactivity disorder (ADHD) is
catecholamine dysregulation and associated fronto-striatal dysfunction (Spencer et al 2002).
Dopamine has a central role in the regulation of psychomotor activity and reward seeking
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behavior and the dopamine transporter (DAT) is a key regulator of dopamine. Because the
DAT is the main target for stimulant medications, initial molecular genetic (Faraone et al
2005) and molecular neuroimaging studies have focused on the DAT. A recent pooled analysis
of association-based studies of the DAT1 VNTR (SLC6A3) revealed a significant association
of this polymorphism with ADHD (Faraone et al 2005).

Although imaging studies in ADHD have also focused on the DAT, the available studies have
led to inconsistent results (Spencer et al 2005b). Most DAT imaging studies have been small,
used Single Photon Emission Computed Tomography (SPECT), and relied on radioligands
with variable affinities for CNS DAT and variable lipophilic properties. (Spencer et al
2005b) For example, the radioligands TRODAT and B-CIT have much lower specificities for
DAT (3:1 and 1:1 vs. the serotonin transporter, respectively) than that of the radioligand
Altropane (28:1). Likewise, differences in the lipophilic properties of the various ligands may
detect different proportions of internalized and the externalized DAT (on the cell surface).
(Madras et al 2002) In addition, most studies paid insufficient attention to the potential
confounders of psychiatric comorbidity, previous treatment, smoking and the presence of
ADHD in controls that may affect DAT binding.

The main goal of this investigation was to evaluate brain DAT binding in ADHD attending to
the shortcomings of the extant literature. To this end we assessed brain DAT binding in a well
powered sample of well matched adults with and without ADHD using sophisticated expert
diagnostic methodology, a technically superior radioactive ligand (11C- altropane), and state-
of-the-art imaging technology (PET). We tested the hypothesis that adults with ADHD would
have greater DAT binding than adults without ADHD.

Subjects consisted of 47 volunteers between 18 and 55 years of age. ADHD subjects had to
satisfy full diagnostic criteria for DSM-IV ADHD. (Biederman et al 1993) Control subjects
could have at most 2 mild symptoms of ADHD and no family history of ADHD. We excluded
potential subjects if they had clinically significant chronic medical conditions, abnormal
baseline laboratory values, 1.Q. <80, Axis | psychiatric conditions, drug or alcohol abuse or
dependence, previous exposure to psychotropics or were smokers. All subjects were right
handed. This study was approved by the institutional review board and all subjects completed
a written informed consent before inclusion in the study.

Comprehensive clinical assessments were identical to those described previously (Biederman
et al 1993). Overall severity of ADHD was assessed with the Adult ADHD Investigator
Symptom Report Scale (Spencer and Adler 2004).

PET imaging procedures and calculation of binding potential values were identical to those
described previously (Spencer et al. 2006).

Statistical Analysis

Categorical data were analyzed by chi square analysis, continuous parametric data by an
unpaired t-test and the rank sum test for nonparametric data. Associations between continuous
variables were evaluated using Pearson correlations. We chose a significance level of 0.05.
To test DAT binding in 4 subterritories we corrected the alpha for (4) multiple
comparisons, an alpha of 0.0125%. All tests were two tailed.
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Although subjects with and without ADHD had similar sociodemographic characteristics,
ADHD subjects were somewhat older than controls (p<0.01) (Table 1). Thus, subsequent
analyses are corrected for age.

In multivariate analyses including both diagnoses and age, DAT binding was statistically
significantly different between diagnostic groups only in the right caudate (t=2,77, df=45,
p=0.008). Prior to age correction, right caudate DAT binding was not statistically
different (3.2+0.7 vs. 2.9+0.13, t=2.3, df=45, p=0.13) Regression analyses revealed a
statistically significant effect of age on DAT binding in the left putamen (t=—2.55, df=45, p=
0.014) and the right caudate (t=—2.07, df=45, p= 0.045). To further understand the moderating
effect of age on DAT findings, we adjusted for age using a linear correction to create DAT
binding as if each subject was 30 years of age. The relationship between age and DAT
binding was similar between ADHD and Controls in both right caudate and left putamen
(interaction terms, p’s=NS). This analysis showed that DAT binding in the right caudate
was15% (effect size 0.82) greater in adults with ADHD than in normal controls (t=7.7, df=45,
p=0.008) (Table 2).

Because gender may also moderate DAT binding results (Mozley et al 2001), we examined
the influence of gender on DAT binding in the right caudate. This analysis showed that DAT
binding in the right caudate was greater in females than in males (t=—3.24, df=44, p= 0.002)
regardless of diagnostic status. When simultaneously controlling for sex and age, the
differences in DAT binding in the right caudate were found to be somewhat larger than the
original estimates (t=3.75, df=44, p<0.001). For example, DAT binding in the right caudate
was 17% greater in male adults with ADHD (t=6.9, df=24, p=0.02) and 22% greater in
female adults with ADHD than in normal controls (t=7.3, df=21, p=0.02). In contrast,
neither severity of ADHD, family history of ADHD, symptoms of anxiety and depression
(Beck, Ham-A, Ham-D), nor ethnicity moderated DAT findings.

Discussion

This study used a highly selective radioactive ligand (11C- altropane) and PET to examine DAT
binding in the striatum in a large sample of well-characterized adults with and without ADHD.
Results showed significantly increased DAT binding in the right caudate in adults with ADHD
compared with matched controls without this disorder. These results provide further support

that dysregulation of DAT may be an important component of the pathophysiology of ADHD.

This study has some noteworthy strengths. It included a sizeable number of well characterized
subjects with and without ADHD, used a highly specific radioligand (altropane) that selectively
binds to the DAT and relied on PET imaging. In contrast, the previous literature on DAT
binding in ADHD consists of mostly SPECT-based studies that used less specific radioligands
and often relied on samples of convenience as controls without formally ruling out symptoms
of ADHD and other potential confounders. In addition, some previous studies included ADHD
subjects with previous exposure to stimulants and did not adequately control for smoking status
or exposure to alcohol or drugs, factors that also can affect DAT binding (Krause et al 2003;
Spencer et al 2005b).

In our study DAT dysregulation was localized in the right caudate. This finding is consistent
with evidence linking the caudate to the regulation of complex cognitive functioning, whereas
the putamen is thought to be largely involved in motoric functions (Bhatia and Marsden
1994; Mozley et al 2001). In addition, this hypothesis may be indirectly supported by the only
other PET study (Jucaite et al 2005) that found significant correlations between 1Q, verbal
understanding and speed of perception organization and DAT binding in the caudate (but not
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in the putamen) in ADHD subjects. This finding may explain the discrepancies reported in
studies that averaged data over the entire striatum. In addition, different specificities and
lipophilic properties of the ligands may also have accounted for differences in detection of
external and internal DAT (Madras et al 2002).

As previously discussed (Madras et al 2002), abnormal DAT binding could be a trait or a state.
A trait could be due to “hypertrophy” of dendritic trees or dopaminergic neurons as a result of
inadequate pruning during neurodevelopment or arising from abnormalities in the DAT gene.
On the other hand, elevated dopamine transporter expression may reflect a state, not a trait of
ADHD and arise from neuroadaptive processes that compensate for increased (or decreased)
dopamine neurotransmission. Regardless of underlying mechanisms, the observed increase in
the dopamine transporter provides leads to further investigate these and other hypotheses.

Our results must be interpreted in view of some limitations. While our study has been able to
address DAT binding in the absence of potentially confounding conditions including previous
exposure to nicotine, stimulants or substances of abuse as well as various comorbid conditions,
a larger study is needed to determine the importance and degree of influence on DAT binding
of these confounders which commonly occur in ADHD populations. While age correction of
DAT is standard, even when groups are age matched (van Dyck et al. 2005, van Dyck et al.
2002, Volkow et al. 1996), it may be important to reexamine these findings in a more age
matched sample.

Despite these considerations, in a large, well characterized sample of adults with and without
ADHD, using a highly selective ligand and PET imaging technology, we showed significantly
increased DAT binding in the right caudate in treatment naive adults with ADHD. These results
are consistent with a body of literature implicating fronto-striatal structures and catecholamine
dysregulation in the pathophysiology of ADHD. If replicated, our findings will have more
precisely localized ADHD-associated DAT abnormalities in the brain.

Acknowledgments

This study was supported by funding from NIMH grant RO1MHO064019 (Dr. Spencer)

References

American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders. Vol. 4.
Washington, D.C.: American Psychiatric Association; 1994.

Bhatia KP, Marsden CD. The behavioural and motor consequences of focal lesions of the basal ganglia
in man. Brain 1994;117 (Pt 4):859-76. [PubMed: 7922471]

Biederman J, Faraone SV, Spencer T, Wilens T, Norman D, Lapey KA, et al. Patterns of psychiatric
comorbidity, cognition, and psychosocial functioning in adults with attention deficit hyperactivity
disorder. Am J Psychiatry 1993;150:1792-1798. [PubMed: 8238632]

Bonab AA, Fischman AJ, Alpert NM. Comparison of 4 methods for quantification of dopamine
transporters by SPECT with [123I]IACFT. J Nucl Med 2000;41:1086-92. [PubMed: 10855640]

Cheon KA, Ryu YH, Kim YK, Namkoong K, Kim CH, Lee JD. Dopamine transporter density in the
basal ganglia assessed with [123I]IPT SPET in children with attention deficit hyperactivity disorder.
Eur J Nucl Med Mol Imaging 2003;30:306-11. [PubMed: 12552351]

Faraone SV, Perlis RH, Doyle AE, Smoller JW, Goralnick J, Holmgren MA, et al. Molecular genetics
of attention deficit hyperactivity disorder. Biol Psychiatry 2005;57:1313-1323. [PubMed: 15950004]

Gunn RN, Lammertsma AA, Hume SP, Cunningham VJ. Parametric imaging of ligand-receptor binding
in PET using a simplified reference region model. Neuroimage 1997;6:279-87. [PubMed: 9417971]

Hollingshead, AB. Four factor index of social status. New Haven, CT: Yale University Press; 1975.

Jastak, JF.; Jastak, S. The Wide Range Achievement Test-Revised. Wilmington, Delaware: Jastak
Associates; 1985.

Biol Psychiatry. Author manuscript; available in PMC 2009 July 27.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spencer et al.

Page 5

Jucaite A, Fernell E, Halldin C, Forssherg H, Farde L. Reduced midbrain dopamine transporter binding
in male adolescents with attention-deficit/nyperactivity disorder: association between striatal
dopamine markers and motor hyperactivity. Biol Psychiatry 2005;57:229-38. [PubMed: 15691523]

Krause KH, Dresel SH, Krause J, la Fougere C, Ackenheil M. The dopamine transporter and
neuroimaging in attention deficit hyperactivity disorder. Neurosci Biobehav Rev 2003;27:605-13.
[PubMed: 14624805]

Madras BK, Miller GM, Fischman AJ. The dopamine transporter: relevance to attention deficit
hyperactivity disorder (ADHD). Behav Brain Res 2002;130:57-63. [PubMed: 11864718]

Mataro M, Garcia-Sanchez C, Junque C, Estevez-Gonzalez A, Pujol J. Magnetic resonance imaging
measurement of the caudate nucleus in adolescents with attention-deficit hyperactivity disorder and
its relationship with neuropsychological and behavioral measures. Arch Neurol 1997;54:963-968.
[PubMed: 9267970]

McGough, JJ.; Barkley, R.; Licho, R.; Tuite, P.; Feifel, D.; Murphy, K. Excessive dopaine transporter
density in adults iwth attention deficit hyperactivity disorder assessed by SPECT with [123]
altropane. The bi-annual meeting if the International Society for Research in Child and Adolescent
Psychopathology; Vancouver, BC. 2001.

Mozley LH, Gur RC, Mozley PD, Gur RE. Striatal dopamine transporters and cognitive functioning in
healthy men and women. Am J Psychiatry 2001;158:1492-9. [PubMed: 11532737]

Spencer TJ, Biederman J, Ciccone PE, Madras BK, Dougherty DD, Bonab AA, Livni E, Parasrampuria
DA, Fischman AJ. PET study examining pharmacokinetics, detection and likeability, and dopamine
transporter receptor occupancy of short- and long-acting oral methylphenidate. Am J Psychiatry 2006
Mar;163(3):387-95. [PubMed: 16513858]

Spencer T, Adler L. Diagnostic approaches to adult attention-deficit/hyperactivity disorder. Primary
Psychiatry 2004;11:49-53.

Spencer T, Biederman J, Wilens T, Faraone SV. Overview and neurobiology of attention-deficit/
hyeractivity disorder. J Clin Psychiatry 2002;63:3-9. [PubMed: 12562055]

Spencer T, Biederman J, Wilens T, Faraone SV, Doyle RD, Surman C, et al. A large, double-blind,
randomized clinical trial of methylphenidate in the treatment of adults with attention-deficit/
hyperactivity disorder. Biol Psychiatry 2005a;57:456-63. [PubMed: 15737659]

Spencer TJ, Biederman J, Madras BK, Faraone SV, Dougherty DD, Bonab AA, et al. In vivo
neuroreceptor imaging in attention-deficit/hyperactivity disorder: a focus on the dopamine
transporter. Biol Psychiatry 2005b;57:1293-300. [PubMed: 15950001]

van Dyck CH, Malison RT, Jacobsen LK, Seibyl JP, Staley JK, Laruelle M, Baldwin RM, Innis RB,
Gelernter J. Increased dopamine transporter availability associated with the 9-repeat allele of the
SLC6A3 gene. J Nucl Med 2005 May;46(5):745-51. [PubMed: 15872345]

van Dyck CH, Seibyl JP, Malison RT, Laruelle M, Zoghbi SS, Baldwin RM, Innis RB. Age-related
decline in dopamine transporters: analysis of striatal subregions, nonlinear effects, and hemispheric
asymmetries. Am J Geriatr Psychiatry 2002 Jan—Feb;10(1):36—43. [PubMed: 11790633]

van Dyck CH, Quinlan DM, Cretella LM, Staley JK, Malison RT, Baldwin RM, et al. Unaltered dopamine
transporter availability in adult attention deficit hyperactivity disorder. Am J Psychiatry
2002;159:309-12. [PubMed: 11823278]

Volkow ND, Ding Y, Fowler JS, Wang GJ, Logan J, Gatley SJ, Hitzemann R, Smith G, Fields SD, Gur
R. Dopamine transporters decrease with age. J Nucl Med 1996 Apr;37(4):554-9. [PubMed: 8691238]

Wechsler, D. Manual for the Wechsler Adult Intelligence Scale - Revised. San Antonio: The
Psychological Corporation; 1981.

Biol Psychiatry. Author manuscript; available in PMC 2009 July 27.



Page 6

Spencer et al.

280 500 8've 8 1'8€ 8 gbutoInL
900 S'¢ 0 0 T [ Qmmm_o |e19ads Ui Juswade|d
€10 €¢ 0 0 96 Z Q%EG paeaday
anjea-d T.X (%) "ON (%) "ON ainjre [00Y9S
710 e 6'9 8'60T v'6 0'90T e(BuIpeay) ajnusdiad 8easans LM
G9°0 120 T'GT Z's0T 12T €€0T (ONBWLINY) 3|nusdlad aedsqns LM
anfea-d (Tp)1 as¥F ues|n as¥ ues|n $9409S JUBWBASBIYIY
98°0 €00 LET T L'€T 7'0TT 2O1 ANguoeRAsIQ woyy wopsaly
2T0 €52 LT 61T L'6 €Tl Ol 2[eds |In4
anfen-d (1 ass uesiN ass ueaN (4-S1wM) Bunsa samubod
000 L'6 A4 S0L Sy 109 Buiuonouny 4o JUBLUSSaSSY [eqol9 UsAIND
000 9'9 g9 0'59 €g L'€S Buruonouny 40 JUBWISSSSY [eq0]9 Ised
anjea-d ()1 ass uesiy asF ues|\ Buruonoun4 [e190so0ysAsd
0€0 0T S50 G8'T 290 19T SNJeIS 91WOoU0930120S
9000 6¢C 9. vl 6 v've aby
(sv)1 as¥ uesN ass uesN
10 8¢ rad 1 19 T 3l
anjea-d T,X (%) ‘ON (%) "ON soydesBowsg
aouealIubIS 1591 (92=N) sjonuod (TZ=N) aHav

J1dINVS 40 SOILSIHFLIOVHVHI JIHdVIOO0NIA ANV TVIINITO
T3749vL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2009 July 27.



Page 7

Spencer et al.

PasINGY-159 ] JUBWIBASIYIY aBURY BPIAN =1 WHM PaSIAY - 3[eas a0usbi||alu] NPV J9ISY2aAA =H-SIVA SNIBIS [RID0S JO Xapu| 1010 N0 peaysBul||oH = SN1eIS 21WOU0J30190S

(€2=N) sjonu02 ‘(Tz=N) oxo<n

(¢z=N) sio1u02 ‘(Tz=N) aHav,

anfea-d T,X (%) 'ON (%) "'ON saiydeabowaq

soueoIubIS 1501 (92=N) sjo13u0d (Tz=N) aHav

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2009 July 27.



Page 8

Spencer et al.

110 St 65'C G0 oT'e 8.0 e alepned Ya
8000 14 L'l 870 66°C 290 A ajepned 1ybry
9€'0 14 G880 6€°0 c0'€e LE0 €T'e usweind ys
¥9°0 Sy 220 or'0 00°€ 0S'0 10€ uaweind ybry
anpea-d 1a x)1 ass uealN ass uesin
souedIIubIS wopaal Jo seaibaqg 1891 (92=N) sjonuo0d (12=N) aHav

NIH-PA Author Manuscript

¢3714avlL

ONIANIE 1vAd d31034403-349V

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2009 July 27.



