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Objective: Methylphenidate is the most
commonly prescribed drug for attention
deficit hyperactivity disorder (ADHD), yet
its therapeutic mechanisms are poorly un-
derstood. The objective of this study was
to assess if methylphenidate, by increasing
dopamine (neurotransmitter involved in
motivation) in brain, would enhance the
saliency of an academic task, making it
more interesting.

Method: Healthy subjects (N=16) under-
went positron emission tomography with
[""CJraclopride (dopamine Dy receptor
radioligand that competes with endoge-
nous dopamine for binding) to assess the
effects of oral methylphenidate (20 mg) on
extracellular dopamine in the striatum.
The authors compared the effects of
methylphenidate during an academic task
(solving mathematical problems with
monetary reinforcement) and a neutral
task (passively viewing cards with no remu-
neration). In parallel, the effects of methyl-
phenidate on the interest that the aca-
demic task elicited were also evaluated.

Results: Methylphenidate, when coupled
with the mathematical task, significantly
increased extracellular dopamine, but this
did not occur when coupled with the neu-
tral task. The mathematical task did not in-
crease dopamine when coupled with pla-
cebo. Subjective reports about interest and
motivation in the mathematical task were
greater with methylphenidate than with
placebo and were associated with dopa-
mine increases.

Conclusions: The significant association
between methylphenidate-induced dopa-
mine increases and the interest and moti-
vation for the task confirms the predic-
tion that methylphenidate enhances the
saliency of an event by increasing dopa-
mine. The enhanced interest for the task
could increase attention and improve
performance and could be one of the
mechanisms underlying methylpheni-
date’s therapeutic effects. These findings
support educational strategies that make
schoolwork more interesting as nonphar-
macological interventions to treat ADHD.

(Am J Psychiatry 2004; 161:1173-1180)

A ttention deficit hyperactivity disorder (ADHD) is the
most commonly diagnosed behavioral disorder of child-
hood (1). Methylphenidate and amphetamine are the
most frequently used treatments for ADHD (1). Despite
methylphenidate’s widespread use, its mechanisms of ac-
tion are poorly understood. Methylphenidate blocks the
dopamine transporters, and this indirect dopamine ago-
nist effect may be critical for its therapeutic effects (2).
Specifically, stimulant-induced dopamine increases are
believed to decrease background firing rates and increase
signal-to-noise ratio of striatal cells (3), which we postu-
late as a mechanism for improving attention by enhancing
task-related neuronal cell firing. Since dopamine also
modulates salience and motivation (4), we postulate that
small and brief task-induced dopamine increases would
be amplified by methylphenidate, which would increase
the salience of the task and thus improve performance (5).

Using positron emission tomography (PET), we have
shown that a relatively large therapeutic dose of oral me-
thylphenidate (60 mg) significantly blocked dopamine
transporters in all subjects but did not increase extracellu-
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lar dopamine in all of them (6). We reasoned that meth-
ylphenidate-induced increases in dopamine were due not
only to dopamine transporter blockade but also to the rate
of dopamine release, which is mostly a function of dopa-
mine cell firing (7). Since dopamine cells fire in response
to salient stimuli, we postulated that methylphenidate-in-
duced dopamine transporter blockade (the main mecha-
nism for removal of extracellular dopamine [8]) would am-
plify dopamine-induced increases to salient stimuli and
thus be context dependent. In the present study we tested
whether methylphenidate would enhance increases in ex-
tracellular dopamine in response to an academic task
(solving mathematical problems with monetary reinforce-
ment), relative to a neutral task (passively viewing scenery
cards with no remuneration). We used a mathematical
task because this type of task is frequently used as a mea-
sure to assess treatment efficacy in ADHD. Although in a
classroom setting performance is not monetarily remu-
nerated, it is often reinforced by grading (9). We chose as
the neutral task passive viewing of scenery pictures rather
than a mathematical task with no remuneration because
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TABLE 1. Plasma Methylphenidate Concentration Over Time
in 16 Healthy Subjects During Performance of a Math Task
With a Monetary Reward and a Neutral Noncompensated
Task?

Plasma Methylphenidate Concentration (ng/ml)
During Math Task

During Neutral Task

Time (minutes) Mean SD Mean SD
60 9.0 6.2 8.8 6.0
90 9.4 4.6 8.0 3.8
120 89 3.5 8.2 3.6

2 Following oral methylphenidate administration (20 mg), subjects
underwent positron emission tomography scans while solving
mathematical problems with monetary reinforcement (math task)
or passively viewing pictures of scenery with no renumeration
(neutral task). The concentration of methylphenidate in plasma did
not differ between conditions.

we wanted to optimize the contrast between a task that
might maximize dopamine increases (mathematical task)
and a task that would minimize dopamine increases
(viewing neutral pictures).

We used PET imaging with [''C]raclopride, a dopamine
D, receptor ligand sensitive to competition with endoge-
nous dopamine (10), to measure the relative changes in
extracellular dopamine induced by methylphenidate
when administered before the mathematical task and be-
fore the neutral task. Because [!'Clraclopride binding is
highly reproducible (11), differences in binding between
placebo and intervention predominantly reflect interven-
tion-induced changes in extracellular dopamine (12). Our
a priori hypothesis was that methylphenidate, by blocking
dopamine transporters, would amplify the dopamine in-
creases induced by the task, thus enhancing its saliency.

Method

Subjects

Sixteen healthy subjects (14 men and two women; mean age=
35 years, SD=8) selected from a pool of subjects who responded to
an advertisement were studied. Subjects were initially screened
by phone and then evaluated at Brookhaven National Laboratory
by a physician (G.-J.W.) to ensure that there was 1) no current or
past psychiatric or neurological disease, drug abuse, or signifi-
cant medical illness; 2) no medications being taken (including
over-the-counter medications); and 3) no pregnancy. Physical ex-
amination and laboratory test results were also obtained. Mag-
netic resonance imaging scans were not performed, so we could
not corroborate a lack of structural brain abnormalities. On aver-
age, out of every five subjects initially screened one was recruited,
and all of the 16 subjects recruited completed the study. Prescan
urine tests ensured the absence of any psychoactive drug, includ-
ing sedative drugs, and the absence of pregnancy in the female
subjects. Subjects were monetarily compensated for their partici-
pation in the study. Written informed consent was obtained from
all subjects after complete description of the study and following
the guidelines set by the Institutional Review Board at Brook-
haven National Laboratory.

Scans

PET scans were run on a whole-body, high-resolution positron
emission tomograph (Siemens/CTI ECAT HR+, with 4.6x4.6x4.2
mm National Electrical Manufacturers Association resolution at
center of field of view and 63 slices) in three-dimensional dy-
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namic acquisition mode using ['!C]raclopride as a dopamine D,
receptor ligand (13). Methods for positioning of subjects, cathe-
terizations, transmission scans, and blood sampling and analysis
have been published (11). Briefly, emission scans were started im-
mediately after injection of 4-8 mCi of [!CJraclopride (specific
activity: 0.5-1.5 Ci/pmol at the end of bombardment). A series of
20 emission scans were obtained from time of injection up to 54
minutes. Arterial sampling was used to measure total carbon-11
and unchanged [''C]raclopride in plasma.

Subjects were scanned four times with [''Clraclopride under four
conditions defined by the drug/task combinations: 1) neutral task
preceded by placebo administration (placebo/neutral task); 2) neu-
tral task preceded by methylphenidate administration (methyl-
phenidate/neutral task); 3) mathematical task preceded by pla-
cebo administration (placebo/math task); and 4) mathematical
task preceded by methylphenidate administration (methyl-
phenidate/math task). Subjects were scanned on 2 days and were
blinded as to whether they received methylphenidate or placebo.
On one day the first scanning condition was placebo/neutral task
and the second condition 2 hours later was methylphenidate/math
task. On the other day, the first scanning condition was placebo/
math task and the second condition 2 hours later was methylpheni-
date/neutral task. The order of these two sessions was balanced
across subjects. The placebo (calcium carbonate) or methylpheni-
date (20 mg) was given orally 60 minutes prior to the mathematical
and the neutral tasks, which were started 15 minutes prior to the
injection of [Clraclopride. Venous blood was drawn for quantifi-
cation of plasma concentrations of methylphenidate prior to and
60, 90, and 120 minutes after oral methylphenidate using capillary
gas chromatography/mass spectrometry (14).

Stimulation

For the mathematical task, the subjects were asked to answer a
series of mathematical problems that were preselected for each
subject so that they would respond correctly to 80% of them. This
also required that the task difficulty be adjusted depending on
performance during the study. Problems were presented in a se-
ries of colored cards at a rate of one card per minute. Correct re-
sponses were remunerated by 25 cents to one dollar depending
on the difficulty of the question, which were chosen so that sub-
jects would earn approximately 50 dollars per session. For the
neutral task, subjects were presented with cards that showed im-
ages of scenery and were not asked to provide responses nor were
they remunerated. The mathematical and the neutral tasks began
15 minutes prior to radiotracer injection and continued for 45
minutes.

Behavioral Measures

Subjects were asked to provide subjective ratings (from 1 to 10
for which 1=low and 10=high) of the mathematical task for the
following descriptors: interesting, exciting, motivating, boring,
and tiresome. These ratings were obtained just prior to ['!C]raclo-
pride injection and 15 minutes after initiation of the mathemati-
cal task. Heart rate and blood pressure were monitored continu-
ously. The behavioral measures were lost for one of the subjects.

Image Analysis

Regions of interest were outlined for the striatum and cerebel-
lum as described previously (11). Briefly, regions of interest were
initially outlined on the individual’s summed baseline ['!C]raclo-
pride image (images obtained between 15 to 54 minutes) and
were then projected into the dynamic ['!C]raclopride images to
generate time activity curves for the striatum and cerebellum.
These time activity curves for tissue concentration along with the
time activity curves for unchanged tracer in plasma were used to
calculate ['C]raclopride’s transfer constant from plasma to brain
(K3) and the distribution volume, which corresponds to the equi-
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FIGURE 1. Distribution Volume of [''C]Raclopride at the Level of the Striatum and Cerebellum During PET Scans of a
Healthy Subject Performing a Math Task With a Monetary Reward or a Noncompensated Neutral Task After Receiving Pla-
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a Following oral administration of methylphenidate (20 mg) or placebo, subjects underwent positron emission tomography scans while solving
mathematical problems with monetary reinforcement (math task) or passively viewing pictures of scenery with no renumeration (neutral
task). Binding of ["'CJraclopride in the striatum was lowest for the math task in the methylphenidate condition.

b Equilibrium measurement of the ratio of tissue concentration to plasma concentration in the striatum relative to the cerebellum.

librium measurement of the ratio of tissue concentration to
plasma concentration, in the striatum and cerebellum using a
graphical analysis technique for reversible systems (15). The ratio
of distribution volume in the striatum to that in the cerebellum
corresponds to (Bmax/Kg)+1 and is insensitive to changes in cere-
bral blood flow (16). Differences between conditions were quanti-
fied as percent change in Bmax/Kq with respect to the placebo/
neutral task condition, which was used as the baseline condition.
The effects of methylphenidate on the mathematical task were
quantified as percent change in Bmax/Kq with respect to the pla-
cebo/math task condition.

Data Analysis

Differences in K, distribution volume, and Bp,ax/Kq between
conditions were tested using repeated analysis of variance
(ANOVA), and post hoc t tests were then used to determine in
which conditions the effects differed from the baseline condition
(placebo/neutral task). The effects of methylphenidate on the de-
scriptor ratings of the mathematical task were tested using paired
t tests between the placebo/math task condition and the meth-
ylphenidate/math task condition. Pearson product-moment cor-
relations were used to assess the relationship between the changes
in dopamine between the placebo/math task condition and the
methylphenidate/math task condition and the changes in the de-
scriptor ratings for the two conditions.

Results

The plasma methylphenidate concentrations were the
same in the methylphenidate/neutral task and the meth-
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ylphenidate/math task conditions, and they were in the
typical therapeutic range of about 8-9 ng/ml at the time
when the PET ['!C]raclopride measures were obtained
(Table 1). The distribution volume images for one of the
subjects are shown in Figure 1 for the four testing condi-
tions: placebo/neutral task (condition used as baseline),
placebo/math task (assessing the effects of the mathemat-
ical task by itself), methylphenidate/neutral task (assess-
ing the effects of methylphenidate by itself) and meth-
ylphenidate/math task (assessing the combined effects of
methylphenidate and the mathematical task).

There were no differences across conditions in K;j in the
striatum or cerebellum, indicating that there were no sig-
nificant condition-related differences in radiotracer deliv-
ery (Table 2). There were no differences in the distribution
volume in cerebellum. The repeated-measures ANOVA
showed significant differences across the conditions for dis-
tribution volume in the striatum (F=8.2, df=3, 63, p<0.001).
Post hoc t tests showed that when compared with the
baseline condition, distribution volume measures in the
striatum were significantly lower for the methylpheni-
date/math task condition (p<0.0001) but did not differ for
the placebo/math task and the methylphenidate/neutral
task conditions (Table 2). Similarly, the repeated-measures
ANOVA showed significant differences across the condi-
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TABLE 2. Measures of [''C]Raclopride in the Striatum and Cerebellum During PET Scans of 16 Healthy Subjects Performing
a Math Task With a Monetary Reward or a Noncompensated Neutral Task After Receiving Placebo or Methylphenidate

Transfer Constant From Plasma to Brain (K4)

Distribution Volume

Striatum Cerebellum Striatum Cerebellum
Scanning Condition? Mean SD Mean SD Mean SD Mean SD
Placebo/neutral task 0.09 0.01 0.10 0.01 0.40 0.07 1.74 0.22
Placebo/math task 0.09 0.01 0.10 0.01 0.40 0.05 1.67 0.22
Methylphenidate/neutral task 0.09 0.01 0.10 0.01 0.40 0.05 1.67 0.18
Methylphenidate/math task 0.09 0.01 0.10 0.01 0.38 0.05 1.540 0.19

@ Following oral administration of methylphenidate (20 mg) or placebo, subjects underwent positron emission tomography scans while solving
mathematical problems with monetary reinforcement (math task) or passively viewing pictures of scenery with no renumeration (neutral

task).

b Significantly different from the placebo/neutral task condition (which was considered the baseline), per post hoc paired t test (p<0.0001).

FIGURE 2. Methylphenidate-Induced Changes in Dopamine
Transporter Binding Potential (Bmax/Kg) in the Striatum of
16 Healthy Subjects Performing a Math Task With a Mone-
tary Reward or a Noncompensated Neutral Task?

Placebo Methylphenidate

4.0

s

Neutral ~ Mathematical Neutral ~ Mathematical
Task

I‘:"max/ Ka

2 Following oral administration of methylphenidate (20 mg) or pla-
cebo, subjects underwent positron emission tomography scans
while solving mathematical problems with monetary reinforce-
ment (math task) or passively viewing pictures of scenery with no
renumeration (neutral task). Bars represent standard deviations of
the mean values.

bSignificantly different from the placebo/neutral task condition
(which was considered the baseline), per post hoc paired t test
(p<0.05).

tions for the striatal By,.x/Kq measures (F=2.75, df=3, 63,
p<0.05). Post hoc t tests showed that when compared with
the baseline condition they were significantly lower for the
methylphenidate/math task condition but did not differ
for the placebo/math task and the methylphenidate/neu-
tral task conditions (Figure 2). This indicates that the only
condition for which the dopamine changes were large
enough to be detected by the ['!C]raclopride method was
when methylphenidate was administered with the mathe-
matical task.

Analysis of the behavioral measures showed a signifi-
cant effect of methylphenidate in the perception of the
mathematical task by the subjects. Methylphenidate sig-
nificantly increased the ratings of the task as being inter-
esting, exciting, motivating, and less tiresome (Table 3).

The correlation analyses showed a significant associa-
tion between the changes in extracellular dopamine be-
tween the methylphenidate/math task and the placebo/
math task conditions and the changes in the rating of inter-
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esting (r=0.67, df=14, p=0.006), exciting (r=0.52, df=14,
p<0.05), and motivating (r=0.67, df=14, p=0.006) (Figure 3).

The changes in Byax/Kg during the methylphenidate/
math task condition were not correlated with the plasma
methylphenidate concentration (60 minutes: r=26, df=14,
p=0.34; 90 minutes: r=0.33, df=14, p=0.21), indicating that
differences in methylphenidate metabolism were not re-
sponsible for the variability in the dopamine increases.
Correlations between the dopamine changes during the
methylphenidate/math task conditions and age revealed
a significant negative correlation: the younger the sub-
jects, the larger the increases in dopamine (r=—0.68, df=
15, p=0.004).

Discussion

Here we have shown that methylphenidate-induced
increases in dopamine are context dependent. Meth-
ylphenidate increased extracellular dopamine in the stria-
tum when administered before subjects were required to
perform a remunerated mathematical task but not when
administered before subjects passively viewed scenery
cards. Since dopamine cell activity is sensitive to environ-
mental stimulation (salient and novel stimuli activate
dopamine cells [17]), this suggests a mechanism to explain
why methylphenidate-induced increase in dopamine de-
pends on the conditions of its administration.

The context dependency of stimulant-induced dopa-
mine increases has been demonstrated in laboratory ani-
mals for cocaine, which like methylphenidate increases
dopamine by blocking the dopamine transporters (18).
For example, cocaine-induced increases in dopamine in
the nucleus accumbens were larger when animals were
given cocaine in an environment where they had previ-
ously received cocaine than when they received it in a
novel environment (19) or when animals self-adminis-
tered cocaine than when cocaine administration was in-
voluntary (20). Also methylphenidate-induced increases
in dopamine in the prefrontal cortex were significantly
greater when rats were restrained at the time of adminis-
tration than when they were not (21).

In clinical studies, the context dependency of stimulant
medication was one of the first effects noted in early stud-
ies of “hyperactivity” (22) and has been replicated in sub-
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TABLE 3. Descriptor Ratings for a Math Task With a Mone-
tary Reward Performed by 16 Healthy Subjects Following
Administration of Placebo and Methylphenidate?

Rating by Subjects

Placebo Methylphenidate Analysis
Descriptor  Mean SD Mean SD t (df=15) p
Interesting 6.9 1.9 8.9 1.6 3.6 0.003
Exciting 6.9 2.1 8.6 1.8 3.8 0.004
Motivating 7.5 1.8 8.6 1.8 2.1 0.05
Tiresome 3.2 2.1 2.3 2.0 2.3 0.05
Boring 2.8 2.2 1.9 2.4 1.2 0.29

a Following oral administration of methylphenidate (20 mg) or pla-
cebo, subjects underwent positron emission tomography scans
while solving mathematical problems with monetary reinforce-
ment. For each descriptor, subjects gave a rating that ranged from
1 to 10, with 1 being low and 10 being high.

sequent studies in children with ADHD (23). Recently,
context dependency was documented in a laboratory
school setting in which children with ADHD treated with
methylphenidate showed larger reductions in placebo-ad-
justed activity level in the classroom than in the play-
ground setting (24). Similarly, in a previous PET study we
showed that methylphenidate-induced increases in extra-
cellular dopamine were larger when it was administered
with a salient stimulus (visual display of food in food-de-
prived subjects) than with a neutral stimulus (recall of
family genealogy) (25).

In this study, the pairing of 20 mg of methylphenidate
with the neutral task did not increase extracellular dopa-
mine. This differs from a study in which we showed dopa-
mine increases with 60 mg of methylphenidate when
given with a neutral stimulus and is likely to reflect the
much larger dose used for that study. However, the current
findings also differ from a previous study in which we
showed dopamine increases with 20 mg of methylpheni-
date when given with a neutral stimulus in food-deprived
subjects (25). This discrepancy is likely to reflect food dep-
rivation, which has been shown to affect extracellular
dopamine (26). Further studies are required to assess if
methylphenidate’s effects in the human brain are sensitive
to acute food deprivation in ways other than that of the ef-
fects of food on drug absorption.

Methylphenidate significantly increased the descriptor
ratings of interesting, exciting, and motivating for the
mathematical task and showed a tendency to decrease the
rating for the task descriptor tiresome. The increases in
these descriptors were associated with methylphenidate-
induced dopamine increases when given with the mathe-
matical task. This suggests that the amplification of small
dopamine increases due to the task by methylphenidate
may be the mechanism underlying this drug’s ability to
make tasks more salient to the subject. Although most of
methylphenidate’s therapeutic effects have emphasized
its effects on attention, here we document an effect of me-
thylphenidate on motivation as reflected by the subjective
report of how the subject experiences the task in terms of
descriptors of interesting, exciting, and motivating, which

Am | Psychiatry 161:7, July 2004

VOLKOW, WANG, FOWLER, ET AL.

FIGURE 3. Relationship Between the Changes in Extracellu-
lar Brain Dopamine During a Math Task With a Monetary
Reward and Changes in Descriptor Ratings of the Math
Task Following Administration of Methylphenidate in 16
Healthy Subjects?

Interesting

Change in Rating of Mathematical Task
Motivating

Exciting

-20 =15 -10 -5 0 5 10 15
Percent Change in Dopamine

a Changes were determined by comparing values after oral meth-
ylphenidate (20 mg) with values after placebo.

we consider to be characteristics of salience in this setting.
We postulate that methylphenidate’s ability to increase the
saliency of the task will increase the motivation it elicits
and that this will result in improved performance. Indeed,
others have pointed to the potential relevance that methyl-
phenidate’s effects on saliency may have on its therapeutic
effects in ADHD (27). Also, methylphenidate when used
for other neuropsychiatric conditions has been shown to
be effective in the treatment of apathy, which is an ex-
treme state of lack of motivation (28).

The levels of extracellular dopamine in the striatum are
set by two processes: tonic dopamine cell firing (maintains
baseline steady-state levels and sets the overall responsive-
ness of the dopamine system) and phasic dopamine cell
firing (leads to fast dopamine changes that highlight the
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saliency of stimuli) (29). It had been previously hypothe-
sized that therapeutic effects of methylphenidate are due
to increased tonic dopamine levels, which stimulate dopa-
mine autoreceptors and attenuate phasic dopamine in-
creases (30). However, we now postulate that the long-last-
ing blockade of dopamine transporters by methylphenidate
actually amplifies stimuli-induced dopamine increases
(their magnitude and duration). Both the current results
and those from a prior PET study in which we showed that
methylphenidate amplified dopamine increases induced
by display of food in food-deprived subjects (25) support the
notion of an amplification of dopamine increases by oral
methylphenidate rather than attenuation. Thus we postu-
late that methylphenidate will operate to amplify the sa-
liency value of stimuli to which the subject may be exposed
during everyday routines and which by themselves may
have been insufficient to elicit dopamine responses strong
enough and lasting long enough to signal saliency and drive
and maintain interest and attention for the period required
to complete the relevant task.

In this study the mathematical task, even with monetary
remuneration, was insufficient by itself to elicit a measur-
able response. This most likely reflects the limited sensi-
tivity of the methodology. Although some studies have
shown decreases in ['!C]raclopride binding in striatum
with behavioral interventions (31, 32), others have failed
to show an effect after exercise (33) or after food stimula-
tion (25). These differences most likely reflect the magni-
tude and duration of the dopamine changes elicited by the
various behavioral interventions.

In this study methylphenidate, when given with the
neutral task, was insufficient to elicit a measurable re-
sponse. This most likely reflects in addition to the limited
sensitivity of the methodology the relatively small dose
used (20 mg for a group whose mean weight was 70 kg)
and the lack of saliency of the neutral task. Note that we
have reported increases with dopamine after 60 mg of me-
thylphenidate when given in a neutral condition (5) but
have also reported increases with 20 mg when given with
salient stimuli other than money (25). These results offer a
new hypothesis of why combining pharmacological and
psychosocial interventions is more effective than medica-
tion alone. The traditional explanation is that a given dose
of medication produces a specific effect by blocking dopa-
mine transporters and increasing dopamine, which oper-
ates to focus attention and that this in turn enhances the
impact of behavioral techniques (such as tokens earned
for attending to an academic task in the classroom). How-
ever, if token reinforcers in behavioral interventions oper-
ate like money in the present study, then the behavioral in-
tervention may operate to magnify the stimulant-induced
increase in dopamine for a given dose of medication. This
may explain why in the Multimodal Treatment Study of
Children With ADHD (34), the combination of behavior
modification with medication produced the same or
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slightly superior reduction of symptoms at a lower dose of
methylphenidate (35).

Methylphenidate-induced increases in dopamine when
co-administered with the mathematical task declined as a
function of age. An age-related blunting in stimulant-in-
duced dopamine increases has also been observed after
intravenous (36) and oral methylphenidate (5) and after
intravenous amphetamine in healthy subjects (37). This
could reflect a decrease in dopamine release with aging.
Indeed, microdialysis studies have shown that stimulant-
induced increases in extracellular dopamine are signifi-
cantly lower in older than in younger animals (38, 39).

The following are study limitations. First, although
changes in ['!C]raclopride binding are linearly related to
extracellular dopamine, the precise relationship with syn-
aptic dopamine is not understood (10). Second, to avoid
the need for four arterial cannulations, we conducted the
studies over 2 rather than 4 days. This required us to al-
ways give methylphenidate during the second study of the
day. However, the order effect cannot explain the differ-
ences observed with methylphenidate when given with
the neutral versus the mathematical task, since for both
conditions methylphenidate was given at the same time of
day. Third, the experimental design did not allow us to
evaluate the effects of methylphenidate on performance,
since the difficulty of the problems was individually ad-
justed so that each subject would achieve 80% correct per-
formance. Last, because the mathematical test conditions
were always paired with monetary reward, we cannot ex-
clude the possibility that methylphenidate enhanced the
saliency of the monetary reward rather than of the mathe-
matical test itself. A study that assesses the effects of meth-
ylphenidate on a mathematical task that is not remuner-
ated would enable research to address this issue. This is
relevant because most of the behavioral strategies in
ADHD use interventions that reinforce good behaviors
(such as token reinforcers that can be exchanged for com-
puter games, individual time with staff, special outings,
and time in the playground, which in a way are similar to
the use of money in this study).

In summary, these results provide evidence that meth-
ylphenidate’s effects on dopamine are sensitive to the con-
ditions of its administration. Dopamine increases were
larger when methylphenidate was given with a task that
required cognitive performance that was remunerated
than when it was given with a task that did not require per-
formance and was not remunerated. They also show that
methylphenidate enhanced the motivational saliency of
the cognitive task, as evidenced by the perception of the
task as more interesting, exciting, and motivating. The sig-
nificant association between methylphenidate-induced
dopamine increases and the perception of the task as in-
teresting and motivating lead us to postulate that meth-
ylphenidate’s therapeutic effects may be secondary to its
ability to enhance stimuli-induced dopamine increases,
thus making them more motivationally salient and
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thereby improving performance. This brings to light the
possibility that methylphenidate’s improvement of perfor-
mance may be secondary to its motivational effects, which
would explain why stimulants improve performance of a
boring task in normal healthy individuals and why un-
medicated ADHD children perform properly when the
task is salient (40). These findings support educational
strategies that make schoolwork more interesting as non-
pharmacological interventions to treat ADHD.

Received Oct. 1, 2003; revision received Dec. 2, 2003; accepted
Dec. 4, 2003. From the Medical and Chemistry Departments,
Brookhaven National Laboratory, Upton, N.Y.; the Department of
Psychiatry and the Department of Applied Mathematics, State
University of New York at Stony Brook, Stony Brook, N.Y.; and the
University of California at Irvine Child Development Center, Irvine,
Calif. Address reprint requests to Dr. Volkow, National Institute on
Drug Abuse, 6001 Executive Blvd., Rockville, MD 20853; nvolkow@
nida.nih.gov (e-mail).

This research was carried out at Brookhaven National Laboratory
under support by the U.S. Department of Energy (Office of Biological
and Environmental Research) (DE-ACO2-76 CH00016) and by NIDA
grants DA-09490-01 and DA-06278.

The authors thank D. Schlyer and M. Schueller for Cyclotron opera-
tions; D. Warner for PET operations; R. Ferrieri, V. Garza, P. King, C.
Shea, and Y. Xu for radiotracer preparation and analysis; N. Netusil,
M. Jayne, and P. Carter for patient care; and T. Cooper for plasma
methylphenidate analyses.

References

1. Greenhill LL, Pliszka S, Dulcan MK, Bernet W, Arnold V, Beitch-
man ], Benson RS, Bukstein O, Kinlan J, McClellan J, Rue D,
Shaw JA, Stock S (American Academy of Child and Adolescent
Psychiatry): Practice parameter for the use of stimulant medi-
cations in the treatment of children, adolescents, and adults. |
Am Acad Child Adolesc Psychiatry 2002; 41(2 suppl):265-49S

2. Volkow ND, Wang G-J, Fowler JS, Gatley SJ, Logan J, Ding Y-S,
Hitzemann R, Pappas N: Dopamine transporter occupancies in
the human brain induced by therapeutic doses of oral meth-
ylphenidate. Am J Psychiatry 1998; 155:1325-1331

3. Kiyatkin EA, Rebec GV: Dopaminergic modulation of gluta-
mate-induced excitations of neurons in the neostriatum and
nucleus accumbens of awake, unrestrained rats. ] Neurophys-
iol 1996; 75:142-153

4. Berridge KC, Robinson TE: What is the role of dopamine in re-
ward: hedonic impact, reward learning, or incentive salience?
Brain Res Rev 1997; 28:309-369

5. Volkow ND, Wang G, Fowler JS, Logan J, Gerasimov M, Maynard
L, Ding Y, Gatley SJ, Gifford A, Franceschi D: Therapeutic doses
of oral methylphenidate significantly increase extracellular
dopamine in the human brain. ] Neurosci 2001; 21:RC121

6. Volkow ND, Wang GJ, Fowler JS, Logan ], Franceschi D, Maynard
L, Ding YS, Gatley S), Gifford W, Swanson JM: Relationship be-
tween blockade of dopamine transporters by oral meth-
ylphenidate and the increases in extracellular dopamine: ther-
apeutic implications. Synapse 2002; 43:181-187

7. Wightman RM, Robinson DL: Transient changes in mesolimbic
dopamine and their association with “reward.” | Neurochem
2002; 82:721-735

8. Giros B, Jaber M, Jones SR, Wightman RM, Caron MG: Hyperlo-
comotion and indifference to cocaine and amphetamine in
mice lacking the dopamine transporter. Nature 1996; 379:
606-612

9. Swanson J, Wigal S, Greenhill L, Browne R, Waslick B, Lerner M,
Williams L, Flynn D, Agler D, Crowley KL, Fineberg E, Regino R,

Am | Psychiatry 161:7, July 2004

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

VOLKOW, WANG, FOWLER, ET AL.

Baren M, Cantwell D: Objective and subjective measures of the
pharmacodynamic effects of Adderall in the treatment of chil-
dren with ADHD in a controlled laboratory classroom setting.
Psychopharmacol Bull 1998; 34:55-60

Breier A, Su TP, Saunders R, Carson RE, Kolachana BS, de Barto-
lomeis A, Weinberger DR, Weisenfeld N, Malhotra AK, Eckel-
man WC, Pickar D: Schizophrenia is associated with elevated
amphetamine-induced synaptic dopamine concentrations: ev-
idence from a novel positron emission tomography method.
Proc Natl Acad Sci USA 1997; 94:2569-2574

. Volkow ND, Fowler JS, Wang GJ, Dewey SL, Schlyer D, MacGre-

gor R, Logan J, Alexoff D, Shea C, Hitzemann R, Wolf AP: Repro-
ducibility of repeated measures of ''C raclopride binding in
the human brain. ] Nucl Med 1993; 34:609-613

Dewey SL, Smith GS, Logan J, Brodie D, Fowler ]S, Wolf AP: Stri-
atal binding of the PET ligand ''C-raclopride is altered by drugs
that modify synaptic dopamine levels. Synapse 1993; 13:350-
356

Hall H, Kohler C, Gawell L, Farde L, Sedvall G: Raclopride, a new
selective ligand for the dopamine-D2 receptors. Prog Neuro-
psychopharmacol Biol Psychiatry 1988; 12:559-568

Srinivas NR, Hubbard JW, Quinn D, Korchinski ED, Midha K: Ex-
tensive and enantioselective presystemic metabolism of dl-
threo-methylphenidate in humans. Prog Neuropsychophar-
macol Biol Psychiatry 1991; 15:213-220

Logan ], Fowler JS, Volkow ND, Wolf AP, Dewey SL, Schlyer DJ,
MacGregor RR, Hitzemann R, Bendriem B, Gatley SJ, Wolf AP:
Graphical analysis of reversible radioligand binding from time-
activity measurements applied to [N-"C-methyl]-(1)-cocaine
PET studies in human subjects. ] Cereb Blood Flow Metab
1990; 10:740-747

Logan J, Volkow ND, Fowler JS, Wang GJ, Dewey SL, MacGregor
R, Schlyer D, Gatley SJ, Pappas N, King P, Vitkun S, Wolf AP: Ef-
fects of blood flow on [''CJraclopride binding in the brain:
model simulations and kinetic analysis of PET data. ] Cereb
Blood Flow Metab 1994; 14:995-1010

Hollerman JR, Schultz W: Dopamine neurons report an error in
the temporal prediction of reward during learning. Nat Neuro-
sci 1998; 1:304-309

Ritz MC, Lamb RJ, Goldberg SR, Kuhar MJ: Cocaine receptors on
dopamine transporters are related to self-administration of co-
caine. Science 1987; 237:1219-1223

Duvauchelle CL, Ikegami A, Asami S, Robens J, Kressin K, Cas-
taneda E: Effects of cocaine context on NAcc dopamine and be-
havioral activity after repeated intravenous cocaine adminis-
tration. Brain Res 2000; 862:49-58

Hemby SE, Co C, Koves TR, Smith JE, Dworkin SI: Differences in
extracellular dopamine concentrations in the nucleus accum-
bens during response-dependent and response-independent
cocaine administration in the rat. Psychopharmacology (Berl)
1997; 133:7-16

Marsteller DA, Gerasimov MR, Schiffer WK, Geiger JM, Barnett
CR, Borg JS, Scott S, Ceccarelli J, Volkow ND, Molina PE, Alexoff
DL, Dewey SL: Acute handling stress modulates methylpheni-
date-induced catecholamine overflow in the medial prefrontal
cortex. Neuropsychopharmacology 2002; 27:163-170
Conners KC: The effect of dexedrine on rapid discrimination
and motor control of hyperkinetic children under mild stress. )
Nerv Ment Dis 1966; 142:429-433

Porrino LJ, Rapoport JL, Behar D, Ismond DR, Bunney WE Jr: A
naturalistic assessment of the motor activity of hyperactive
boys, II: stimulant drug effects. Arch Gen Psychiatry 1983; 40:
688-693

Swanson JM, Gupta S, Williams L, Agler D, Lerner M, Wigal S: Ef-
ficacy of a new pattern of delivery of methylphenidate for the
treatment of ADHD: effects on activity level in the classroom

http://ajp.psychiatryonline.org 1179



MOTIVATION ENHANCED WITH METHYLPHENIDATE

25.

26.

27.

28.

29.

30.

31.

32.

33.

1180

and on the playground. ] Am Acad Child Adolesc Psychiatry
2002; 41:1306-1314

Volkow ND, Wang G-J, Fowler JS, Logan J, Jayne B, Franceschi D,
Wong C, Gatley S, Gifford A, Ding Y-S, Pappa N: “Non-hedonic”
food motivation in humans involves dopamine in the dorsal
striatum. Synapse 2002; 44:175-180

Acworth IN, Ressler K, Wurtman R]: Feeding-associated alter-
ations in striatal neurotransmitter release. Ann NY Acad Sci
1989; 575:596-598

Wilkison PC, Kircher JC, McMahon WM, Sloane HN: Effects of
methylphenidate on reward strength in boys with attention-
deficit hyperactivity disorder. ] Am Acad Child Adolesc Psychia-
try 1995; 34:897-901

Marin RS, Fogel BS, Hawkins J, Duffy J, Krupp B: Apathy: a treat-
able syndrome. ] Neuropsychiatry Clin Neurosci 1995; 7:23-30
Grace AA: The tonic/phasic model of dopamine system regula-
tion and its implications for understanding alcohol and psy-
chostimulant craving. Addiction 2000; 95(suppl 2):5119-5128
Seeman P, Madras BK: Anti-hyperactivity medication: meth-
ylphenidate and amphetamine. Mol Psychiatry 1998; 3:386—
396

Koepp MJ, Gunn RN, Lawrence AD, Cunningham V), Dagher A,
Jones T, Brooks DJ, Bench (], Grasby PM: Evidence for striatal
dopamine release during a video game. Nature 1998; 393:
266-268

Pappata S, Dehaene S, Poline B, Gregoire MC, Jobert A, Del-
forge J, Frouin V, Bottlaender M, Dolle F, Di Giamberardino L,
Syrota A: In vivo detection of striatal dopamine release during
reward: a PET study with [''CJraclopride and a single dynamic
scan approach. Neuroimage 2002; 16:1015-1027

Wang GJ, Volkow ND, Fowler JS, Franceschi D, Logan ], Pappas
NR, Wong CT, Netusil N: PET studies of the effects of aerobic ex-

http://ajp.psychiatryonline.org

34.

35.

36.

37.

38.

39.

40.

ercise on human striatal dopamine release. | Nucl Med 2000;
41:1352-1356

Multimodal Treatment Study of Children With ADHD (MTA) Co-
operative Group: A 14-month randomized clinical trial of treat-
ment strategies for attention deficit/hyperactivity disorder.
Arch Gen Psychiatry 1999; 56:1073-1086

Swanson JM, Kraemer HC, Hinshaw SP, Arnold LE, Conners CK,
Abikoff HB, Clevenger W, Davies M, Elliott, G, Greenhill LL,
Hechtman L, Hoza B, Jensen PS, March JS, Newcorn JH, Owens
L, Pelham WE, Schiller E, Severe ], Simpson S, Vitiello B, Wells
CK, Wigal T, Wu M: Clinical relevance of the primary findings of
the MTA: success rates based on severity of ADHD and ODD
symptoms at the end of treatment. ] Am Acad Child Adolesc
Psychiatry 2001; 40:168-179

Volkow ND, Wang GJ, Fowler JS, Logan J, Schlyer D, Hitzemann
R, Lieberman J, Angrist B, Pappas N, MacGregor R, Wolf AP: Im-
aging endogenous dopamine competition with [''C]raclopride
in the human brain. Synapse 1994; 16:255-262

Laruelle M, Abi-Dargham A, van Dyck CH, Rosenblatt W, Zea-
Ponce Y, Zoghbi SS, Baldwin RM, Charney DS, Hoffer PB, Kung
HF, Innis RB: SPECT imaging of striatal dopamine release after
amphetamine challenge. ] Nucl Med 1995; 36:1182-1190
Gerhardt GA, Maloney RE Jr: Microdialysis studies of basal lev-
els and stimulus-evoked overflow of dopamine and metabo-
lites in the striatum of young and aged Fischer 344 rats. Brain
Res 1999; 816:68-77

Harada N, Nishiyama S, Satoh K, Fukumoto D, Kakiuchi T,
Tsukada H: Age-related changes in the striatal dopaminergic
system in the living brain: a multiparametric PET study in con-
scious monkeys. Synapse 2002; 45:38-45

Grinspoon L, Hedblom P: The Speed Culture: Amphetamine
Use and Abuse in America. Cambridge, Mass, Harvard Univer-
sity Press, 1975

Am | Psychiatry 161:7, July 2004



