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ABSTRACT It has been suggested that dopamine derived from exogenous levo-
dopa may not follow vesicular dynamics in Parkinson’s disease (PD). Using a novel
PET method based on the sensitivity of [11C]-dihydrotetrabenazine (DTBZ) binding to
changes in vesicular dopamine levels, we show here that striatal [11C]-DTBZ binding
decreases after levodopa administration in advanced PD, likely reflecting an increase
in vesicular dopamine levels. Endogenous dopamine and exogenously derived dopa-
mine seem to follow the same vesicular dynamics. Synapse 63:713–716, 2009. VVC 2009

Wiley-Liss, Inc.

INTRODUCTION

Levodopa remains the main treatment of Parkin-
son’s disease (PD) (de la Fuente-Fernández et al.,
2004a). However, relatively little is still known about
the dopamine dynamics in the parkinsonian brain. In
particular, there is controversy as to whether dopa-
mine derived from exogenous levodopa is incorporated
into vesicles through the vesicular monoamine trans-
porter type 2 (VMAT2) in advanced PD (Carta et al.,
2007; Lopez et al., 2001; Melamed et al., 1980). Some
animal studies suggest that other cell types, particu-
larly serotonergic terminals, might contribute sub-
stantially to the synthesis, storage, and release of do-
pamine in severe PD cases (Carta et al., 2007; Lopez
et al., 2001). Using a novel positron emission tomog-
raphy (PET) method with repeated [11C]-dihydrotetra-
benazine (DTBZ) measurements, we show here in
vivo evidence that levodopa-derived dopamine is sub-
ject to vesicular dynamics in PD. Because tetrabena-
zine binds to the intravesicular site of VMAT2 (Liu
and Edwards, 1997), the method is based on the sen-
sitivity of [11C]-DTBZ binding to changes in vesicular
dopamine levels. Such sensitivity most likely reflects
a competition between [11C]-DTBZ and intravesicular
dopamine for VMAT2 sites. We have previously
shown that this competition might be amenable to
in vivo detection by PET in humans (de la Fuente-
Fernández et al., 2003), an observation that has
recently been replicated in animal experiments (Kil-
bourn et al., 2008; Tong et al., 2008). In keeping with
a mathematical model of striatal dopamine dynamics

in PD (de la Fuente-Fernández et al., 2004a), we pre-
dicted that vesicular dopamine levels should increase
after levodopa administration, and should therefore be
associated with decreased [11C]-DTBZ binding. It should
be noted that [11C]-DTBZ binding has previously been
considered to be a relatively stable marker of dopamine
neuron integrity (Vander Borght et al., 1995).

SUBJECTS AND METHODS
Subjects

Six subjects with moderate to severe PD were
included in the study. All subjects (all male; age,
mean 6 SD, 52.67 6 3.72 years) were on chronic
treatment with levodopa. There were three subjects
with stable response to chronic treatment with levo-
dopa, and three subjects with motor complications
(fluctuations and dyskinesias). Further details are
provided in Table I.

Methods

Each subject underwent 3 [11C]-DTBZ PET studies
on the same day: baseline (after at least 14-h off med-
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ication), 30 min after oral administration of standard-
release 250/25 mg of levodopa/carbidopa, and 4 h af-
ter levodopa. The levodopa challenge was performed
between 16 and 21.5 h after withdrawal of medica-
tions (Table I). All PET scans were performed in
three-dimensional mode using an ECAT 953B/31
tomograph (CTI/Siemens, Knoxville, TN). Using a
Harvard infusion pump, we injected i.v. over 60 s 185
MBq of [11C]-DTBZ for each scan. Details of PET data
analysis for [11C]-DTBZ are reported elsewhere (de la
Fuente-Fernández et al., 2003). Briefly, one circular
region of interest (ROI) of 61.2 mm2 was positioned
on the head of each caudate nucleus and adjusted to
maximize the average ROI activity. Three circular
ROIs of 61.2 mm2 were placed without overlap along
the axis of each putamen. Background activity was
calculated using three circular ROIs (296 mm2) on
the occipital cortex on each side. The [11C]-DTBZ
binding potential (BP) (BPND 5 Bmax/Kd) was deter-
mined using the tissue input Logan graphical method.
[11C]-DTBZ BPND data values were analyzed using
random effects repeated measures analysis of covari-
ance. As a first approach, three factors were consid-
ered: region (caudate and putamen), time (baseline,
0.5 and 4 h PET measurements), and motor fluctua-
tions (yes/no). Then, the same analysis was repeated
independently for caudate and putamen.

RESULTS

Individual PET measurements are provided in
Table II. As predicted (de la Fuente-Fernández et al.,
2004a), we found statistically significant reductions in
striatal [11C]-DTBZ BPND in relation to levodopa

administration (F 5 12.15; df 5 2, 8; P 5 0.0038).
The [11C]-DTBZ BPND decreased 30 min after levo-
dopa administration by some 14% (Fig. 1) in both cau-
date (mean, 14.4%; range, 3.3–27.3%) and putamen
(mean, 14.1%; range, 5–21.9%), and showed a trend
to recover to baseline values 4 h later (Fig. 2). Virtu-
ally identical results were obtained when the [11C]-
DTBZ BPND were log transformed (P 5 0.0035), and
very similar patterns of levodopa-induced changes in
[11C]-DTBZ binding were observed in the caudate nu-
cleus and putamen (region 3 time interaction term, P
5 0.27 and P 5 0.99 for raw and log transformed
data, respectively). Significant reductions in [11C]-
DTBZ BPND were also found when each region was
analyzed independently (for caudate, P 5 0.015; for
putamen, P 5 0.0060; log transformed data gave very
similar results: P 5 0.012 and P 5 0.0071, respec-
tively). These results clearly suggest that exogenous
levodopa is converted into dopamine and incorporated
into presynaptic monoamine vesicles. Remarkably,
the 4-h [11C]-DTBZ BPND values were still below
baseline values by some 8% in both caudate and puta-
men, which might suggest that a substantial amount
of dopamine derived from exogenous levodopa is still
present within striatal vesicles long after levodopa
administration. As expected, subjects with more
advanced parkinsonism had lower [11C]-DTBZ BPND

values than subjects with milder disease severity
(fluctuators vs. stable responders, P 5 0.022). Thus,
for example, baseline [11C]-DTBZ BPND values were
substantially higher in stable responders: 35.4%
higher in caudate (P 5 0.027) and 33.4% higher in
putamen (P 5 0.033). However, there were no
between-group differences in the overall pattern of
changes in [11C]-DTBZ binding over the 4-h study
(motor fluctuations 3 time interaction term, P 5 0.53
and P 5 0.77 for raw and log transformed data,
respectively). This observation suggests that presyn-
aptic vesicles govern dopamine dynamics across a
wide range of disease severity.

DISCUSSION

Although we had previously shown that [11C]-DTBZ
PET can detect changes in the intravesicular concen-
tration of dopamine in humans (de la Fuente-Fernán-
dez et al., 2003), this study is the first in vivo demon-

TABLE I. Clinical characteristics of Parkinson’s disease subjects

Stable responders Fluctuators

Male/female 3/0 3/0
Age (years) 55.67 6 2.31 49.67 6 1.53
Duration of Parkinson’s

disease (years)
4.00 6 2.00 9.33 6 6.51

UPDRS-OFF 25.00 6 2.00 38.00 6 17.06
Equivalent levodopa

dose (mg/day)
458.33 6 212.62 740.00 6 17.32

LD withdrawal time to
LD challenge (h)

18.67 6 2.52 18.83 6 2.31

Age was significantly different between groups (P 5 0.020).
LD 5 levodopa. Dopaminomimetic treatment is given in equivalents of stand-
ard-release levodopa/carbidopa.

TABLE II. PET raw data: [11C]-DTBZ BPND

Subject Fluctuator
Caudate
(baseline)

Caudate
(0.5 h)

Caudate
(4 h)

Putamen
(baseline)

Putamen
(0.5 h)

Putamen
(4 h)

1 Yes 0.492 0.394 0.486 0.235 0.184 0.225
2 No 0.650 0.628 0.667 0.360 0.332 0.326
3 No 0.582 0.423 0.478 0.298 0.248 0.243
4 No 0.672 0.596 0.603 0.360 0.282 0.338
5 Yes 0.360 0.323 0.328 0.185 0.175 0.177
6 Yes 0.378 0.325 0.331 0.259 0.230 0.247
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stration that dopamine derived from exogenous levo-
dopa is incorporated into monoamine vesicles in the
human parkinsonian brain. The study shows that
[11C]-DTBZ is sensitive to intravesicular dopamine
levels. As predicted by a mathematical model of dopa-
mine dynamics (see Fig. 2 in de la Fuente-Fernández
et al., 2004a), this observation suggests that [11C]-
DTBZ binding may underestimate the severity of the
damage to the nigrostriatal nerve terminal in PD.
This could be particularly problematic in studies
involving levodopa-treated subjects, when comparing
fluctuators and stable responders.

It should be noted that several cell types, including
serotonin neurons, have the capability of converting
levodopa into dopamine (Cooper et al., 2003; Liu and
Edwards, 1997). In addition, VMAT2 is involved in the
vesicular trapping of not only dopamine but also nor-
epinephrine and serotonin (Cooper et al., 2003). Hence,
it could be argued that our PET results may not be
specific for the nigrostriatal dopamine system. In other
words, it is conceptually possible that the levodopa-
induced changes in [11C]-DTBZ binding that we
observed could be partly related to the incorporation of
exogenously derived dopamine into noradrenergic or
serotonergic terminals projecting to the striatum.
Indeed, some animal experiments have suggested that
serotonin projections may contribute significantly to
the vesicular storage and release of dopamine in the
dopamine-denervated striatum (Carta et al., 2007;
Lopez et al., 2001). However, we found a similar pat-
tern of levodopa-induced vesicular dopamine changes
(both at 0.5 and 4 h) in regions with different degrees
of PD pathology (caudate vs. putamen), and also in
patients with different disease severity (stable respond-
ers vs. fluctuators). Moreover, the vesicular dopamine
pattern described here clearly seems to mirror levo-
dopa-induced changes in synaptic dopamine levels. In
fact, we found virtually identical percentage changes in
synaptic dopamine levels in patients with the same
degree of disease severity (de la Fuente-Fernández

et al., 2001, 2004b). These observations suggest that,
unless serotonin and dopamine terminals share the
same pattern of release/reuptake, serotonin terminals
may not contribute substantially to modulate the dy-
namics of striatal vesicular dopamine in moderately
severe PD. In other words, exogenously derived dopa-
mine is likely to follow the same vesicular dynamics as
endogenous dopamine in the parkinsonian brain. In
keeping with this notion, it has recently been shown in
a preliminary study that levodopa administration nor-
malizes [11C]-DTBZ BPND values in rodents with phar-
macologically induced striatal dopamine depletion (Kil-
bourn et al., 2008).

The dynamic PET method here described opens a
new avenue for research. In particular, the method
has important applications to the in vivo study of ve-
sicular dopamine dynamics in PD subjects receiving
dopamine cell transplant.
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