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ABSTRACT  Methylphenidate (Ritalin) is an effective drug in the treatment of at-
tention deficit hyperactivity disorder. However, the doses required therapeutically vary
significantly between subjects and it is not understood what determines these differ-
ences. Since methylphenidate’s therapeutic effects are in part due to increases in
extracellular DA secondary to blockade of dopamine transporters (DAT), the variability
could reflect differences in levels of DAT blockade. Here we used PET to assess if for a
given dose of methylphenidate the differences in DAT blockade account for the variabil-
ity in methylphenidate-induced increases in extracellular DA. Ten healthy adult sub-
jects were tested before and 60 min after oral methylphenidate (60 mg) with PET to
estimate DAT occupancy (with [*'C]cocaine as the radioligand) and levels of extracellu-
lar DA (with [*'C]raclopride as the D2 receptor radioligand that competes with endog-
enous DA for binding to the receptor). Methylphenidate significantly blocked DAT (60 =+
11%) and increased extracellular DA in brain (16 * 8% reduction in [*'C]raclopride
binding in striatum). However, the correlation between methylphenidate-induced DAT
blockade and DA increases was not significant. These results indicate that for a given
dose of methylphenidate, individual differences in DAT blockade are not the main source
for the intersubject variability in MP-induced increases in DA. This finding suggests
that individual differences in response to MP are due in part to individual differences in
DA release, so that for an equivalent level of DAT blockade, MP would induce smaller
DA changes in subjects with low than with high DA cell activity. Synapse 43:181-187,
2002. © 2002 Wiley-Liss, Inc.
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MP’s therapeutic effects are believed to rely on its
ability to block the dopamine (DA) and the norepineph-
rine transporters (Solanto, 1998). Particularly relevant
are its effects on DA transporters (DAT) in view of the
recent findings documenting significant increases in
DAT in subjects with ADHD (Dougherty et al., 1999;
Krause et al., 2000) and the reported association be-
tween expression of the DAT1 allele and scores of hy-
peractivity-impulsivity in subjects with ADHD (Wald-
man et al., 1998). We have developed and used methods
based on positron emission tomography (PET) with
different radiotracers to image, in adult volunteers, the
effects of oral doses of MP on brain DA activity. In our
prior work with MP, we documented that in the human
brain clinical doses of MP significantly block DAT
(>50%) (Volkow et al., 1998). In separate studies, we
documented that oral doses of MP also increase extra-
cellular DA (Volkow et al., 2001), which we hypothe-
sized was the next step in the process by which this
drug produces an agonist effect. Based on this model,
here we use PET to address the hypothesis that indi-
vidual differences in DAT blockade are related to indi-
vidual differences in MP-induced increases in extracel-
lular DA.

PET was used with ['!C]cocaine, a DAT ligand
(Fowler et al., 1989), to measure the levels of DAT
blockade by MP and with [*!C]raclopride, a DA D2
receptor radioligand sensitive to competition with DA,
to measure MP-induced changes in extracellular DA
(Volkow et al., 1994). Because [''Clraclopride binding
is highly reproducible (Volkow et al., 1993), differences
in binding between placebo and MP predominantly
reflect drug-induced changes in extracellular DA
(Dewey et al., 1993). Both the measures of drug-
induced DAT blockade with [*1C]cocaine (Volkow et al.,
1997a), and of DA changes with [''C]raclopride are
reproducible when subjects are tested on different days
(Wang et al., 1999). The findings of MP effects on the
[*'C]raclopride binding for some of the subjects were
previously published as part of a study that assessed
the effects of MP on extracellular DA (Volkow et al.,
2001).

MATERIALS AND METHODS
Subjects

Participants were 10 male healthy subjects (age 33 =
8 SD years; weight 164 *= 28 1b) who did not have a
present or past history of drug or alcohol abuse or
dependence (excluding nicotine/caffeine) as defined by
DSM 1V criteria. Subjects were excluded if they had a
current or past psychiatric, neurological, cardiovascu-
lar, or endocrinological disease. None of the subjects
was taking medications at the time of the study. Tox-
icological drug screens were performed prior to each
PET scan. Studies were approved by the Institutional
Review Board at Brookhaven National Laboratory and
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informed consent was obtained from all subjects after
procedures were explained.

Scans

Subjects had two scans with [''C]cocaine done in 1
day and two scans with [''C]raclopride on a different
day. The first scan on a given day was done 60 min
after placebo (saline tablet) and the second scan was
done 60 min after 60 mg of oral MP (0.81 = 15 mg/kg).
The scans were performed 2 h apart from each other
and the subjects were blind to whether placebo or oral
MP was administered. The order of the radiotracers
was randomly varied. Scans were done using a CTT 931
tomograph (6 X 6 X 6.5 mm full-width half-maximum)
after i.v. injection of 4—8 mCi of [*!C]cocaine (specific
activity > 0.2 Ci/pumol at time of injection) and after
injection of 4—10 mCi of [*1C]-raclopride (specific activ-
ity 0.5-1.5 Ci/uM at end of bombardment; 2-24 ng
injected dose). Scanning was started immediately after
radiotracer injection for a series of 20 emission scans
obtained through 60 min; following procedures previ-
ously published for [*'C]cocaine (Fowler et al., 1989)
and for [''C]raclopride (Volkow et al., 1993). Arterial
plasma samples were obtained throughout the proce-
dures to quantify plasma concentration of ''C and of
nonmetabolized [**C]cocaine and [**C]raclopride as de-
scribed (Fowler et al., 1989; Volkow et al., 1993).

Drug effect ratings

Behavioral effects were evaluated using analog
scales that assessed self-reports of high, alertness, anx-
iety, restlessness, and drug effects from 1 (felt nothing)
to 10 (felt intensely) (Wang et al., 1997) recorded 5 min
before placebo or MP and then every 5 min for a total of
120 min. Recordings for heart rate and blood pressure
were obtained continuously throughout the placebo
and MP scans.

Image analysis and modeling

Regions of interest (ROI) were outlined for striatum
(ST) and cerebellum (CB) as described in prior studies
(Volkow et al., 1993). The time-activity curves for the
concentration of radiotracer in striatum and in cerebel-
lum obtained from the dynamic PET scans and the
time-activity curves for the concentration of radio-
tracer in arterial blood corrected for metabolites were
used to obtain K; (plasma to tissue transport constant)
and the distribution volume (DV) using a graphical
analysis technique for reversible systems (Logan et al.,
1990). The ratio of DV in striatum to that in cerebel-
lum, which corresponds to (Bmax/Kd) + 1 and is insen-
sitive to changes in cerebral blood flow was used as
model parameter to quantify DAT availability from the
['C]cocaine images (Logan et al., 1997) and DA D2
receptor availability from the [*'C]raclopride images
(Logan et al., 1994). The response to MP was quantified



DAT BLOCKADE AND DA INCREASES

TABLE I. Estimates for K, and distribution volumes (DV)
for [11CJcocaine and for [**CJraclopride after placebo
and after methylphenidate (MP)

[**C]Cocaine

[**C]Raclopride

K, Placebo MP Placebo MP
Cerebellum 0.27 = 0.05 0.26 = 0.06 0.06 = 0.01 0.06 = 0.01
Striatum 0.38 = 0.07 0.35*+0.10 0.09 =0.01 0.09 =0.01
DV (ml/g)

Cerebellum 2.11 + 0.47 2.01 =+ 0.48 0.38 =0.04 0.36 = 0.04
Striatum 4.22 £1.07 283 =0.83% 1.80=*0.29 1.46 = 0.20*

Values correspond to means and standard deviations. *Differences between
placebo and MP; paired ¢-tests, P < 0.005.

as the difference in Bmax/Kd between placebo and MP
and expressed as percent change from placebo.

Data analysis

Differences in K;, DV, Bmax/Kd for [*'C]cocaine and
for [11C]raclopride and in the behavioral (peak effects)
and cardiovascular measures (averaged scores between
60-90 min) between placebo and MP were tested with
paired ¢-tests. To test for differences in the variability
between MP-induced DAT blockade and MP-induced
DA changes we compared the coefficient of variations
(CV) between these two measures using the Jackknife
resampling method (Efron, 1982) to create a sample of
10 pairs of “pseudo-values” for CV. A paired ¢-test was
used to test the differences on these “pseudo-values”
after testing for normality. Pearson product moment
correlation analyses were calculated between MP-
induced DAT blockade and the changes in DA and
between age and DAT availability, MP-induced DAT
blockade, and MP-induced DA changes.

RESULTS

MP did not affect the transport of [11C]cocaine or of
[*1C]raclopride from blood to brain (K,) in striatum or
in cerebellum nor did it affect their distribution vol-
umes (DV) in cerebellum (Table I). In contrast, MP
significantly reduced the DV of ['C]cocaine and of
[*C]raclopride in striatum (Table I). Figure 1 shows
representative DV images for ['!Clcocaine and for
[*C]raclopride at the level of striatum obtained after
placebo and after MP.

MP significantly reduced the estimates of DAT avail-
ability (Bmax/Kd) in striatum by 60 *= 11% (¢ = 18, df
9, P < 0.0001) and it decreased DA D2 receptor
availability by 16 = 8% (¢ = 5.7, df 9, P < 0.0003).
The levels of DAT blockade ranged between 41% and
72% and the range of DA changes ranged between 3%
and 27%. The CV was significantly larger for DA
changes (50%) than for DAT blockade (18%) (¢t = 2,
df9, P < 0.05).

The correlation between MP-induced levels of DAT
blockade and MP-induced changes in DA (» = 0.01,
df 9, P = 0.98) was not significant (Fig. 2A). In fact,
there were subjects in whom MP induced significant
DAT blockade (>50%) but for whom MP did not in-
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Fig. 1. Distribution volume images of [''C]cocaine and of [*'C]ra-
clopride at the level of the striatum for one of the subjects at baseline
and after administration of 60 mg of oral methylphenidate (MP). MP
reduced binding of [**C]cocaine and of [*'C]raclopride in the striatum
reflecting the occupancy of the DAT and the increases in extracellular
DA and occupancy of DA D2 receptors by MP, respectively.
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Fig. 2. A. Regression between MP-induced DAT blockade (as-
sessed by percent change in [''C]cocaine’s Bmax/Kd) and MP-induced
changes in DA (assessed by percent change in [*'C]raclopride’s Bmax/
Kd) in striatum. B. Regression between baseline levels of DAT and
MP-induced changes in DA in striatum.

crease extracellular DA. An inspection of the regres-
sion slope revealed two subjects that appeared as out-
liers. To assess if the lack of a correlation was due to
these two subjects we calculated the correlation with-
out them (even though they did not differ in their
demographics or their behavioral and cardiovascular
responses to MP from the others) and it was still non-
significant (r = 0.48,df 7, P = 0.22). Because we were
also interested in assessing whether the baseline levels
of DAT contributed to the variability in the response to
MP we measured the correlation between DAT levels
at baseline and MP-induced changes in DA; this corre-
lation was not significant (r = 0.34, df 9, P = 0.33)
(Fig. 2B).

The correlation with age of the subjects was signifi-
cant for MP-induced DA changes (r = 0.72,df 9, P <
0.02) and there was a trend for DAT availability at
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baseline (r = 0.61,df9, P < 0.06), but the correlation
with MP-induced DAT blockade was not significant (r
= 0.03, P 0.93).

The behavioral effects of MP were significant (P <
0.05) for self-reports of “high,” “feel drug,” and “rest-
lessness” for the [*'Clraclopride evaluation and though
they were also increased for the [*!C]cocaine evalua-
tion (except for restlessness) the increases were not
significant (Table II). However, comparison of the be-
havioral effects of MP between both evaluations
showed no significant differences. The correlations be-
tween subject’s age and the behavioral effects of MP
were not significant (data not shown).

MP cardiovascular effects did not differ between the
two evaluations (Fig. 3) and the MP effects were sig-
nificant (P < 0.001) for increases in heart rate, which
were similar for the ['C]cocaine evaluation to 16 =+
10% and for the [*'Clraclopride evaluation to 13 = 9%.
MP’s effects on systolic and diastolic blood pressure
were not significant.

In the subject in whom we had plasma measures of
MP for the two evaluations, concentration of d-threo-

TABLE II. Behavioral effects of MP for the [**CJcocaine
and the [*'CJraclopride evaluations

["'ClCocaine ["'C]Raclopride

Placebo MP Placebo MP
High 2.0 1.7 3.5+39 1.8+ 1.8 4.6 + 3.6*
Anxiety 20=*13 2.7 +22 23+28 29*29
Restlessness 1.9=*13 20+ 1.5 1.2 +0.6 3.1 = 2.9%
Drug effect 2.0 1.7 3.8+39 1.8+ 1.8 4.5 + 3.7*
Alert 82=*+25 93+1.5 83 +23 8.8 +1.7
*Significant differences between MP and placebo; paired ¢-tests, P < 0.05.

None of the behavioral effects differed significantly between the two evaluations
(P < 0.05).
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methylphenidate (active enantiomer of MP) for the
[*1C]cocaine and the [*!C]raclopride evaluations were
at 60 min 28 ng/ml and 23 ng/ml, respectively. The
mean plasma concentrations of d-threo-methylpheni-
date for the five subjects in whom we got the measures
for the [''C]raclopride studies were at 60 min 30 + 18
ng/ml. The levels of 1-threo-methylphenidate (inactive
enantiomer of MP) in these subjects were undetectable.

DISCUSSION

In this study we showed that for a fixed dose of MP
the level of DAT blockade by MP was not directly
related to MP-induced changes in DA. We interpret
this lack of a correlation as an indication that the DA
increases were due not just to DAT blockade by MP but
to the individual variability in the amount of DA re-
leased by the DA cell. This interpretation is compatible
with MP’s pharmacological effects since MP is a DAT
blocker (Kuczenski and Segal, 1997) and thus its abil-
ity to increase extracellular DA is a function both of the
level of DAT blockade and of the rate of DA release.
Without MP, DA that is released is rapidly removed
back into the terminal, whereas when MP is given and
the DAT are blocked, DA accumulates to a greater
degree in the synaptic and extracellular spaces, for a
given rate of release. Since the rate of DA release is
mostly a function of DA cell activity (Pucak and Grace,
1994), this would imply that for an equivalent level of
DAT blockade MP will induce smaller DA changes in a
subject with low cell activity than in one with high DA
cell activity. This is consistent with the findings that
HVA levels in cerebrospinal fluid, which serve as a
marker of DA turnover in CNS, predicted response to
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MP in children with ADHD; the higher the levels the
better the responses (Castellanos et al., 1996). Higher
DA cell firing rates, which would produce higher HVA
level, would result in larger increments in extracellular
DA by indirect agonist MP.

This study also showed a larger intersubject variabil-
ity for MP-induced increases in extracellular DA (CV
50%) than in DAT blockade (CV 18%). This suggests
that for a fixed dose of MP the intersubject variability
for MP effects is likely to be affected more by the
differences in DA cell activity between subjects than by
differences in DAT blockade, which primarily reflects
the level of MP in plasma (Volkow et al., 1998).

The results of this study with oral doses of MP are
similar to our results with intravenous doses of MP.
Intravenous doses increase extracellular DA but the
effects are variable across individuals; for a 0.5 mg/kg
iv dose the increases ranged between 0—45% (Volkow
et al., 1994). This contrasted with the relatively low
intersubject variability that we had observed in a study
done in a different group of subject for whom DAT
blockade induced by a 0.5 mg/kg i.v. dose of MP ranged
between 70—-83% (Volkow et al., 1996a). Thus, accord-
ing to our revised hypothesis, individual differences in
MP-induced increases to MP may reflect differences in
DA tone between subjects. Since the pharmacological
responses to MP will also depend on the sensitivity of
DA regulated circuits, differences in sensitivity of these
circuits to DA stimulation is also likely to contribute to
the large intersubject variability in MP’s effects
(Volkow et al., 1997b).

Other factors that may contribute to individual dif-
ferences in response to MP may be differences in the
rate of MP’s metabolism, which do result in differences
in levels and duration of DAT blockade. However, this
is not likely to be the main source of variability, be-
cause for a fixed dose of MP, DAT blockade is not highly
variable across subjects. MP’s effects on the norepi-
nephrine transporter (Kuczenski and Segal, 1997) may
also contribute to the variability.

Our revised hypothesis suggests a plausible mecha-
nism that may underlie nonresponse to MP in some
ADHD patients. It is estimated that 15-30% of chil-
dren with ADHD will not respond favorably to MP
(Swanson et al., 1991). Nonresponsiveness could reflect
very low DA activity. Alternatively one could also spec-
ulate that “non response” when it is due to “adverse”
response could occur if cell firing is extraordinarily
high. However, it is likely that other mechanisms could
underlie nonresponsiveness to MP, such as differences
in the sensitivity or levels of DAT (Winsberg et al.,
1999), differences in sensitivity of postsynaptic DA re-
ceptors and/or difference in noradrenergic activity.

In this study we assessed changes in DA induced by
MP under resting conditions, but MP’s therapeutic ef-
fects are made apparent when the subject performs a
targeted activity (i.e., classroom work). We had previ-
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ously hypothesized that MP’s therapeutic effects are a
result of DA signal amplification (Volkow et al., 2001),
which implies that MP-induced DA increases are de-
pendent on DA cell activity. Since DA cell activity is
responsive to environmental stimulation (Overton et
al., 1997), this predicts that MP’s effects should be
context-dependent. If this hypothesis is correct, then
MP-induced DA increases would be greater while per-
forming a task that is salient to the individual, since
salient stimuli activate DA cells (Schultz, 1998) than
when performing a nonsalient task.

The context dependency of stimulant-induced DA in-
creases has been demonstrated in laboratory animals
for cocaine, which also increases extracellular DA by
blocking DAT (Ritz et al., 1987). For example, cocaine-
induced increases in DA in the nucleus accumbens are
larger when animals are given cocaine in an environ-
ment where they had previously received cocaine than
when they receive it in a novel environment (Duvau-
chelle et al., 2000) or when animals self-administer
cocaine than when cocaine administration is involun-
tary (Hemby et al., 1997). Our current findings with
oral MP point toward the need for studies of MP in
subjects who are performing tasks of differing salience,
to evaluate the hypothesis that MP-induced DA in-
creases are also context-dependent.

As previously reported, both baseline DAT levels (re-
viewed Volkow et al., 1996b) and MP-induced changes
in DA decreased with age (Volkow et al., 1994, 2001).
We had previously hypothesized that the age-related
decline in MP-induced DA increases reflected in part
the loss of DAT with age, since these are the molecular
targets for MP. However, the failure to see an associa-
tion between the baseline levels of DAT and MP-
induced DA changes suggests that other variables,
such as a decrease in baseline DA release with age, are
responsible for the age-related decline in MP-induced
DA increases. Evidence of an age-associated decline in
DA cell activity has been given by preclinical studies
showing reductions in DA firing rate (Lavin and
Drucker-Colin, 1991) and in DA release (Gerhardt and
Maloney, 1999) with age.

Limitations for this study are that we were unable to
get the plasma MP concentrations, which would have
allowed us to control for potential differences between
the two evaluations. However, this is unlikely to have
affected the results since MP plasma concentrations
are known to be reproducible in a given subject when
tested on separate days (Shader et al., 1999). Moreover,
it has been reported that both MP dose and MP plasma
concentration are equally good predictors of clinical
responses (Swanson et al., 1991). Although the dose
used in this study is relatively high (0.81 = 15 mg/kg),
which could account for the increased rating of “high”
observed for the [*'C]raclopride evaluation, the dose is
still within the clinical range (Greenhill et al., 1996).
Moreover, there is no reason to believe that the rela-
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tionship between DAT blockade and DA changes would
be significant for a low but not for a high dose of MP.
Also the [Y'C]raclopride competition method offers a
relative estimate of DA changes, which has been shown
to be linearly related to measures of extracellular DA
(Breier et al., 1997), but the precise relationship be-
tween extracellular DA and [*!C]raclopride changes is
not known with certainty (Laruelle, 2000). Although in
this study we indirectly evaluate DA tone by assessing
the MP-induced changes in [*'C]raclopride binding we
cannot evaluate the effect of DA tone in the baseline
[*'C]raclopride measures. The increases in extracellu-
lar DA induced by oral MP resulted in relatively small
changes in the specific binding of [*'C]raclopride (av-
erage 16%, range 3—27%), which is in the range re-
ported after intravenous administration of other psy-
chostimulant drugs (Laruelle, 2000). These relatively
small changes reflect the limited sensitivity of the
[*!C]raclopride displacement method; it has been esti-
mated that an 8-fold increase in extracellular DA will
decrease [''Clraclopride specific binding by less than
1% (Breier et al., 1997). Thus, we cannot rule out the
possibility that in subjects in whom we did not see
decreases in [*'Clraclopride binding there may have
been small changes in extracellular DA that were too
small to be detected by the ['!C]raclopride displace-
ment method.

The lack of a correlation between the level of DAT
blockade by MP and the increases in DA provides evi-
dence that for a fixed dose of MP, the DA increases are
not driven by the level of DAT blockade but most likely
by the rate of DA release. Since this rate is determined
by DA cell activity this suggests that differences in DA
tone between subjects will affect their sensitivity to MP
and that in addition MP’s effects for an individual
subject may be context-dependent.
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