Clinically Relevant Doses of Methylphenidate
Significantly Occupy Norepinephrine Transporters in
Humans In Vivo
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Background: Attention-deficit/hyperactivity disorder is a psychiatric disorder that starts in childhood. The mechanism of action of
methylphenidate, the most common treatment for attention deficit hyperactivity disorder, is unclear. In vitro, the affinity of methylphenidate for the norepinephrine transporter (NET) is higher than that for the dopamine transporter (DAT). The goal of this study was to use
positron emission tomography to measure the occupancy of brain norepinephrine transporter by methylphenidate in vivo in humans.
Methods: We used (S,S)-[11C] methylreboxetine ([11C]MRB) to determine the effective dose 50 (ED50) of methylphenidate for NET. In a
within-subject design, healthy subjects (n ⫽ 11) received oral, single-blind placebo and 2.5, 10, and 40 mg of methylphenidate 75 min before
[11C]MRB injection. Dynamic positron emission tomography imaging was performed for 2 hours with the High Resolution Research
Tomograph. The multilinear reference tissue model with occipital cortex as the reference region was used to estimate binding potential
non-displaceable (BPND) in the thalamus and other NET-rich regions.
Results: BPND was reduced by methylphenidate in a dose-dependent manner in thalamus and other NET-rich regions. The global ED50 was
estimated to be .14 mg/kg; therefore, the average clinical maintenance dose of methylphenidate (.35–.55 mg/kg) produces 70% to 80%
occupancy of NET.
Conclusions: For the first time in humans, we demonstrate that oral methylphenidate significantly occupies NET at clinically relevant doses.
The ED50 is lower than that for DAT (.25 mg/kg), suggesting the potential relevance of NET inhibition in the therapeutic effects of
methylphenidate in attention-deficit/hyperactivity disorder.
Key Words: [11C]methylreboxetine, attention-deficit/hyperactivity
disorder, dopamine, methylphenidate, norepinephrine transporter,
positron emission tomography
he core features of attention-deficit/hyperactivity disorder
(ADHD)—inattention, hyperactivity, and impulsivity— can
be attributed to dysfunction in neural systems that regulate
attention, executive function, motor control, and reward (1–3). The
three classes of pharmacologic treatments for ADHD—psychostimulants (e.g., methylphenidate; methylphenidate [MPH]), nonstimulant catecholamine reuptake inhibitors (e.g., atomoxetine),
and ␣2 adrenergic receptor agonists (e.g., guanfacine)—all modulate dopamine (DA) and norepinephrine (NE) neurotransmission
(1,4). Small changes in extracellular NE or DA concentration affect
networks of pyramidal cells in the prefrontal cortex (PFC), which
regulates and sustains attention (5). The beneficial effects of DA
occur at D1 receptors, whereas those of NE are believed to occur at
␣2 receptors (5).
The effects of MPH on the DA system have been studied extensively. Clinical doses of MPH occupy more than 50% of DAT in vivo in
humans (6,7), suggesting that DA reuptake inhibition, and resultant
D1 receptor activation, may be an important therapeutic mechanism in ADHD (5). The potential role of NE is supported by animal
and human data (8). Consistent with the role of NE in ADHD, MPH
has higher in vitro affinity for norepinephrine transporter (NET)
than DAT (Ki ⫽ 38 vs. 193 nmol/L) (9). Low doses of MPH increase
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levels of NE in the PFC in animals (10), and low doses of MPH
improve performance of PFC tasks in subjects with ADHD (11).
Previous positron emission tomography (PET) studies have
demonstrated the specificity of MPH’s active enantiomer (d-threoMPH) in basal ganglia (12), and that clinical doses of MPH significantly occupy DAT (7). The absence of a suitable NET tracer has
delayed similar studies of NET. The recently developed NET ligand
[11C]MRB has been used in NET occupancy studies of atomoxetine
in humans and nonhuman primates (13–15) and to investigate NET
abnormalities in cocaine dependence (16). Using this ligand, the
aims of this study were 1) to measure the dose-dependent blockade
of [11C]MRB by MPH in the thalamus and other NET-rich regions and
2) to estimate effective dose 50 (ED50), that is, the dose at which
50% of NET are occupied by MPH.

Methods and Materials
Subjects
We recruited six women and five men with no current medical
problems and no psychiatric history, including ADHD. Medical and
psychiatric history, review of systems, the structured interview for
the DSM (17), and a physical examination were performed by a
board-certified psychiatrist (JH). Laboratory tests and electrocardiogram were used to rule out any unknown medical condition. All
subjects were stimulant-naive, with no history of exposure to amphetamines, cocaine, ecstasy, or MPH. Urine drug screens and pregnancy tests were negative at screening and on the morning of each
scan. The study was approved by the Yale University Human Investigation Committee, and informed consent was obtained after
complete description of the study to the subjects.
Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) was performed on a 3T Trio
(Siemens Medical Systems, Erlangen, Germany) with a circularlyBIOL PSYCHIATRY 2010;68:854 – 860
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polarized head coil. MR acquisition was a Sag three-dimensional
magnetization-prepared rapid gradient-echo sequence with 3.34msec echo time, 2500-msec repetition time, 1100-msec inversion
time, 7° flip angle, and 180 Hz/pixel bandwidth. The image dimensions were 256 ⫻ 256 ⫻ 176, and pixel size was .98 ⫻ .98 ⫻ 1.0 mm.
MPH Administration
In nonhuman primates, MPH reaches peak concentrations in the
brain by 60 min (7). We conducted a preliminary duration study in
two human subjects to determine how much time it takes from oral
MPH administration to maximum occupancy of brain NET. Because
peak displacement of [11C]MRB by MPH was achieved by 75 min
(Supplement 1), we chose 75 min as the time between oral MPH
dosing and [11C]MRB injection for this occupancy study. Each subject had four PET scans on three different days, separated by at least
1 week. On the first day, subjects received placebo before the morning scan and MPH 2.5 mg before the afternoon scan. On the second
and third study days, they received MPH 10 and 40 mg, respectively.
Study medication was prepared by the Yale–New Haven Hospital
Pharmacy and administered 76 ⫾ 12 min before each [11C]MRB
injection. Subjects were only told that they would receive either
placebo or MPH. Blood samples for determination of plasma levels of
MPH were obtained at the beginning and end of each PET scan (⬃ 75
and ⬃ 195 min after MPH administration). Plasma levels of d-threoMPH were determined with capillary gas chromatography-mass spectrometry.
PET Imaging
[11C]MRB was synthesized as described previously (18), and PET
images were acquired using the High Resolution Research Tomograph (HRRT; Siemens/CTI, Knoxville, Tennessee) with a reconstructed image resolution of approximately 3 mm. Following a
transmission scan, [11C]MRB was injected intravenously as a 1-min
bolus by an infusion pump. List-mode data were acquired for 120
min. Head motion correction was performed using an optical tracking tool (Vicra, NDI Systems, Waterloo, Canada) and a rigid tool
attached to a swim cap.
Arterial Input Function Measurement
Radial artery blood samples were obtained on Days 1 and 3 to
measure the arterial input function for the purpose of kinetic modeling (Supplement 1).

nuclei, locus ceruleus (LC), pontine and midbrain raphe nuclei, and
red nucleus. The volume and location of ROIs were determined
based on the Talairach atlas as previously described (16).
Image Analysis
Parametric images of [11C]MRB volume of distribution (VT) and
binding potential non-displaceable (BPND) (21) values were calculated using the multilinear reference tissue models Multilinear
Analysis 1 (MA1) (22) and Multilinear Reference Tissue Model 2
(MRTM2) (23) (Supplement 1). The occipital cortex was selected as
the reference region because postmortem studies in humans have
shown that this region has lower levels of NET than the striatum
(24).
Determination of ED50 for MPH
ED50 is the dose in mg/kg body weight at which 50% of brain
NET are occupied. The MPH ED50 was estimated by fitting the
MRTM2 BPND values as a function of the MPH dose 共DMPH兲 using
Equation 1:
MRTM2
⬁
BPND
⫽ BPND
⫹

0
⬁
⫺ BPND
BPND

1⫹

DMPH
ED50

⬁
Where BP represents [ C]MRB MRTM2 BPND at baseline, BPND
represents [ C]MRB remaining MRTM2 BPND at saturation, and
DMPH represents dose of MPH. Equation 1 allows for different levels
of nondisplaceable binding between regions. If [11C]MRB nondisplaceable binding in the reference and target regions are the same,
⬁
0
would equal zero, and BPND
would equal the true BPND
then BPND
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value for [ C]MRB. Conversely, if nondisplaceable binding levels
⬁
are different, then BPND
would equal the relative difference of the
nondisplaceable volumes (VND) in the target and reference regions,
as shown in Equation 2:
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The true baseline BPND can also be computed from BPND
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BP as:
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Image Reconstruction and Motion Correction
Dynamic scan data were reconstructed with corrections for attenuation, normalization, scatter, randoms, dead time, and motion
using the MOLAR algorithm (motion-compensation ordered subset-expectation maximization list-mode algorithm for resolutionrecovery reconstruction) (19) with the following frame timing: 6 ⫻
30 sec; 3 ⫻ 1 min; 2 ⫻ 2 min; 22 ⫻ 5 min. A second step of motion
correction was performed after reconstruction by realigning each
frame to an early summed image (0 –10 min postinjection) using a
six-parameter mutual information algorithm (FMRIB’s Linear Image
Registration Tool, FMRIB’s Software Library 3.2, Analysis Group, Oxford University Centre for Functional Magnetic Resonance Imaging
of the Brain, Oxford, United Kingdom).

To test whether the nondisplaceable binding is different between the reference region and some of the target regions, two sets
⬁
is
of fits were performed, with or without the assumption that BPND
equal to zero, and compared using the F test. To test whether the
ED50 estimates were significantly different across regions, the total
sum of squares from all regional fits was compared with the sum of
squares of a coupled fit across all regions using a global ED50 estimate also using the F test. The MPH IC50, that is, the plasma concentration at which 50% of NET are occupied, was estimated as
IC50 ⫽ ␣⫻ED50, where ␣ is the slope of the regression line linking
the plasma concentration of d-threo-MPH to the dose of MPH.

Delineation of Regions of Interest
A summed image (0 –10 min) was generated and used for coregistration to the subject’s MRI. The MRI was then coregistered to the
template MRI to determine regions of interest (ROIs). Cortical regions, thalamus, basal ganglia, and hypothalamus were identified
with the Automated Anatomical Labeling template (20). Additional
ROIs were delineated on the template MRI, including thalamic sub-

Statistical Analysis
The data were first examined using descriptive statistics. In the
primary analysis, repeated-measures analysis of variance (ANOVA)
was used to assess the effect of MPH dose (placebo, 2.5, 10, and 40
mg) on BPND in the thalamus, which was chosen as the primary end
point because it is the largest NET-rich region. Then, exploratory
analyses were conducted for all individual ROIs. Post hoc pairwww.sobp.org/journal
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Table 1. Radiotracer ([11C]MRB) Characteristics
MRB
11

[ C]MRB

Methylphenidate
MPH

Injected Dose (mCi)
Injected Mass (nmoles)
Free Fraction

0 mg

2.5 mg

10 mg

40 mg

17.8 ⫾ 4.1
1.7 ⫾ .9
.13 ⫾ .03

15.9 ⫾ 4.1
1.5 ⫾ .7
.12 ⫾ .02

15.8 ⫾ 3.9
2 ⫾ .6
.12 ⫾ .02

17 ⫾ 3.9
1.5 ⫾ .6
.12 ⫾ .02

All p values ⬎ .2a
All p values ⬎ .3
All p values ⬎ .5

[11C]MRB, (S,S)-[11C] methylreboxetine.
Pairwise comparisons between each of the four doses all had ps ⬎ .2.

a

wise analyses were performed to examine differences between
individual MPH doses. A p value ⬍ .05 was considered statistically significant.

Results
Demographic and Radiotracer Characteristics
The mean age was 34 ⫾ 8 years, and the mean body mass index
was 28 ⫾ 5 kg/m2. Radiotracer characteristics are summarized in
Table 1. MPH was well tolerated, and only one subject experienced
transient anxiety after the 40-mg dose. The 75- and 195-min plasma
levels of the active enantiomer d-threo-MPH were 1.5 ⫾ 1.2 and .6 ⫾
.4 ng/mL (2.5 mg), 3.1 ⫾ 3 and 2.8 ⫾ 1.7 ng/mL (10 mg), and 22.9 ⫾
13.9 and 15 ⫾ 4.4 ng/mL (40 mg), respectively. For correlation
between plasma levels of d-threo-MPH and MPH dose (mg/kg),
please refer to Supplement 1. The doses of MPH (in mg/kg) were
used as covariates to analyze the binding of [11C]MRB.
Effect of MPH on [11C]MRB VT in Occipital Cortex
The arterial input function was measured during the placebo
and 40-mg scans in nine subjects to assess the effect of MPH on the
distribution volume of the reference region (occipital cortex) from
MA1 (Supplement 1, Equation 1). In the occipital cortex, [11C]MRB VT
was 4.2 ⫾ .9 ml/cm3 at baseline and 3.8 ⫾ 1.0 ml/cm3 after 40 mg
MPH (relative difference ⫽ –9% ⫾ 17%; p ⫽ .13, paired Student’s t
test, n ⫽ 9). The [11C]MRB plasma free fraction (fp) was 13% ⫾ 3% at
baseline and 12% ⫾ 2% after 40 mg (relative difference ⫽ –3% ⫾
15%; p ⫽ .40, paired Student’s t test, n ⫽ 9). Consequently, the
[11C]MRB normalized distribution volumes (VT/fP) in the occipital
cortex were 34 ⫾ 5 ml/cm3 at baseline and 32 ⫾ 4 ml/cm3 after 40
mg. The small relative difference (–5 ⫾ 15%; p ⫽ .27, paired Student’s t test, n ⫽ 9) suggests that MPH did not displace [11C]MRB
binding in the occipital cortex (Figure 1A), thus supporting its use as
50

Correlation Between [11C]MRB BPND Estimated
with MA1 and MRTM2
The BPND estimated for all NET-rich regions with MA1 and
MRTM2 were highly correlated (y ⫽ .909, x ⫹ .078, r2 ⫽ .821, where
x represents the MA1 BPND values and y represents the MRTM2
BPND values; Figure 1B). Because MA1 values were only available for
scans with arterial samples, subsequent analyses were performed
with MRTM2 to use all the acquired scans.
Dose-Dependent Displacement of [11C]MRB by MPH
There was a dose-dependent reduction of [11C]MRB BPND by
MPH in all NET-rich regions (Figures 2 and 3). In the thalamus, BPND
at baseline was .52 ⫾ .12, and this decreased to .44 ⫾ .14 after 2.5
mg, to .34 ⫾ .08 after 10 mg, and to .26 ⫾ .06 after 40 mg. Repeatedmeasures ANOVA showed a highly significant main effect of MPH
dose on BPND [F (3,27) ⫽ 29, p ⬍ .0001]. Post hoc pairwise comparisons demonstrated statistically significant differences in BPND in
the thalamus for each MPH dose increment, that is, 0 versus 2.5 mg
[F (1,10) ⫽ 12.3, p ⫽ .006], 2.5 versus 10 mg [F (1,10) ⫽ 9.8, p ⫽ .011],
and 10 versus 40 mg [F (1,9) ⫽ 34.3, p ⬍ .0001]. This demonstrates
that each of the three dose increments caused statistically significant displacement of [11C]MRB.
NET Occupancy: ED50 and IC50
As can be seen in Figure 3, the reduction of MRTM2 BPND estimates in regions such as LC, raphe nuclei, and hypothalamus ex-

B
MRTM2 apparent BPND (unitless)

MA1 VT/fP in Occipital (mL/cm3)

A

the reference region. As a comparison, in other NET-poor regions
such as the putamen and the caudate, VT/fP at baseline was 33 ⫾ 5
mL and 26 ⫾ 4 mL, respectively, and the VT/fP difference between
baseline and 40 mg MPH was 2% ⫾ 16% and 4% ⫾ 17%, respectively. A similar ED50 estimate was obtained when the putamen was
used as a reference region (see Supplement 1 for details).
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Figure 1. (A) In the reference region (occipital cortex), the (S,S)-[11C] methylreboxetine ([11C]MRB) normalized distribution volumes (VT/fP) were 34 ⫾ 5
mL/cm3 at baseline and 32 ⫾ 4 mL/cm3 after 40 mg. The small relative difference (–5 ⫾ 15%) suggests that methylphenidate (MPH) did not displace [11C]MRB
binding in the occipital cortex. (B) The binding potential non-displaceable (BPND) estimated with Multilinear Analysis 1 (MA1) and Multilinear Reference Tissue
Model 2 (MRTM2) were highly correlated: y ⫽ .909, x ⫹ .078, r2 ⫽ .821, where x represents the MA1 BPND values and y represents the MRTM2 BPND values.
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Figure 2. Template magnetic resonance imaging and average positron emission tomography images (n ⫽ 11)
showing (S,S)-[11C] methylreboxetine binding after administration of methylphenidate (MPH) 0, 2.5, 10, and 40
mg. (A) Axial, coronal, and sagittal views of the template
magnetic resonance image used to determine regions of
interest. (B) Axial, coronal, and sagittal views of the average positron emission tomography image of mean (S,S)[11C] methylreboxetine binding at baseline, and (C) after
MPH 2.5 mg, (D) 10 mg, and (E) 40 mg. The color scale
denotes binding potential.

ceeded 80% at 40 mg, whereas in the thalamus and thalamic subnuclei, displacement was 50% to 60%. These regional differences in
the reduction of MRTM2 BPND estimates could be due to a higher
ED50 or higher nonspecific binding in the thalamus. Assuming that
nonspecific binding in a region of interest is different from that in
the reference region, MPH ED50 and NET occupancy can be esti0
⬁
, ED50,BPND
) using Equation
mated with three-parameter fits (BPND
1. Assuming that nonspecific binding in a region of interest is the
⬁
same as in the reference region (i.e., BPND
⫽ 0) MPH ED50 and NET
0
occupancy can be estimated with two-parameter fits (BPND
, ED50).
In the thalamus, the assumption of nonuniform nonspecific
binding led to significantly better fits [F (1,37) ⫽ 4.2, p ⬍ .05; Figure

4A and 4B]. Using the two-parameter fit, ED50 would have been
estimated to be .42 ⫾ .13 mg/kg (Figure 4A), whereas it was estimated to be .08 ⫾ .06 mg/kg using the three-parameter fit (Figure
0
⬁
4B). BPND
and BPND
were estimated to be .52 ⫾ .03 and .21 ⫾ .06,
respectively, and [11C]MRB true BPND was estimated to be .25 ⫾ 07
(using Equation 3). NET occupancy at 40 mg would have been
estimated to be 48% using the two-parameter fit (Figure 4A) and
85% using the three-parameter fit (Figure 4B). Conversely, in nonthalamic regions the two-fit model led to statistically better fits (all F
values ⬍ .63, all p values ⬎ .43; Figure 4C). Comparing individual fits
in the six main regions of interest (i.e., including the thalamus but
excluding its subnuclei) and coupled fits with a common ED50 for all

Figure 3. Dose-dependent displacement of (S,S)-[11C]
methylreboxetine binding ([11C]MRB) by methylphenidate (MPH) in norepinephrine transporter (NET)-rich regions. Each cluster of bar graphs denotes, from left to
right, mean binding potential non-displaceable (BPND) at
baseline (dark gray), after MPH 2.5 mg (light gray), 10 mg
(gray), and 40 mg (black). Error bars denote standard deviation.
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six regions, the ED50 estimates are not statistically different across
0
regions [F (5,227) ⫽ .95, p ⫽ .45; for these fits, BPND
was fixed to zero
in all regions except the thalamus]. In conclusion, the regional
differences in maximum displacement are most consistent with
higher nonspecific binding in the thalamus. Using data from all
NET-rich regions, the global ED50 estimate was .14 ⫾ .02 mg/kg.
The IC50 is the plasma concentration of d-threo-MPH at which
50% of NET in the brain are occupied. Assuming a linear relationship
between dose (mg/kg) and plasma level, and using the global ED50
estimate and the regression line in Figure S1 in Supplement 1, the
IC50 of MPH was estimated to be 4.7 ng/mL.

Discussion
MPH Occupancy of NET
This is the first in vivo study in humans showing that clinically
relevant doses of MPH occupy significant levels of NET. Although
MPH has been used for the treatment of ADHD for decades, the
exact mechanism of action is unclear. Stimulants enhance synaptic
concentrations of DA and NE, d-amphetamine by increasing cate-
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cholamine release, and MPH by inhibiting catecholamine reuptake.
Currently, it is believed that MPH’s therapeutic effects in ADHD are
due mostly to its DAT inhibition; however, here we show that MPH
also binds to NET with high affinity. The global ED50 of MPH was
estimated to be .14 mg/kg. Because occupancy equals dose/
(dose ⫹ ED50), an MPH dose of .5 mg/kg would produce approximately 80% NET occupancy. This is consistent with clinical dosing.
The average efficacious maintenance dose of MPH is .7–.9 mg/kg/
day in children (25) and 1.1 mg/kg/day in adults (26). Because of its
short half-life, immediate-release formulations of MPH are given
twice daily, so that a total daily dose of .7–1.1 mg/kg corresponds to
.35–.55 mg/kg per dose. Therefore, the average efficacious maintenance doses of MPH used in children and adults occupy 70% to 80%
of NET but only 60% to 70% of DAT, based on the estimated ED50
value of .14 mg/kg for NET determined in this study and the value of
.25 mg/kg for DAT determined previously (7). The efficacy threshold
varies for medications that target receptors and transporters in the
brain. For instance, antidepressants that block the serotonin transporter require 80% blockade (27), whereas antipsychotics only require 60% to 70% blockade of dopamine D2 receptors (28). The
degree of NET and DAT occupancy that is required for the therapeutic effects of MPH in ADHD remains to be determined. Studies
showing that therapeutic doses of MPH caused only 70% DAT occupancy (6,7) assumed that all of MPH’s therapeutic effects occur by
blocking DAT. However, this assumption may not be true because
there is another possibility—that is, the therapeutic efficacy occurred at doses that blocked only 70% of DAT, not because 70%
DAT blocking was sufficient or necessary for therapeutic efficacy
but because at that same dose over 80% of NET was blocked. That is
the hypothesis that emerged from our data and that has yet to be
proven. However, studies showing MPH efficacy at 70% DAT occupancy do not disprove our hypothesis, or prove that 70% DAT
occupancy is necessary and sufficient to produce the therapeutic
effects of MPH seen in ADHD.
In summary, our results suggest that the therapeutic effects of
MPH in ADHD may be mediated through NET inhibition, in addition
to DAT inhibition.
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Figure 4. Dose–response curve in the thalamus (A and B) and the hypothalamus (C). (A) Two-parameter fit (i.e., binding potential non-displaceable,
⬁
BPND
, is assumed to be equal to zero) in the thalamus; the solid line corresponds to the line of best fit, and the dashed line corresponds to the
Multilinear Reference Tissue Model 2 (MRTM2) BPND value at baseline on the
left y axis or 0% occupancy on the right y axis; in this case, 100% occupancy
0
corresponds to BPND equal to zero. (B) Three-parameter (i.e., BPND
, IC50, and
⬁
) fit in the thalamus; the solid line corresponds to the line of best fit, the
BPND
⬁
dotted line correspond to the MRTM2 BPND value at saturation (i.e.,BPND
) on
the left y axis or 100% occupancy on the right y axis, and the dashed line
0
corresponds to the MRTM2 BPND value at baseline (i.e.,BPND
) on the left y axis
or 0% occupancy on the right y axis. (C) Dose–response curve in the hypothalamus and two-parameter fit. In the thalamus, the three-parameter
model produces a significantly better fit [F(1,37) ⫽ 4.2, p ⬍ .05]. In all other
norepinephrine transporter (NET)-rich regions, including the hypothalamus, the two-parameter model is more suitable [all F(1,37) values ⬍ .63 and
all p values ⬎ .43]. The two-parameter model in the thalamus (A) produces a
higher effective dose 50 (ED50) estimate (.42 mg/kg) and lower occupancy
estimates (shown on the left y axis) than the three-parameter model in the
thalamus (B) and the two-parameter model in nonthalamic regions (C). Fits
shown in B and C share a common ED50 parameter (.14 mg/kg) because
there is no significant difference between ED50 estimates in the various
regions of interest [F(5,227) ⫽ .95, p ⫽ .45], when using the three-parameter
model in the thalamus and the two-parameter model elsewhere. MPH,
methylphenidate.
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NET and DAT, NE and DA
Interestingly, NET has greater affinity for DA than for NE (29), and
whether DAT or NET is the predominant protein clearing DA depends on the abundance of the two transporters in a given region
(30). Studies in rats showed that administration of MPH (.5 mg/kg,
intraperitoneal) produced a maximal increase in NE levels substantially larger than the increase in DA in the prefrontal cortex (10). In
contrast, MPH (.75 mg/kg, oral) produced a similar DA and NE content in the frontal cortex of mice with a significant increase in DA
content, whereas no significant change was observed in NE levels
compared with the saline-administered controls (31). Because the
ED50 estimate of MPH for NET (.14 mg/kg) from our study in humans
is lower than that for DAT (.25 mg/kg), it is possible that lower doses
of MPH inhibit dopamine reuptake by blocking NET rather than
DAT. Medications such as atomoxetine could actually exert their
therapeutic effects through DA reuptake inhibition even though
they are “norepinephrine reuptake inhibitors.” That is, even though
atomoxetine blocks only NET and not DAT, its therapeutic effects
could be due to DA reuptake inhibition because NET in the PFC may
be required for DA reuptake.
Heterogeneous Nonspecific Binding
Consistent with the known distribution of NET, we found the
highest levels of [11C]MRB binding in the LC, thalamus, and some
midbrain nuclei, and the lowest binding in occipital cortex and
striatum (24,32). As described earlier, in the thalamus, 40 mg of MPH
displaced only 50% to 60% of [11C]MRB compared with more than
80% in other regions. The most likely explanation for this is higher
nonspecific binding in the thalamus, which has been described
with other NET ligands. Other explanations seem less likely. Although [11C]MRB has some affinity for the serotonin transporter
(IC50 ⫽ 310 nmol/L), if binding to the serotonin transporter prevented complete displacement in the thalamus, one would expect
to see a similar effect in the raphe nuclei. This was not the case. In
our previous occupancy study in humans, high doses of atomoxetine (100 mg) were unable to displace [11C]MRB completely in the
thalamus (33). We therefore conclude that in humans, the thalamus
has higher nonspecific binding for [11C]MRB, which is consistent
with the heterogeneous nonspecific binding of earlier NET ligands
(34,35). Some regional variation in the level of nondisplaceable
binding occurs with most ligands due to a number of factors, including regional variation in the percentages of gray and white
matter. To detect such regional variation requires two conditions: 1)
that the ligand intrinsically has a low BPND value, so that nonspecific
binding is a significant fraction of the total baseline tracer binding
and 2) that a blocking study is performed that approaches or
reaches 100% blockade. Thus, we believe that regional variation in
nonspecific binding on the order of that found here is most likely
common, and that this [11C]MRB study is ideally suited to detect
such variation.
Choice of Reference Region
NET are present in most brain regions and, with the exception of
LC, the density of NET as measured by autoradiography in humans
is not in great contrast across regions (24). The lowest density of NET
was found in the occipital cortex, followed by the caudate and
putamen, and these regions have been investigated as reference
regions (33). In this study, no significant change of VT or VT /fP was
found in these three regions between the placebo and 40-mg MPH
conditions, and the putamen and occipital had similar VT values.
The fact that the occipital cortex has lower levels of NET than the
striatum (24) and that it is a relatively bigger region with a simpler
shape than the caudate and putamen makes it more suitable as the
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reference region for this study, especially when ROIs are delineated
with an automated template. Using the putamen as a reference
region would have lead to similar or slightly lower ED50 estimates
(Supplement 1), which would have resulted in similar or slightly
overestimated occupancy of NET by MPH.
Role of Prefrontal Cortex and Other Regions in ADHD
It is hypothesized that therapeutic effects of medications used
for ADHD occur mostly in the PFC (5). Studies also suggested that
effects on delayed responding and working memory are mediated
by noradrenergic afferents from LC (the highest NET density region)
to PFC (8,36). Although the density of NET in PFC is too low to detect
changes in occupancy with PET, it is important to point out that two
neocortical regions, paracentral lobule and the supplementary motor area, have a NET density high enough to detect displacement of
[11C]MRB by MPH (Supplement 1). These two regions are in fact
involved in the response to MPH and inhibition control during
cognitive tasks, respectively (37,38). Although we cannot assess the
effect of MPH in the PFC directly, our assumption is that the global
ED50 calculated using NET-rich regions, including the neocortical
paracentral lobule, is similar to the ED50 in regions with lower NET
density, such as the PFC. Occupancy depends on the free drug level
in the tissue, which depends on the free drug level in the plasma
and will thus be the same throughout the brain. Importantly, we
demonstrated that MPH occupied NET in regions that have been
implicated in ADHD, such as the LC, which maintains alerting/vigilance; the thalamus and brain stem, which help module attention
and filter interfering stimuli; and the thalamic pulvinar nucleus,
which is involved in orienting to a stimulus (2) and which may be
smaller in ADHD (39).
Conclusions
We have shown that MPH at clinically relevant doses blocks 70%
to 80% of NET, whereas previous studies estimated that MPH blocks
only 60% to 70% of DAT at similar doses. Therefore, NET blockade
may be important in the therapeutic effects of MPH in ADHD.
Whether there is an underlying abnormality in DAT, NET, the ␣2
adrenergic receptor, or the dopamine D1 receptor, in ADHD is not
known (5). It was initially thought that DAT density was lower in
ADHD; however, this has since been refuted (6). It remains to be
determined whether there is an inherent difference in NET density
in stimulant-naive subjects with ADHD, and this study is currently
under way.
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