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ple system atrophy and related conditions (2,3). Further
more, presynaptic dopaminengic mechanisms have been
suggested as alternatives to postsynaptic hypersensitivity in
schizophrenia (4). Involvement of the locus coenuleus and
its cerebral cortical nonadrenergic projections has been
reported in postmortem studies of Parkinson's and Alzhe
imer's diseases (5). Senotonengic projections from the don
sal raphe are implicated in depression by the mechanisms
of depressant and antidepressant drugs (6) and by studies
of cerebrospinal fluid serotonin metabolites (7). A nonin
vasive method for accurate, quantitative determination of
monoamine neuron integrity would be of great value in
advancing our understanding of the pathophysiology in the
above disorders. Such methodology may additionally pro
vide a unique tool for the assessment of disease progression
and its possible therapeutic modification.

The vesicular monoamine transporter (VMAT) is a can
didate marker for imaging of presynaptic monoaminergic
nerve terminals. Reduction of VMAT density has been
demonstrated in vitro after 6-hydroxydopamine lesion of
the rat stniatum (8,9) and in postmortem tissues from Pan
kinson's patients (10). The transporter is responsible for
movement of cytoplasmic monoamines into synaptic vesi
des in exchange for two intravesiculan protons [for review,
see (11 )]. The VMAT tnanslocates all monoamines, but as
95% of monoamine nerve terminals in the normal stniatum
are dopaminergic, in vivo measurements of stniatal binding
are almost exclusively related to the dopaminengic nignos
tniatal projection. Two highly related VMATs have been
recently cloned and characterized: VMAT2 is limited to
monoamine neurons, whereas VMAT1 is present in adre
nal chromaffin cells (11 ). Tetnabenazine has a 10-fold
greater affinity for VMAT2, whereas resenpine is equipo
tent for VMAT2 and VMAT1 (12). The more limited
peripheral side effects of pharmacological doses of tetra
benazine in comparison to reserpine (13) may now be
explained by the VMAT2 selectivity of tetnabenazine.

We have recently synthesized [1â€˜C]tetnabenazine,dem
onstrated specific in vivo binding in the mouse brain
(14,15), imaged the reduction of monoamine nerve tenmi
nals after MPTP-induced lesions of monkey stniatum (16)
and depicted normal human brain VMAT2 (17). Carbon
11-tetrabenazine, however, is rapidly and extensively me

Inthe search foran invivomarkerof monoaminenerveterminal
integrity, we investigated methoxytetrabenazine (MTBZ) as a
tracer of the brain synaptic vesicular monoamine transporter
(VMAT2).Methods: The biodistribution,metabolismand invivo
specificity of MTBZ binding were first evaluated in rodents and
the human dosimetry was estimated. Subsequently, the human
brain distribution of VMAT2binding was determined in normal
volunteersfollowing administrationof r1C]MTBz. Brainregional
time-activitycurveswere obtained,and parametrictransport
and binding images were calculated using arterialblood sam
pling and a two-compartment tracer kinetic model. Results:
Regional rat brain localization of [Â°H]MTBZ15 mm postinjection
was consistent with the known monoaminenerveterminalden
sity, which demonstrated the highest activity in the striatum,
lateralseptum, substantianigrapars compacta, the raphenuclei
and the locus coeruleus.At this time, chromatography revealed
over 82% of brain activity, but less than 47% of plasma activity
corresponded to authentic MTBZ. In vivo r1c]MTBz binding in
the mouse brain was inhibited by coinjection of excess unla
baled dihydrotetrabenazine. In humans r 1C]MTBZ had high
initial brain uptake and rapid clearance from all regions, with
longest retention in areas of high VMAT2 concentration. Para
metric quantification of VMAT2 density revealed the highest
distributionvolume in the putamenand caudate with lower
values in cerebral cortex and cerebellum. Conclusion: Carbon
11-MTBZis a suitable ligandfor PETquantificationof the vesic
ular monoamine transporter in the human brain.
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onoaminergic neurons have been implicated in the
pathology of diverse neurodegenerative and psychiatric dis
eases. Dopaminergic nigrostniatal neurons are of demon
strated importance in the initiation and control of move
ment (1 ). Pathology of these neurons is well-documented in
a variety of disorders, including Parkinson's disease, multi
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In chromatographicanalyses,blood and tissueswere homoge
nized in three volumes of absolute ethanol and their total activities
measured by liquid scintillation spectrometry of duplicate aliquots.
After centrifugation, aliquots of the supernatant were analyzed
bothbeforeand afterdryingin an ovenat 60Â°Candcomparedwith
activity in the original homogenate to assess recovery and the

presence of volatile activity, respectively. The remaining superna
tant was concentrated by vacuum centrifugation and resuspended
in ethanol. The resulting concentrate as well as [3H]MTBZ stan

dards were applied to silica TLC plates and developed with chlo
roform:methanol (96:4). The locations of labeled compounds were
determined by contact autoradiography against radiographic film
at â€”70Â°Cwith the use of a fluorographic enhancer (EN3HANCE,
Dupont, Boston, MA). The identified bands were then collected
for liquid scintillation spectrometry. The TLC system clearly sep
arated MTBZ from more polar labeled metabolites. The experi
ments were repeated with a 200-g male Sprague-Dawley rat fol
lowing administration of 370 MBqIkg (10 mCi/kg) [3H]MTBZ, in
which the liver was also processed for isolation of large amounts of
the radiolabeled metabolites. Together with [3H]MTBZ, they were
used to develop a rapid column chromatographic procedure to
isolate [â€œC]MTBZfrom labeled metabolites in human plasma
(see below).

The formationand identityof radiolabeledmetabolitesinblood
was also examined after intravenous injection of 230 MBq (6.2
mCi) [â€˜â€˜C]MTBZinto a monkey (M. nemistrina). Metabolite anal
ysiswas done using a solid-phase extraction technique (15). At 15
mm after injection of [â€˜â€˜C]MTBZ,a blood sample was obtained
and the blood was diluted with three volumes of absolute ethanol.
The mixturewascentrifugedand the supernatantdilutedwith9 ml
7% NaHCO3 and appliedto a Sep-PakC18 chromatographic
column (Waters Div., Millipore Corp., Milford, MA). The column
was washed with 10 ml 7% NaHCO3, 10 ml dichloromethane and
10 ml ethanol. The dichloromethaneand ethanol extractswere
evaporated and the residues redissolved in ethanol, applied to
silica TLC plates and developed with chloroform:methanol (96:4).

Radiolabeled compounds were quantified using a scanning gamma
counter.

Rodent BiodistÃ±bution of Tritiated MTBZ
Rat BrainAutoradiography.The frozen hemispheres from invivo

[3H]MTBZinjectedanimals(above)wereprocessedforautora
diographic imaging of tracer distribution. Four 20-pm-thick se
quential sagittal sections were collected at 20O-@.tmintervals from
each brain and were thaw-mounted on polylysine-coated micro
scope slides. Two of each four sections were dried on a heating
plate, whereas the remaining two were dried at room temperature
and then prewashed (3 x 3 mm at 4Â°C)in sucrose buffer (300 mM
sucrose, 50 mM Tris-HC1, 1 mM EDTA, pH 8.0 at 25Â°C)and
briefly dipped in distillated water to remove unbound activity.
Preliminary experiments demonstrated that this rinsing procedure
removed the majority of nonspecific binding without loss of spe
cific [3H]MTBZ binding (9).

Autoradiographs were generated by apposition of the adjacent
washed and non-washed brain sections to tnitium-sensitive x-ray
film for 2 wk. Calibrated plastic radioactive standards were in
cluded with each exposure to correct for variation in exposure and
development technique as described previously (21). After devel
opment, autoradiograms were analyzed by computer-assisted
video densitometry. Autoradiographic film densities were con
verted to apparent tissue radioactivity or ligand concentrations on
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FiGURE 1. Structures of dihydrotetrabenazine, [11C]methoxytet
rabenazineand [@H]methoxytetrabenazine.

tabolized in vivo to [â€˜â€˜C]dihydnotetrabenazine. This metab
olite rapidly enters the brain (18,19) and thus complicates
kinetic PET modeling and quantification. Methylation of
dihydrotetrabenazine, resulting in MTBZ, should circum
vent the production of lipophilic labeled metabolites that
interfere with analytic measurements of VMAT2 binding in
vivo (Fig. 1).

The present studies evaluate MTBZ as an in vivo marker
of the VMAT2 binding sites by determining its biodistnibu
tion, metabolism and specificity in rodents, followed by in
vivo quantification of the VMAT2 density in normal human
brain.

MATERIALS AND METhODS

Tracer Preparation
High specific activity a-[O-methyl-3H]methoxytetrabenazine

(82 Ci/mmole,3.03 TBq/mmole)was synthesizedby custom 0-
methylation of the normethyl precursor. Unlabeled dihydrotetra
benazine was prepared by hydrogenation of tetrabenazine pur
chased from Fluka Chemical Corp., Ronkonkoma, NY (16).

No-carrier-added [â€˜â€˜C]MTBZwas prepared according to a
method described previously by 0-[' â€˜Cjmethylationof the
Na-alkoxide salt of dihydrotetrabenazine (20). Radiochemical and
chemical purity of [â€˜â€˜C]MTBZwas >97% and specific activity
determined from an analytical HPLC was routinely >35 TBq/
mmole (>900 Ci/mmole) at the end of the synthesis.

MTBZ Metabolism
Three male Sprague-Dawley rats weighing 110 to 160 g were

used in the evaluation of tracer metabolism and for autoradio
graphic imaging of in vivo brain distribution. Animals were anes
thetized with diethyl ether for femoral arterial and venous cath
eterizations and were allowed to recover for several hours.
Tritiated MTBZ [90 MBqIkg(2.5 mCi/kg)]was injectedthrough
the femoral vein as a bolus. Beginning at 14 mm postinjection,
arterial blood was withdrawn. At 15 mm, animals were killed, the

brains were rapidly removed and divided in the sagittal plane. One
hemisphere was divided into forebrain and hindbrain portions for
subsequent metabolite analyses using thin-layer radiochromatog
raphy (TLC). The remaining hemisphere was frozen in crushed
dry ice, coated with frozen section embedding medium to prevent
desiccation and stored at â€”70Â°Cfor subsequent cryostat sectioning

and autoradiography (see below).
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FIGURE a@ of total (top) and bound (bottom)
[3H]MTBZactivityin rat brain15 mmafter intravenoustracer injec
tion. Bound MTBZ was determinedfolkwing ex vivo washingto
reducenonspecificbindingand freetracer in sectionsimmediataly
adjacentto those used for total actMty. Imagesare pseudocolor
representations of regional isotope concentration according to the
scale on the nght Note the differentialenhancement of activity in
regions with the highest VMAT2density, which correspond to the
striatum, substantia nigra and hypothalamus.

ANOVA, followed by pairwise Student's t-tests, corrected for
multiple comparisons by the Bonfenroni method. The statistical
threshold of p < 0.05 was considered significant.

Whole-Body Distribution in Rats. Sixteen Sprague-Dawley rats
weighing 150â€”200g were injected intravenously with approxi
mately 13 MBq (360 pCi) [â€œC]MTBZ.At 5, 15, 30 and 60 mm,
groups of four animals (2 males, 2 females per time point) were
killed by decapitation and tissues dissected, weighed and assayed
for â€˜â€˜Cactivity. Radioactivity remaining in the carcass was mea
sured in a dose calibrator. The radiation absorbed dose to humans
from [â€˜â€˜C]MTBZwas estimated followingthe Medical Internal
Radiation Dose formalism (22).

Human PET Imaging Studies
PET studieswereconductedin sixvolunteers(3 men,3 women

aged 24â€”40yr) with no significant past medical history and normal
screening neurologic examination. The protocol was approved by
The University Committee on the Use of Human Subjects in
Research and by The University Radioactive Drug Research Com
mittee. Written informed consent was obtained from all subjects
prior to the experimental procedure.

PET scanningwasperformedusinga SiemensECAT-EXACI'
tomograph (model 921, CTI Inc., Knoxville,TN) which collects 47
simultaneous sliceswith intrinsic axial and transaxial resolutions of
5 mm and 6 mm FWHM, respectively. Immediately after intrave
nous administration of 580 Â±100 MBq (15.7 Â±2.6 mCi)
[â€œC]MTBZ(S.A.: 33 Â±11 TBq/mmole; 900 Â±300 Ci/mmole),
images were collected according to the following dynamic se
quence: 4 x 30 sec, 3 X 60 sec, 2 x 150 sec, 2 X 5 mm and 4 X
10 mm for a total of 60 mm. Images were reconstructed using a
Hanning filter with a cutoff frequency of 0.5 cycles/projection
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FIGURE 2. Sagittal autoradiograms of rat brain at mumple levals
15 mm after intravenous injection of [@H1MTBZ.Levels presented
progress from the most lateral (top section) to medlal (bottom see
tion), corresponding approximately to levels 82, 81 and 80 of the
Paxinos and Watson atlas (51). There is prominent binding in the
striatumandsubstantianigraparscompacta(topsection)aswellas
the hypothalamus and locus coeruleus(middle section)and septum,
ventral tegmentai area and raphe nuclei (bottom section). Images
are pseudocolorrepresentationsof regionaltissue ligandconcen
tration, with the highest levels represented in red and orange, inter
medlate concentrations inyellowand green and the lowest levela in
bluearid violet.

the basis of film densities overlying the radioactive standards and
the specific activity of the radioligand.

PharmacologicalBlocking ofCarbon-11-MTBZ Uptake in Mouse
Brain. The saturability of the in vivo [â€œCJMTBZdistribution was
determined in female CD-i mice weighing 20â€”25g. Two groups of
four animals were injected intravenously with [â€˜â€˜C]MTBZalone
(control group) or with [â€˜â€˜CJMTBZand an additional 10 mg/kg
unlabeled dihydrotetrabenazine under light diethyl ether anesthe
sia. Animals were allowed to awaken and were killed by decapi
tation 15 mm postinjection. The brains were rapidly removed and
dissected, followed by gamma spectroscopy and weighing with an
analytic balance. Activity in each region was expressed as the
decay-corrected percentage of the injected dose per g (%ID/g).
Presence of regional differences in tracer distribution were as
sessed relative to the cerebellum using repeated measures



which were eluted from the chromatognaphic column with
the aqueous wash, accounted for 38% of the total soluble
radioactivity. The remaining nonpolar nadiolabeled activity
was unchanged [11C]MTBZ,as determined by TLC analysis
of the dichloromethane and ethanol fractions. In the mon
key, there was no evidence for metabolites of intermediate
polarity previously observed in the rat.

Isolation of the most polar labeled metabolites from rat
liver (metabolites at the TLC origin and the two bands with
lowest Rf values) allowed development of a rapid single
step chromatographic purification of MTBZ, which was
subsequently applied in the analysis of â€˜tCcontaining
plasma samples. The system yields better than 95% exclu
sion of the labeled metabolites recovered from the TLC
origin with 80% retention of authentic MTBZ on the col
umn during the initial buffer wash. There is essentially
complete recovery of activity applied to the columns.

In Vivo Rat Brain MTBZ Distilbution
The in vivo regional brain distribution of [3H}MTBZ 15

mm postinjection reveals highest activity in the stniatum,
including the caudate-putamen, nucleus accumbens and the
olfactory tubencle. Other areas of intense labeling were
observed in the brainstem monoaminergic nuclei, including
the substantia nigra pans compacta, the ventral tegmental
area, the dorsal raphe nuclei and the locus coenuleus (Fig.
2). Quantification of tracer activity revealed 75 Â±9 dpm4tg
protein in the caudate-putamen, with 31 Â±8 in the cerebral
cortex and 23 Â±5 in the cerebellum (mean Â±s.d., n = 3).
These results are consistent with the known distribution of
VMAT2 density (9,26,27).

The autoradiographic results of total in vivo [3H}MTBZ
binding were compared to those following ex vivo removal
of unbound tracer (Fig. 3). As expected, brief washing of
the tissue following in vivo injection of [3H}MTBZ reduced
ligand activity in all regions. The decrease after washing was
more pronounced in the caudate putamen than in the
cortex and cerebellum (extracted activities 48 Â±8 versus 27
Â±7 and 21 Â±5 dpm/@gprotein, respectively; p < 0.001).
The in vivo binding remaining after the washing procedure
revealed the highest correlation with prior reports of
VMAT2 density and was in excellent agreement with in
vitro [3H]MTBZ binding studies conducted in our labora
tories (9).

Saturability of In Vivo MTBZ Accumulation
Saturability of [11C]MTBZ retention in mouse brain was

observed following coinjection of unlabeled dihydnotetra
benazine. Blocking of VMAT2 sites by the unlabeled ligand
resulted in large decreases in nadioligand concentration in
the stniatum relative to the control (unblocked) condition.
Unlabeled dihydnotetrabenazine abolished regional differ
ences in [â€œC]MTBZaccumulation, with the exception of a
minor residual distinction between the stniatum and cere
bellum (stniatum-to-cenebellum ratio reduced from 3.0 to
1.1; Table 1).

element and attenuation correction was calculated by a standard
ellipse fitting method, resulting in images with resolution of ap
proximately 8 mm FWHM. Reconstructed images from all frames
were reoriented to the frame acquired at iOâ€”15mm using fiducial
markers labeled with â€˜â€˜Cto correct for subject motion during the
scanning session.

The peak whole-brain tracer uptake (%ID) was estimated from
the product of average activity in supratentorial brain slices at 4â€”5
mm and an assumed average brain volume of 1273 ml (23).
Anatomically configured regions of interest (ROIs) were identi
fied on the 7.5- to 10-mm scan representing the caudate, putamen,

thalamus and frontal and cerebellar cortices. The mean values of
right and left hemisphere ROIs were used for tracer distribution
analyses. The ROl boundaries were then copied to the remaining
images from each dynamic sequence.

In three subjects,arterial blood sampleswere obtained to de
termine the cerebral tracer input function. At i, 2, 3, 4, 5, 7.5, 10,
15, 20, 30, 45 and 60 mm, aliquots were assayed to correct for
presence of radiolabeled metabolites using a previously described

procedure (24,25). Arterial blood was centrifuged and plasma,
together with [3H]MTBZ as an internal standard, was applied to
conditioned Sep-Pak C18 chromatography columns. Columns
were eluted with 9 ml PBS:ethanol (60:40), then with 5 ml absolute
ethanol. The â€˜â€˜Cand 3H activities in the eluted fractions were
determined in a sodium iodide well counter and by liquid scintil
lation spectrometry, respectively. Metabolite-corrected arterial in
put functions were calculated from the gamma and beta assays as
described previously (25). The arterial input curves and the re
aligned emission image sequences were analyzed according to a
two-compartment tracer kinetic model, resulting in pixel-by-pixel
calculation of the blood-to-tissue transport rate (K1) and the tissue
distribution volume (24).

RESULTS

MTBZ Metabolism
Fifteen minutes postinjection in the rat, 24% Â±2%

(mean Â±s.d., n = 3) of plasma activity and 4% Â±4% of
brain activity were attributable to labeled volatile metabo
lites. Recovery of homogenate activity in the ethanolic
supernatant fractions was quantitative. TLC analysis of su
pernatants from the brain revealed that unchanged
[3H]MTBZ accounted for 82% Â±3% of nonvolatile activ
ity, in contrast with only 47% Â±8% in plasma. Chromato
grams revealed three groups of labeled species migrating
with Rf values below authentic MTBZ. Brain chromato
grams revealed minor trailing bands of activity, which con
responds predominantly to the less polar MTBZ metabo
lites identified in plasma. No differences in metabolite
levels were observed between fore- and hindbrain samples.
Chromatognaphic analysis of rat liven (n = 1 subject) ne
vealed presence of all metabolite species identified in
plasma and revealed 63% of activity corresponding to un
changed MTBZ, 12%, 8% and 8% corresponding to the
three progressively more polar metabolites observed in
plasma, and 9% corresponding to highly polar labeled me
tabolites at the chromatognaphic origin.

In monkey plasma, the distribution of radioactivity dif
fered from that seen in the rat. Highly polar metabolites,
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Brainregion Control Treated

TargetorganAbsorbed

dose(mGy/MBq)(md/mCi)Wholebody0.0030.010Red

marrow0.0030.011Lensofeye0.0040.016Ovary0.0280.069TeStIS0.0400.149Adrenal

gland0.0190.105Brain0.0030.011Heart0.0040.016Kidney0.01

70.063Uver0.0140.052Lung0.0030.012Pancreas0.0270.101Spleen0.0060.023Uterus0.0030.010

@Valuesreflect the mean Â±s.d. of measurements from four subjects
ineachgroup,expressedinunitsof %lD/g.

tp .( 0.05 versuscerebellumin pair@seStudent's t-test with Bon
ferronicorrectionfor multiplecomparisons,followingidentificationof
significant(p< 0.05 regioneffectin repeatedmeasuresANOVA.

HumanCarbon-11-MTBZDosimetry
The rat biodistnibution of [11C]MTBZ (Table 2) mdi

cated that nadiotnacer uptake was highest in organs in
volved in the presumed metabolic transformation and ex
cnetion (liven, kidneys and intestines) of the tracer. Brain

uptake was maximal at 5 mm (4.16% Â±0.47%) and then
declined rapidly (0.72% Â±0.04% at 60 mm). Essentially all
of the injected dose was accounted for in the organs and
carcass (99% Â±3% for all postinjection times combined).

The estimated human dosimetry (Table 3) indicates
gonadal tissues are dose-limiting; the most substantial ab
sorbed dose to the less radiosensitive organs is estimated
for the liver and kidney. Based on these values, an admin
istered dose of up to 670 MBq (18 mCi) is permitted under
applicable RDRC guidelines in normal volunteers.

Timepostinjection(mm)

Tissue 5 15 30 60

TABLE I
Inhibitionof Carbon-i1-MTBZ Bindingin MouseBrainby

UnlabeledDihydrotetrabenazine*

TABLE 3
Calculated Human RadiationAbsorbed Dose Estimates for

Carbon-i 1-MTBZ

Striatum4.19 Â±O.5Ot1.50 Â±O.ll@Hypothalamus2.98
Â±O.3T@1 .36Â±0.11Hippocampus2.04
Â±O.22@1 .45Â±0.11Cerebral

cortex1 .75Â±0.101 .42Â±0.06Thalamus1

.75 Â±0.141 .43Â±0.12Cerebellum1

.42 Â±0.071 .38 Â±0.08

HumanPETVMAT2 Imaging
Human brain uptake and clearance of [â€œC]MTBZfol

lowing bolus intravenous injection was rapid, with peak
activity observed within 4 to 5 mm postinjection (Fig. 4). At
that time, whole brain uptake was approximately 9% of the
administered dose, resulting in an average brain concentra
tion of 1.8 nM and a regional brain concentration of 2.3 nM
in the stniatum and 1.9 nM in the cerebral cortex (Table 4).
Subject 4 was excluded from this analysis due to a technical
difficulty with the bolus intravenous injection, which re
sulted in a delay of peak brain activity. No neurologic or
systemic effects of MTBZ were observed in any of the
subjects.

Oven the first 10 mm postinjection, the brain regional

TABLE 2
Biodistributionof Carbon-i 1-MTBZ in the Rat*

Adrenal
Brain
Eyes
Heart
Kklney
Largeintestine
Liver
Lung
Ovaryt
Pancreas
Smallintestine
Spleen
Stomach
Testist
Remainderof body

0.34Â±0.08
4.16Â±0.47

0.09Â±0.01
1.08Â±0.10
5.45Â±0.64
1.10Â±0.24

16.05Â±2.30

2.46Â±0.22

0.24Â±0.01
1.91 Â±0.31
4.75Â±1.69

0.80Â±0.14
0.98Â±0.13
1.02 Â±0.08

61.00 Â±0.04

0.15 Â±0.05
1.53Â±0.32
0.05Â±0.00

0.49Â±0.02
2.45Â±0.15
0.91Â±0.18

17.30Â±0.77

1.31Â±0.15

0.15Â±0.04

2.19Â±0.46

5.66Â±1.01
0.62Â±0.10

1.88Â±0.54
1.42 Â±0.01

66.00 Â±0.02

0.19Â±0.04
1.38Â±0.08
0.06Â±0.01
0.44Â±0.03
2.34Â±0.14
0.99Â±0.08
14.76Â±1.23

1.13Â±0.22
0.19Â±0.14

1.88 Â±0.31
4.88Â±1.35
0.53Â±0.04
1.58Â±0.52
1.42Â±0.05
67.00Â±0.03

0.13Â±0.06

0.72Â±0.04

0.05Â±0.01
2.28Â±0.00
2.00Â±0.13
0.85Â±0.13
13.94Â±0.90

0.59Â±0.04

0.14Â±0.02
1.09 Â±0.23
6.23Â±1.16

0.42Â±0.09
1.25Â±0.47
1.15Â±0.04

64.00Â±0.04

@Valuesreflectthe mean Â±s.d. of observationsfromfoursubjects per group, expressed as %lD/organ,except where otherwisenoted.
tn = 2 subjects per group.
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FIGURE4. lime-activitycurves, expressed as %ID/liter,from
the caudate(Li),putamen(A),thalamus(â€¢),frontalcortexand car
ebellum(0) over60 mmafter injectionof [11C]MTBZin a reprasen
tativenormalvolunteer(Subject6).

pattern of tracer uptake was consistent with that of cerebral
perfusion. Distinction of white and gray matter structures
was evident at these times, with only subtle differentiation
between gray matter structures possessing high (stniatum)
versus lower (cerebral cortex and cerebellum) VMAT2 re
ceptor density. With further progression of time, clean dis
tinction between tracer activities in regions of known higher
binding site concentration (stniatum) versus regions of
lower VMAT2 density (cerebellum) evolved. The striatum
to-cerebellum ratio was maximal (2.7 Â±0.4) after 45 mm
postinjection.

Analysis of arterial plasma samples from human studies
revealed that all the activity immediately following injection
was accounted for by unchanged [11C]MTBZ. After 7.5 mm
postinjection, radiolabeled metabolites appeared in in
creasing relative proportion, accounting for 66% Â±11% of
total plasma activity at 60 mm postinjection (Fig. 5).

The two-compartment model prediction of the blood-to

Q

N
I.

0

SubjectAge (yr)MTBZActivitydoseMassPeak
brain

uptake*Peak
brain

concentmation*tno.Sex(MBg)(jig)(%ID)(nM) Activityfrom30to 60mintRegion
K1*(mVg/min) D\P(mVg) (%lDiliter)

FiGURE 5. ArterIalplasmatime-activitycurvefollowingbolusin
travenousadministrationof r1clMTBz in a normalvolunteer(Sub
ject 6). Decay-corrected total plasma actMty (S) and aCtMtycorre
spondingto authentk@[11C]MTBZ(0)areshownexpressedas %ID/
liter. Note the early appearance and increase with time of labeled
metabolites, as indoatad by the difference between the curves.

brain transport rate constant (K,) and total ligand distnibu
tion volume described the time-activity curves well. Values
of K, averaged 0.48 ml/glmin across the gray matter regions
studied, and were consistent among individuals (Table 5).
The estimates of distribution volume revealed twofold dif
ferences in the binding between the stniatum and cerebral
cortex or cerebellum, and an intermediate level was ob
served in the thalamic region. Tracer kinetic parameters
demonstrate better precision than the activity measures
derived from summed images between 30 to 60 mm postin
jection (Fig. 6).

DISCUSSION

The present studies demonstrate the potential of
[â€œC]MTBZasanon-invasiveprobeformeasuringhuman
brain VMAT2 density in vivo. Brain uptake, distribution
and competitive inhibition studies in rodents reveal that

*VaIuesreflectthe meanÂ±s.d.of tracerkineticparametersdeter
mined from three subjects.

@Valuesreflectthe meanÂ±s.d.of activityfromthe threesubjects
representedin the kineticanalyses.Valuesin parenthesesreflectthe
meanÂ±s.d.of allsixsubjectsstudied.

K1= transportrate;DV= distilbutionvolume.

0 10 20 30 40 50 60
Time Post-Injection (mm)

10.0

. 1.0

10.1

50

TABLE 4
Whole Human Brain Uptake of Carbon-I 1-MTBZ TABLE 5

RegionalHuman Brain MTBZ Activity and Parametric
Estimates of VMAT2Density

140 F6707.912.83.0Putamen0.48 Â±0.028.4 Â±0.73.0 Â±1.1(4.0Â±1.5)224
M5807.85.81 .4Caudate0.47 Â±0.028.1 Â±1.32.8 Â±1.3(3.8Â±1.5)339
F6009.010.42.8Thalamus0.49 Â±0.025.3 Â±0.81 .7Â±0.8(2.2Â±0.9)437
M6005.0NDNDCerebral cortex0.50 Â±0.054.3 Â±0.31 .5 Â±0.7(1.9Â±0.7)526
F4004.38.21 .1Cerebellum0.49 Â±0.024.3 Â±0.71 .3Â±0.6(1.5 Â±0.5)628M6304.06.90.8

*Av@@J decay-corrected tracer activity in whole brain between 4
and 5 mm postinjection,assuminga normalbrainvolumeof 1273ml.

tCalculated from decay-corrected whole brain average tracer activity
and the injected specific activity.

ND = notdetermined.
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FiGURE 6. Pixel-by-pixelestimates of
transport rate (K1,upper mow,expressedin
mVg/min)andliganddistributionvolume(DV,
lower row, expressed inmVg)of [11C]MTBZin
normalhumanbrain (Subject6). Shown are
five simultaneously scanned slk@esfrom the
superior Qeft)to inferior (right) cerebral levels.
Activityisdisplayedaccordingto pseudocokw
scales below. Note that K1images resemble
cerebral perfusion, whereas DVimages cor
respondto knownregionaldensitiesof mono
aminergicinnervation.There is intensefocal
activity in the ventralmidbrain,which comma
spondsto the expectedlocationof the sub
stantia nigra pars meticulataand ventral tag
mental dopaminergic cell bodies (second
image from left).The foci of actMty outside
the brain correspond to radioactivefiducial
beads placed on the subject's scalp for dy
namic image realignment purposes.

ing (15). Our present selection of [â€œC]MTBZis based on
the reported human metabolism of tetrabenazine (18,19),
which predicts that centrally active, labeled metabolites
should not be produced. In contrast to the human meta
bolic predictions and our current nonhuman primate data,
we observed presence of labeled metabolites in the rat
brain following administration of [3H]MTBZ. Metabolites
accounted for less than 20% of nonvolatile activity and did
not demonstrate a regionally selective distribution, which
suggests a lack of VMAT2 binding activity.

MTBZ Binding to VMAT2 In Vivo
Evidence that MTBZ binds saturably to VAMT2 sites

was obtained from in vivo blocking studies in the mouse.
Coinjection of unlabeled dihydnotetrabenazine reduced
overall cerebral uptake and abolished the regional pattern
of MTBZ distribution. Other studies in our laboratories
have indicated that tetnabenazine (14,15) and MTBZ bio
distributions are not altered by drugs other than those
directly binding to VMAT2, including dopamine receptor
and presynaptic ne-uptake site blockers. Both total and
bound brain MTBZ distributions measured by autonadiog
raphy following in vivo administration correlated well with
in vitro distribution of specific VMAT2 binding sites as
assessed with [3Hjdihydrotetrabenazine (26,27). Large pon
tions of the accumulated activity in these studies were
removed by ex vivo washing of tissue sections, likely reflect
ing removal of unbound MTBZ and of a minor component
attributable to its labeled rodent metabolites. The apparent
level of nonsaturable binding in these studies is comparable
to that seen in in vitro assays prior to the postincubation
washing procedure. Higher levels of extracted activity were
encountered in the stniatum compared to the cerebral cor
tex on cerebellum in our ex vivo studies. This is predicted by
rapid and reversible in vivo kinetics of MTBZ binding,

MTBZlocalizesrapidlyand specificallyto VMAT2binding
sites. Chromatognaphic analyses indicate lack of interfering
labeled lipophilic products in primates, which supports a
straightforward interpretation of cerebral activity in PET
images. Application of a two-compartment tracer kinetic
model allows in vivo quantification of presynaptic mono
amine binding sites in humans.

VMAT2 Ugands
Three major families of VMAT inhibitors have been

identified: benzoquinolizines, reserpine and ketansenin.
Among these, the benzoquinolizines, particularly dihy
drotetnabenazine, have been widely used for in vitro bind
ing studies (8,26â€”29). Despite a D2 dopamine receptor
antagonist action at micromolan concentrations (30), ben
zoquinolizine binding has been shown to be a specific
marker of monoamine synaptic vesicles. In contrast, ketan
serin recognizes a population of 5-HT2 receptors (8). Re
serpine binding to the VMAT requires intact vesicular
energy charge and pH gradient for avid binding, which is
essentially irreversible. Benzoquinolizines interact with
VMAT sites in a passive, readily reversible manner (28).
Our selection of tetnabenazine derivatives for in vivo imag
ing of VMAT2 is thus based on the uncomplicated, rapid,
high-affinity, reversible binding properties of these ligands.

Due to the established safety of pharmacological doses of
tetrabenazine in humans, we first synthesized [â€œC}tetra
benazine and demonstrated its ability to image in vivo
intact human and MPTP-lesioned monkey striatal dopa
mine nerve terminals (16,1 7). Carbon-i 1-tetnabenazine,
however, was found to be suboptimal for quantitative ap
plications due to the rapid formation of an active, labeled
metabolite, [â€˜â€˜C]dihydnotetrabenazine.Entry of this metab
olite into the brain contributes to emission images, thus
complicating pharmacokinetic analysis of radiotracer bind

2258 The Journal of Nuclear Medicine â€¢Vol. 36 â€¢No. 12 â€¢December 1995



which predicts higher free ligand levels in close proximity to
VMAT2 sites. This result emphasizes that activity measured in
regions with low or absent specific binding cannot be used to
accurately estimate free ligand levels in VMAT2-rich regions
and that accurate determination of VMAT2 binding from
emission images requires model-based kinetic analysis.

Kinetics and Modeling of MTBZ in Human Brain
Cerebral uptake, distribution and clearance of MTBZ

occur rapidly in both the rodent and human brain following
systemic administration. Maximal uptake is observed in
human brain within 5 mm postinjection and clearance half
times in the range of 16â€”28mm are observed across a
variety of brain regions. The use of rapidly equilibrating
tracers is particularly advantageous for estimation of tissue
distribution volumes as an index ofligand binding, since the
simplified two-compartment model used here is applicable
in this setting. MTBZ is particularly well suited for â€œC-
labeling in clinical applications; the biological and physical
half-lives of [â€œC]MTBZare comparable and permit accurate
determination of both uptake and loss of tracer from all brain
ROIs. Thus, a large fraction of the area under the regional
tissue time-activity curves is measured within a 60-mm scan

ning session. Consideration of the integral physiologicdefini
tion of the distribution volume (the ratio of the area under the
tissue to that of the plasma tracer time-activity curves) (31)

indicates that errors associated with the extrapolation of late
tissue cuives are likely minimal for MTBZ.

The modeling assumptions underlying the parametric
binding estimates in the present work include the assump
tion of negligible tracer occupancy by labeled MTBZ. On
the basis of prior VMAT2 Bm@estimates obtained from
[3H]dihydrotetrabenazine binding in postmortem human
stniatum and cortex (29), a total brain concentration of 2
nM [â€œC]MTBZ would correspond to occupation of less
than 2.5% of VMAT2 in the stniatum and less than 20% in
the cerebral cortex. This conservative calculation assumes
that all activity present is bound to the transporter, which,
as demonstrated in the ex vivo nat brain washing study, is
unlikely. Since PET measurements determine only the num
ben of available VMAT2 binding sites, the possible effect of
competitive occupation by an endogenous neunotransmitter
must be considered. Estimates obtained in in vitro VMAT2
binding assays indicate low affinity (millimolar range) (32)
binding of dopamine, thus, at expected physiologicdopamine
concentrations, such competition is considered unlikely. Pre
liminaiy evidence supporting this assertion indicates lack of
effect of monoamine oxidase inhibition or of L-DOPA treat
ment on the in vivo uptake of benzoquinolizines in the rat
striatum (unpublished observations).

MTBZ binds not only to VMAT2 in dopamine nerve
terminals but also to that in noradrenaline, serotonin and
histamine neurons. As a result, the pattern of cerebral
uptake and retention reflects binding within multiple
monoaminergic systems. In the stniatum, over 95% of spe
cific binding is attributable to nigrostniatal dopaminergic
terminals on the basis of lesion studies (9). The presence,

however, of noradrenergic and senotonengic projections to
the cerebral cortex, hippocampus, thalamus and hypothal
amus, and cerebellum preclude simple comparison of re
gional binding with a reference region possessing only non
specific and free tracer. Thus, quantification of MTBZ
binding requires parametric estimation of brain binding
relative to arterial plasma tracer activity. Due to peripheral
metabolism of [â€œCJMTBZ,such binding estimates are cnit
ically dependent on correction of arterial plasma tracer
activity for the presence of labeled metabolites, as accom
plished here with rapid column chromatography.

Comparison to Alternative Monoaminergic
Imaging Tracers

Other presynaptic imaging techniques that include
[18F]fluoroDOPA, [â€œC]nomifensineand [â€˜â€˜C]WIN35,428
have been used to assess dopaminergic nerve terminal in
tegnity in neurodegenerative diseases (33,34). Fluorine-18-

fluoroDOPAwasfirstusedtoimagesuccessivelypresynap
tic monoaminergic nerve terminals in the human stniatum
(35). Its quantification, however, is complicated by the
presence of labeled metabolites that contribute to the ra
dioactivity measured by PET (36). Methods to correct for
brain metabolites have been developed on the bases of a
variety of assumptions (37). The use of 4-['8F]-L-m-ty
rosine, which does not lead to such metabolites, should
simplify the method (38). Because these tracers accumulate
relative to DOPA decarboxylase activity, brain uptake will
reflect compensatory regulation of the enzyme (39,40) in
addition to dopaminergic nerve terminal density. Measure
ment of the plasma membrane dopamine transporter (the
presynaptic re-uptake site) provides an alternative estimate
of nigrostriatal synaptic integrity. Partial depletion of the
transporter in parkinsonian stniatum has been reported in

vitro using [3H]mazindol, [3Hjcocaine, [3H]GBR-12935 and
[3HIWIN35,428 (41â€”44).Like DOPA decarbolylaseactiv
ity, however, animal studies demonstrate regulation of the
re-uptake binding site following drug administration
(45,46)orchangesinendogenousdopaminecontent(47â€”
49). In contrast, preliminary reports suggest that VMAT2 is
not readily regulated, which supports its use as an index of
monoamine synaptic density (50).

CONCLUSION

Carbon-i i-MTBZ localizes rapidly and specifically to
the brain vesicular monoamine transporter in vivo and is
metabolized in primates only to polar derivatives. There
fore, [â€œC]MTBZis a promising PET ligand for in vivo
quantification of VMAT2 density in clinical research.
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