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There has been considerable interest in the development of a
PET radioligand selective for the serotonin {(5-hydroxytrypta-
mine {5-HT]} transporter (SERT) that can be used to image 5-HT
neurons in the living human brain. The most widely used SERT
radiotracer to date, trans-1,2,3,5,6,10-3-hexahydro-6-[4-(meth-
ylthio)phenyl[pyrrolo-{2,1-a)isoquingline {{+)-""C-McNS652),
has been successful in this regard but may have some limita-
tions. Recently, another promising SERT radiotracer, 3-11C-
aming-4-{2-dimethylaminomethylphenylsuifanyl)benzonitrile
{""C-DASB), has been described. The purpose of this study was
to compare and contrast {+)-""C-McN5652 and ""C-DASE un-
der various experimental. conditions. Methods: Radicligand
comparisons were performed in a control baboon, a baboon
with reduced SERT density ({(*]-3.4-methylenedioxymetham-
phetamine [MDMA] lesion), and a baboon with reduced SERT
availability {paroxeting pretreatment). Under each of these ex-
perimental conditions, repeated (triplicate) PET studies were
performed with each ligand. Resylts: Both radiotracers bound
preferentially in brain regions known to contain high SERT den-
sity. For both ligands, there was a high correlation between the
amount of regional brain ligand binding and the known regional
brain concentration of SERT. Binding of both ligands was de-
creased after MDMA neurotoxicity (reduced SERT density), and
{(—1-""C-McN5652 and ""C-DASB were comparably effective in
detecting reduced SERT density after MDMA-induced 5-HT
neuratoxicity. Pretreatment with paroxetine dramatically aftered
the metabolism and kinetics of both tracers and appeared to
displace beth ligands primarily from regions with high SERT
density. Compared with {+)-"'C-McN5652, ""C-DASE had
higher brain activity and a faster washout rate and provided
greater contrast between subcortical and cortical brain regions.
Conclusion: "'C-DASB and (~)}-"C-McNS652 are suitable as
PET ligands of the SERT and for detecting MDMA-induced 5-HT
neurotoxicity. ""C-DASB may offer some advantages. Additional
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studies are needed to further characterize the properties and
capabilities of both ligands in health and disease.
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Tw brain serotonin {5-HT) system has been implicated
in several neuropsychiatric conditions, including major de-
pression, anxiety, obsessive compulsive disorder. and
schizophrenia. Because of the perceived importance of the
brain 5-HT system in these diseases. as well as a variety of
normal brain functions {(e.g.. appetite, sleep). there has been
considerable interest in developing neuroimaging tech-
niques that permit assessment of 5-HT neurons in the living
human brain. To this end. several research teams have
developed and evaluated various SPECT und PET radio-
tracers for measurements of various components of the
brain 5-HT system (/-6). With regard to PET, a series of
radioligands showing high binding to the 5-HT transporter
(SERT) in vitro have been evaluated. but most have been
found to have insutficient specificity or selectivity for the
SERT in vivo (7).

To date. one of the more promising PET SERT radioli-
gands identified 15 trans-1.2.3.5.6.10-3-hexahvdro-6-[4-
{methylthioiphenyl!pyvrrolo-{2.1-a]isoquinoline 1t -+)-!'C-
MeN3652). (+)-1TC-McN3652 binds selectvely o the
SERT. and s regional distribution of binding in humans
correlates well with the known distribution of the SERT in
human brain (§—7/0). In addition, studies in baboons and
humans exposed 1o the brain 5-HT neurotoxin, {=)-3.4-
methylenedioxymethamphetaming (MDMA). show signifi-
cant reductions in (+)-M"C-McN5652 binding (//-13).
However. usefulness of {+)-1'C-McN35652 may be limited
by its nonspecific binding and slow release from specific
binding sites (/4,13).
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There have been recent reports that an alternative SERT
radioligand,3-'C-amino-4-(2-dimethy laminomethy Iphen-
vlsulfanyhbenzonitrile (1'C-DASB). holds promise for use
as a SERT PET ligand (/6./7). Preclinical studies indicate
that. like {+}-"'"C-McN3652, "C-DASB has high affinity
and selectivity for the SERT in vitro and that. in vivo. it
shows saturable and selective binding to the SERT in ro-
dents. Also. damage of 5-HT axon terminals with the neu-
rotoxin p-chloroamphetamine is associated with significant
reductions in C-DASB binding in vivo in rodents. and low
concentrations of radioactive metabolites in rat brain rela-
tive to the parent compound (/7) suggest that this radioli-
eand holds significant potential for use in evaluating the
status of the brain SERT in humans. Notabiyv. initial PET
studies in humans (/&) indicate that ""C-DXASB has highly
suitable characteristics for evaluating the status of the SERT
in clinical setings and that "C-DASB can successfully
detect SERT occupancy by paroxeting and citalopram (79,

The purpose of this study was to compare (+)-''C-
McN5652 and H'C-DASB as PET ligands of the SERT in
nonhuman primates. In particular, we sought to {a) compare
binding characteristics of both radiolicands to the SERT in
a saline-treated baboon (norma! SERT densityt. (b} com-
pare the ability of the 2 radicligands to detect reductions in
SERT density induced by the selective 5-HT neurctoxin
MDMA. (¢} evaluate the capubility of both ligands 1o detect
reduced SERT availability after pretreatment with parox-
etine. and (d) determine how binding parameters of the 2
radioligands correlate with direct measueres of brain 5-HT
axonal markers measured ex vivo,

MATERIALS AND METHODS

Animais

Five Papio arubis baboons were used for these studies. Two of
the baboons (males) were used for PET studies with (+)-1'C-
MeN3652 and ''C-DASB: the other 3 served as control animals for
the neurochemical studies of 3-HT axonal markers, including the
SERT. Of the 2 baboons uvsed in the PET stodies. | was a
saline-treated baboon (11 y old: weight. 24 kgi. This animal
underwent PET studes with each ligand on 3 separate occasions to
compare pinding characieristics of both radioligands to the SERT
at baseline (normal SERT density). The same baboon then under-
went 3 additional PET studies with each radioligand afler treat-
ment with a blocking dose of paroxetine to evaluate the capability
of buth higands to detect reduced SERT availability. Another
baboon {12 y old: weight, 25 kg) underwent 3 PET studies after
administration of necurotoxic doses of MDMA to compare the
ability of the 2 radioligands to detect reductions in SERT density
caused by MDMA-induced 3-HT neurotoxicity.

Drug Treatment

Asin previous studies. 113,20.21), MDMA was given at a dose
of 5 mg/kg daily for 4 consccutive days w lesion 5-HT sysietns,
However, the MDMA-treated baboon used in this study underwent
2 such 4-d MDMA regimens. one 17 mo and another 7 mo belore
imitiation of the PET studics. The rationaie behind the use of a
baboon that received 2 separule MDMA rreatments was o ensure
that this animal bad marked reductons in 5-HT axanal markers.

Comparison of (+3-"C-McNS652 anp ''C-DASB » Szaho et al.

including SERT density, Shortly on completion of the PET studies
{3 d later). the MDMA-treated animal was killed for direct in vitro
measurement of indices of brain 5-HT axons. including the SERT. o
be comrelated with PET findings. Paroxetine studies were performed
ont the buboon treated previously with saline on 3 scparate davs, after
pretreatment with 1 mgfkyg paroxetine (either 1) mg/kg intrave-
nousky 60 min betore tracer administration or 5 mg intramuscularly X
2. the night before and 60 man before PET imaging). The latter
paroxetine regimen was used 1o avoid use of a high bolus dose and to
ensure near-maximal SERT blockade at the time of tracer injection.

Overall Design

Before PET imagmg. animals were fasted for 12 h. Anesthesia
was induced with 20 mL Saffan (Pitman-Moore. Middlesex. UK. 1.
a combination of alfaxalone and alfadelone acetate. intramuscu-
larly and maintained with o constant infusion of Saffan a a rate of
553-70 mL/h. Saffan was diluted with isotonic saline in a ratio of
Saffan:saline = 1:4. Circulatory velume was maintained by infu-
sion of isotonic saline. Animals were intubated during PET stud-
igs. and heart rate. blood pressure. oxygen saturation. and core
temperature were monitored contineously,

PET studies of the saline-reated. MDMA-treated, and parox-
eting-pretreated baboon were conducted on 3 separate occasions at
3w 4-wk intervals. On each of these occasions. animals were
usually first scanned with ¢+ 3 C-MUN3632 and then (at feast 2 h
later) with “'C-DASE so that direct compartsons of the 2 radioli-
gands could be made {i.e. minimizing variance created by con-
ducting sczns on separale days). On some occasions. ""C-DASB
was injected before (-+)-1C-MCN3632. always at least 60 min
after induction of anesthesia. The purpose of oblaining 3 scans
with cach ligand under each experimental condition isaline treat-
ment [normal SERT density]. after MDMA lesion [reduced SERT
density]. and atter pretreatment with paroxetine freduced SERT
availability ]} was to test reproducibility of the imaging findings
and 1o allow siatistical comparison of the binding data under each
condition. Paroxetine studies were performed on 3 separate days,
after pretreatment with 10 mg/kg paroxetine (either 10 my/ke
intravenously 60 min before tracer administration or 5 mg intra-
muscularly X 2 the night before and 60 min before PET imaging).
Given that these are high doses of paroxetine. near-maximal SERT
occupancy would be anticipaied after either paroxetine regimen.

MRI| Protocol

To ensure reproducibility of positioning during the repeated
PET studies. a custom-made face mask (TRU-SCAN. Annapolis.
MDD was fitted to the baboon’s head. which was then atlached 100
the hcad holder during the PET scans. The canthomearal line
served as a reference tor the PET sindies. In each animal. 2 MRI1
sequences were obtained using a Sigaa 1.5-T scanner (General
Electric Medical Syvstems. Milwaukee. W) The first sequence was
a set of Tl-weighted scoul images with the following parameters:
repetition time (TR) = 300 ms: echo time (TE) = 20 ms; $-mm
slice thickness with no gap: 128 > 236 matrix; and | exciation.
The second sequence was an axial spin-density/T | -weighted 3-di-
mensional volumetric scan using radiofrequency spoiled gradient
{SPGR) echoes. The parameters were as follows: TR = 35 ms:
TE = 5 ms: fip angle = 457 | 5.mm effective slice thickness: no
gap: 124 slices with in-plane 192 % 256 matrix: 15-cm field of
view: and | excitation. The purpase of the SPGR sequence was to
ensure precise positioning and repositioning of the animals during
multiple studies and to achicve image registration with PET for
localization of the structures of interest.
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PET Protocol

An Advance PET camera (General Electricy with an axial
resolution (full width at haif maximum} of 5.8 mm and an in-plane
resalution of 5.4 mm was used for image acquisition. This scanner
acquires 33 simultaneous slices of 4.23-mm thickness. enclosing a
total longitudinal field of view of 15 ¢m. A transmission scan was
obtained with twin 370-MBq ( 10 mCi) **Ge pin sources for [0 min
and was used for attenuation correction of the subsequent emission
PET scans. {4 )-'C-McN5652 and ''C-DASB were prepared ac-
cording to published methods (/7.22). Two PET studies were
performed on every accasion: | with 555 MBq (15 mCh) (+)-''C-
McN5652 and the other with 555 MBq "C-DASB. The time
difference between the injections was 120 min. Specific activities
ranged between 185 and 733 MBg/mmol (5.000 and 19.8300 Cv
mmol; average. 354 MBg/mmol [9.566 Ci/mol]} at the time of
injection. Eighteen serial dvnamic PET images were acquired
during the first 95 min after injection of each radioligand using the
following image sequence: 4 X 15 5 frames, 3 x 1 min frames.
3 % 2 min frames. 3 X 5 min frames. 3 X 10 min frames, and 2 X
20 min frames. Correct positioning of the head of the animal was
closely monitored using a laser guide and was corrected by repo-
sitioning when necessary. PET scans were reconstructed using
ramp-filtered backprojection in a 128 X 128 matrix. with a trans-
axial pixel size of 2 X 2 mm.

tnput Function

To obtain the input function, blood samples were collected from
a tibial artery every 5 s during the first 2 min and then collected
with increasing time intervals of 1-5 min untl the end of the PET
study. This input function was corrected for metabolized radioli-
eand activity. For this purpose. 2-mL arterial plasma samples were
obtained at 3. 15, 30. 6{}, and 90 min after injection and were
anatyzed for tracer metabolism, Missing data points were obtained
by interpolation based on a monoexponential function that de-
scribed the disappearance of the percentage of nonmetabolized
tracer trom circulation. Calculations were repeated with a biexpo-
nential fit of the high-performance liguid chromatographic (HPLC)
data but these calculations resuited in higher parameter variance,
Thus, data are shown with the first solution only.

Tracer Metabolism

The extent of metabolism of { +)-"'C-MeN3652 and ''C-DASB
was determined using a published method (23} with minor modi-
fications. In particular. in the column-switch HPLC procedura. we
used a capture column packed with Qasis sorbent (Waters Asso-
ciates. Milford. MA) and a Prodigy ODS-2 10-um 4.6 > 250 mm
analytic column (Phenomenex, Torrance. CA). For ¢~)-''C-
McN3652 analysis. plasma 12 mL) was made & mol/L in urea 10
disrupt strong protein binding. and the HPLC solvent was 0%
acetonitrile in 0.1 mol/L triethylamine acetate buffer. pH 4.1 (v/v)
at o fow rate of 1.4 mL/min, For UC-DASB analysis, urea treat-
ment of the plasma was unnecessary. and the HPLC solvent was
40% acetonitrile in 0.1 mol/l. ammonium formate {v/v) at a flow
rate of 3 mL/min.

Plasma Protein Binding

To determine protein binding. the radioligands were diluted in
either ptasma or saline. The solutions. without pH control. were
added 1o Centrifree devices (YM-30. Amicon: Millipore. Bedford.
MA) and centrituged in an angle rotor at approximately 4({)g a
room temperature. Radioactivity in samples of the original solu-
tions. their filtrates. the Altrate collection cups, and filters was
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determined. The ratio of radioactivity in the original solution and
the filtrate. corrected for binding to the filtrate collection cup ang
filter. was used W estimate the percentage of ligand bound 1o
plasma protein.

Image Processing

PET and MR images were converted 1o NetCDF (34¥MINC
(htlp:h‘www_hic.mni,mcgi]l.c:u’softwarc!minchninc.html] format
{24). For image coregistration. the AIR package was implemented
(25.26). For image conversion. display. fusion, region drawing,
and time—activity curve generation, a custom-made software run-
ning under Windows wis developed in C+ + and MatLab 3.3 (The
Mathworks, Nattick. MA). All PET data were corrected for alten-
uation. injected dose (1D}, and radionuclide decay. For calculation
of the 3-dimensional image transformation matrix. the PET images
were summed over time. In the MRI volume data. outlines of the
brain were determined manually and voxels outside the brain were
removed by masking, The MRI scans were reoriented to match the
PET slices during 3-dimensional registration. To derive volumetric
time—activity curves, circular regions of interest (ROls) of identi-
cal sizes were generated and displaved simultancously on PET.
MR. and tused images. The following brain regions were ana-
lyzed: cerebellum, thalamus. caudate. putamen. lemporal cortex.
frontal cortex, parietal cortex, occipital cortex, cingulate gvrus.
midbrain, hypothalamus. and pons (Fig. ). An exact delineation of
the hypothalamus was not possible and this ROI included. in
addition. the hypothalamus structures such as the most ventral
parts of the thalami and probably the most rostral parts of the
midbrain as well. Each ROl was comprised of a tissue volume of
0.75 mL (voxel size. 2 % 2 X 425 mm: 44 voxels per ROD.
Central structures such as the caudate or putamen were represented
by the activity concentration of individual ROIs: cortical and
cerebellar structures were represented by average aclivity concen-
wations of multiple ROIs. ROls in the frontal cortex and parietal
cortex were defined at the level of centrum semiovale. The ROls
of the cingulate gyrus were defined in the brain slice above this
level. Tissue (ime—activity curves were expressed in units of nCif
mL/mCi (37 Bg/mL/37 MBy; ID.

Compartmental Modeling

The kinetics of the radioligand were described by models based
on | or 2 tissue compartments. with or without inclusion of a
regtonat cerebral blood volume term (BV). The mathematic details
of these models have been reported (/). The most simple model
consists of u single tissue compartment, and the distribution kinet-
ics of the radioligand are described by 2 parameters: tissue upiaka,
K| 7 and release. Kz e The more complex model consists of 2
lissue compartments {1 for specific binding and another for non-
specific binding) and of a blood-pool component described by the
regional cerebral blood volume (BViy,). o this model. K <, and
ks spr describe uptake and release of the radioligand in the brain
tissue, whereas k3 sy, and &y s, describe binding and release of the
radicligand at the site of the SERT. Statistical tests corroborated
the model that described radioligand kinetics by a single tissue
compartment and 3 parameters: Vi, = blood volume. X spu =
uptake of radioligand in brain tissue, and kyz, = release of
radioligand from brain tissue (3par in the subscript denotes the
3-parameter model). From this model. the total apparent distribu-
tion volume was caleolated as DV = K apufka agy 11-4.27). Mode!
parameters were estimated by the Marguardt algorithm (28). min-
imizing the sum of the squared differences between the measured
and titted tissue activity curves,
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FIGURE 1,

In Vitro Assays

Baboons were killed with an intruy enous overdose of pentobur-
bitul. The brains were immediately dissected on ice and the sam-
ples were stored at =70°C until further processing. Regional braip
levels of 3-HT and 5-hydroxvindoleaceric acid (3-HIAA) and
SERT binding densitics were meuasured as described {290, Baboons
killed for this study included the 3 that served as control amimais
for the neurochemical studies and the | that was lesioned with
MDMA before PET imaging.

Quantitative Autoradiography

The safine-treated and the MDMaA-treared baboons that had
undereone PET studies were Killed ws desenibed. and the brain was
rapidly removed in o cold room 47C). blotted. and tmmersed in
isapentane packed in devoice to ensure uniform freezing, The
trozen bruin parts were then stored in o —8(C freezer untit
sectiening, For SERT binding studies. methods described eardier
were used (201,

Statistical Analysis

Regional lissue activities of (= - 1C-McN5652 and 'C-DASH
were determined for the time interval from 75 to Y5 min and
compared by lincar correlation. The interdependence of £V of the
2 radiohgonds was also tested by linear correlation. Parameter
varisnee was expressed by 8D Intrasubject reproducibility was
meisured by the coetlicient of vurtation CV ealeubuted from the SD

Compartsoy oF {H-TC-MeN3AS2 ap VC-DASB « Szabo et al,

Registered PET "C-DASB and MR images of control baboon brain with superimposed ROls used for derivation of
time—activity curves. PO = pons: CE = cerebellum; TE — temporal cortex; MD — midbrain; HY = hypothalamus; OC = occipital
cortex; CA = head of caudate: PU - putamen: TH - thalamus: FR - fronta! cortex; PA — parietal cortex: Cl - cingulate gyrus.

of triplicate measurements. The effect of prior MPMA lesioning or
puaroxeting pretreatment on regional tracer accumulation and com-
partmentaf purumeters was evaluated by ANOVA. which was
performed sepuarately to compare aline versus MDMA treatment
{lesioned vs. unlesionedy and saline versus paroxetine pretreatment
{hblocked vs. unblockedr. The Bonferroni correction for multiple
compartsons wis performed w account for the number of RO,
The probability of 4 null hyporhesis was assessed both withour and
with Bonferroni correction for multiple comparisons (30, An
ANOVA F value was caleulated during parameter estimation for
statistical testing of moedel order. Instability of the parameter
estimator was assessed by the condition number of the parameter
varianee - con arance makriy (/4.3 7. Comparimental parameter es-
unation and statistical esting ol the parameter estimator were
performed using the numeric software pachare MATLAB/WIn-
dows version 5.3 (The Mathworksy. Conventiong] statistical tests
were performed with the SPSS software package for Windows NT.
version 0 (SPSS. Inc.. Chicago. [L),

RESULTS

Time-Activity Curves

Accunnitation and Distribution of ( =12 C-MeN3652 qndd
C-DASB. After radioligand injection, regional bruin sctiy -
Hy of both rudiotracers gradually increwsed. with highest
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TABLE 1
Average Regional Tissue Radioactivity Measured 75-95 Minutes After Injection of (- -"'C-MeNSE52 or "'C-DASB

Radicligand” Fons MB Hvpo Thalamus Put Cd FC PC TC cc oC Carep
TC-MeNSES2
Controd 139 -9 144 - 19 165 =21 144 21 M3 =7 108 -7 7512 B5=-5 BF =10 82:-9 Ba~9 84 -7
KADHAA, 100 - 3% 115 =3 117 = 17 BB 127 V0 - 2% 73 - 77 515 52=3"% 83-12* 56 =5 50 - 77 33 = 3+
Paroxetine 94 = 24 99 - 14° 898 =217 W6 =22 115 - 28 105 - 22 84 =12 92 .14 92=-10 85 =19 Q3 - 16 B& =17
VC-DASE
Controt 1BB - 24 194~ 31 220 -33 185 -33 1322:=-16 136 =26 593 s =7 72-9 T2 =14 565 53-8
MDMA 117 = 17° 124 —16° 134 - 29* 86 - 18 494-10F 827" 30— 21: 99 - 2% 39:9 36-2° 3037 30z
Paroxetine 56 ~ 9= B4 -9t 54=-5F BB =3™ 552 51 = 5% 49 -5 53 -3 57 -3 48 3 B0 :5 d44=5

*Each radioligand was tested 3

Designates ssgnificant difference from contral JANOVA without correction
tDesignates significant difference from contral (ANOVA with correctian for
Designates significant difference from MDMA [ANOVA without caorrection
MB = midbrain; Hypo = hypothalamus: Put = putamen; Cd — caudate: FC =

cingulate cortex; OC = occipital cortex: Cereb — cerebellurmn.
__Values represent mean = SO n — 3.

activity levels developing in the pons. midbrain. hypothal-
amus. striatum. and thalamus (Table 1: Fig. 2). As in pre-
vious studies (/). average regiomal brain tissue radio-
activity measured 75-95 mun after injection (TA-:) of
(— - C-McNS6352 corresponded well with the distribution
of the SERT in the baboon brain measured in vitro {y =
0.0264x + 661 r = 0.946), which. in wrn. correspond well
to the known distribution of the SERT in the human brain
(32-34), There were also high correlations between the
regional TA-<ye of {(=3-1"C-McN5632 and 2 other seroto-
nergic axonal markers, S-HT (y = 0.104x — 75 r = 0.862)
and 5-HIAA {y = 0.0627x ~ 78: r = 0.926). The same was
true tor '"C-DASB: SERT (y = 0.059x + 26: r = 0.969)
3-HT (v = 0.2233x + 43 r = NR95), and 5-HIAA (¥
0.1284x + 53 r = 0911, There was an excellent correla-
tion between the regional distribution of the 2 radiotigands
(DASB on MCN3632: y = 2.087x — 109: r = 0.938). In
regions with higher SERT densities. TAzc_,: was generally
higher with "C-DASB than with (+)-""C-McN3632. Con-
versely. in regions with lower SERT density (cerebral cor-
tical regions, cerehellum). TA-:_,s was generally Jower with
HC-DASB than with {+)-"'C-MeN3652 (Table 11. Both
ligands exhibited good test-retest reliabitity with interscan
variance. estimated by the coefficient of variatton, for {+)-
HC.MeN356352 ranging from 6% to 17% und that of "'C-
DASB ranging from 7% 1o 19% . depending on brain region.

Effect of MDMA Treatment on 1+ ) C-McN3632 and
AC-PDASB Tivsue Activiry, Prior lesioning of 5-HT systems
with neurotoxic dosex of MDMA (to markedly reduce
SERT density) resulted in significant reductions in regional
activities of (— )-1'C-MeN5632 and 'C-DASB. When anu-
fvzed by ANOVA without Bonferroni correction for mulii-
ple comparisons, 11 of |2 regions examined with (—)-""C-
MeN5652 and 12 of 12 regions with "C-DASB were
significantly lower after MDMA (Table 11 After Bonfer-
roni correction, 4 of 12 regions examined with each ligand
achieved statistical signiticance (P <0 0.0042). With [+)-
HC.MeN5652, the regions were the pons. putamen. parictal
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times in contral baboon or gitferent baboon lesioned previously with serotonergic neurctoxin MDMA.

for multiple comparisans).

multiple comparisensh.

for multiple comparisons).

frontal cortex: PC = parigtal cortex; TC — temporal cortex:

cortex. and cerebellum: with "C-DASB. the regions were
frontal cortex. parictal cortex. occipital cortex. and putamen
{Table 1}. As in the saline-treated baboon. correlation anal-
vsis showed strong correlations between the imaging find-
ings and the postmortem neurochemicul findings in the
MDMA-treaied baboon. For (+)-''C-MeN3632. SERT
(v = 0.0432x + 50.72: r = 0.958), 5-HT (v = 0.0826x ~
S8.69; r = (LB63). S-HIAA (v = 0.0736x + 3647 r =
0.956): and for 'C-DASB. SERT (v = 0.0684x — 25.88.
= 0.923), 3-HT ¢y = 0.1348x + 3848:r = 0.879). and
S-HIAA (v = 0.1196x + 3494 r = 0.969).

Effect of Paroxetine on { + -1 C-McN3652 and V' C-DASB
Tivsue Activire. Pretrewment with paroxetine 1o reduce
SERT availability markedly altered the rate of uptake of
both radioligands, with more rapid eariy peaks than those
seen under baseline conditions or atter MDMA treatment
(Fig. 2). Indeed. the average brain tissue activity measured
during the first 5 min was increased by 40% for i+)-1C-
MeN3632 and by 106% for "C-DASB. Pretreatment with
paroxetine also inhibited the metabolism of both radioli-
cands. In light of these effects of paroxeting on ligand
kinctics and metabolism. comparisons between average re-
gional tissue radioactivity measured 75-95 min after ligand
injection (TAszsys) under baseline conditions and after pre-
treatment with paroxeting must be interpreted with caution
it.e.. differences mayv not fully or xolely refiect displacement
from specific binding sites).

With these potential caveats in mind. pretreatment with
paroxetine led to reductions in TA-«ys of both radioligands
compared with the baseline condition, with the extent of
reduction varving across regions and depending on the
ligand. As before, the statistical significance of the observed
differences depended on whether the ANOVA analysis in-
cluded a correction for multiple comparisons. For example.
ANOVA without the Bonferroni correction showed signif-
icant reductions in TA- oz of {+)-""C-McNS632 in some
{pons. midbrain. hypothalamus) bul not all (thalamus. pu-
tamen. and caudate) regions with higher SERT densit.
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FIGURE 2. Time-activity curves obtained with {~)-1"C-MciN5652 {left) and "'C-DASB {right) in various ROis. Shown are results

under baseline conditions and after MDMA treatment and paroxetine pretreatment. Data are expressed in units of nCi/mL/mCi (37
Bg/mL/37 MBq; ID. Measured data are displayed with circles; curves fitted on basis of 3-parameter, 1-tissue compartment model!
are displayed with lines. Both radicligands show decreased binding in MDMA-treated animal compared with control animal. With
both radioligands, paroxetine increased amourt of radicactivity reaching brain, measured as time integral of unmetabolized
radioligand concentration in arterial plasma. {Continued on page 684.)

Indeed. in these 2 brain regions (putamen and caudate ). as
well as in regions with low SERT density (cortical regions
and cerebellumy, TA-; o of TC-t +)McN3632 after parox-
ctine pretreatment waxs actually  higher than that after
MDM.A. possibly secondary to the elfects of paroxetine on

COMPARISUN OF

A0+ )-McN3652 metabolism and uptake in the brain.
Atter posthoe correction, paroxetine pretreatiment produced
no signifticant effects on (+)-"C-McN3652 binding. prob-
ably caused by the high variability of the paroxetine data
{Table 1.

(+ -"TC-MONS652 asp "C-DASB » Szabo et al. 683
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For "C-DASB. ANOVA without correction tor multiple
comparisons showed that paroxetine pretreatment led to
significanl reductions i TAzsqs in the 9 of 12 regions
examincd (Table 1). With the Bonferroni correction. 5 of 12
regions remained significantly ditferent. Typically, reduc-
tions in "C-DASB activity after paroxetine were greater
than those after MDMA (Table 1). Exceptions were all of
the cortical regions analyzed and the cercbelivm (Table 1}

684

There appeared to be a Hoor effect in the extent to which
paroxetine could decrease the activity of buth rudioligands.
Thus, for (—)-"C-McN3632. no average values were ob-
served below 3145 Ba/mbL tussue/37 MBq (85 nCi/mL
tissue/mCi 11D (Table 1), in contrast o0 levels of approxi-
matelv 1,850 Byg/mL tissue/37 MBg (50 nCi/mL ussue/
mCi) 1D in several brain regions after MDMA treatment
(Tuble 1. Similarly, for "C-DASB. no average values were
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observed below 1.628 Bq/ml. tissue/37 MBq (34 nCi/mL
tissue/mCi) 1D in contrast to levels of approximately 1,110
Bg/mlL tissue/37 MBg ID tapproximately 30 nCifml. tissue/
mCi} in several brain regions of the MDM A-treated baboon
(Table 1).

Vartability in ussue radioactivity 73-95 min after injec-
tion {TA ys) of (+)-""C-McNS652 after paroxeline treat-
ment was much greater than that seen after neurotoxic
ijury with MDMA (Tuble 1). possibly as a result of par-
oxeline’s effects on ligand metabolism and kinetics, In
addition. 1 of the 3 studies with paroxetine vielded absolute
values that. though suggesting SERT blockade. were higher
than those obtained in the 2 other studies and contributed t
the high variance. In contrast. variabilie in TA- 2 of
"C-IDASB alter paroxetine was similar or smalier than that
after reatment with MDMA.

Relution of Tissue Radioacrivine 1o In Viro Measures of
S-HT Axonal Markers. As anticipated on the basis of prior
findings (7/), compared with average normal values ob-
tained in 3 control baboons, in vitro parameters of 3-HT
axonal markers in the MDMA-treated animal were mark-
edly reduced. Decreases of 3-HT axonal markers were re-
gion dependent. with the most severe reductions evident in
cerebral cortical regions. thalamus, putamen. and caudate
(Fig. 3A-C). Quantitative autoradiographic studies with “H-
citalopram  provided additional evidence of profound
MDMA-induced 5-HT neurotoxicity. A coronal section of
the control baboon brain (Fig. 4) revealed intense radioli-
gand binding in the basal ganglia with less binding in the
temporal cortex, ¢ingulate gyrus. and dorsal neocortex. As
15 evident from Figure 4, MDMA treatiment reduced ligand
binding in all of these brain regions. Similarly. awtoradiog-
raphy at the level of the cerebellum and brain stem (Fig. 5)
showed high SERT density in the raphe nuclei. with some-
what less binding in the ventral and rostral brain stem.
[mportantly. *H-citalopram binding in the fulia cerebelli
(Fig. 5) of the control baboon confirmed that the cerebellum
is not devoid of SERT sites (32-36). The same brain section

of the MDMA-treated animal showed decreased ligand
binding in most of these areas (including the cerebellum).
although small islands of high activity remained in the
dorsal brain stem (dorsal raphe} (Fig. 3),

Notably. both PET radioligands underestimated the ex-
tent of 3-HT axonal marker depletion produced by MDMA
{Fig. 3). with (+)-11C-McN3652 showing reductions of
approximately 304 in most regions up to a maximum of
43% 1n the occipital cortex (Table 1). 'C-DASB was
shightly better in this regard. generally showing reductions
of 40% - 43%_ with the greatest reduction of 60%% seen in the
putamen (Table 1). These undercstimations may be. o a
large degree. attributable to nonspecific binding of the ra-
diohgands.

Plasma Analysis and Protein Binding of Radioligands

The metabolism of both radioligands was relatively rapid.
The esumated biologic half-life (1,~) of (+)-"C-McN5632
wus 42 min and that of “C-DASB was 30 min. Prior
MDMA treatment produced no significant effect on the rate
of tracer metabolism, [n contrast. pretreatment with parox-
etine reduced the rate of metabolism of both radioligands.
After paroxetine. the plasma 1,2 of (+)-"C-McN5652 was
prolonged to 75 mn (79% increase). and that of "'C-DASB
wis increased to 38 min (27% increase),

The metabolism of both ligands led to very polar metab-
olites and | or more lipophilic metabolites. The polar me-
tabolites failed to bind to the Ousis capture column. The
lipophilic metabolites and parent compounds were removed
from the plasma by the Oasis sorbent in the capture column
and were eluted by the analytic solvent at the time of the
column switch. Thirty minutes after injection of the ligands,
highly polar products accounted for 19% of the total *C-
DASB radicactivity and 7% of the total (+)-"C-McN35652
radioactivity.

Determinaton of plasma protein binding using Centrifree
devices suftered from binding  artifacts for (+)-11C-
McN3632 and MC-DASB. These artifacts were less signif-
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FIGURE 3. Effect of prior lesioning of brain 5-HT neurons with MDWA on regional brain 5-HT (A), 5-HIAA (B), and SERT (Q)

concentrations. FC = frontal cortex: PC = parietal cortex: TC = temporal cortex: OC =

Put = putamen; Cd = caudate; Hyp = hypothalamus; Th =

COoMPARISON OF {+)-"C-MONS652 axp "C-DASB » S7abo ot ul.

occipital cortex; CC = cingulate cortex;

thalamus: Cb = cerebellum; DPM = disintegrations per minute.
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FIGURE 4. Autoradiography of SERT in
baboon brain: coronal section of frontai/
temporal/parietal cortex and basal ganglia.
In centrol animal. intense ligand binding is
seen in basal gangiia (CD  caudate; PT =
putamen}. Less binding is seen in ternporal
cortex (TC}, cingulate gyrus {CG), and fron-
tal cortex (FC). MDMA treatment reduced
ligand binding in most represented brain
structures.

icant in the presence of plasma because the protein binding
competed successfully with the components of the fitrution
device, By measuring the radioactivity associated with 2ach
companent of the system, 9% of ""C-DASB and 997 ot
{1 C-MeN3BA2 were determined to be bound to plasma
proteins.

Kinetic Modeling
f+)-HC-MeNS632 The statistically best curve Rt was
obtained with a 3-parameter, [-tissue compartment model

CONTROL

FIGURE 5. Autoradiography of SERT n
baboon brain: sagittal section at level of
cerebellum and brain stem. In control ani-
mat (top). there is high radioligand binding
in dorsai brain stem. Less intense, but still
significant, binding is seen in ventral and
rostral brain stem. There is fow but obvious
binding in folia cerebelli. In MDMA-treated
animal {bottom), binding s decreased in
most of these areas. althaugh small islands
of high activity remain int dorsal brain stem.
in MDMA-treated baboon, radicligand bind-
ing is almost completely absent in cerebet-
lurm, ROSTRAL and CAUDAL = axes of
brain stem: Cb - cerebellum; IC = inferior
colliculus; P = pons.
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CONTROL

CAUDAL

NDMA

(37y. ANOVA of the sums of squared residuals resulted in
an aserage Fovalue of 16.2 (F <2 0.005). consistent with an
improved curve fit with the 3-parameter model compared
with the 2-parameter model. The d-parameter model was
statistically inferior 10 the 3-purameter model (F = —8.97:
P =2 0.0031. whereas the 3-parameter model was statistivatly
indistinguishuble from the 3-parameter model iaverage F =
234 not significanty, The average condition number of the
J-parameter model was 3.90 = (.71 only 1.08 times higher

ROSTRAL
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than the average condition number of the 2-paramerter
model. On the other hand. the condition number of the
4-purameter model was 0 times higher than the condition

nunther of the 3-parameter model. The condition number of’

the S-paramcter model was 13 times higher than the condi-
tion number of the 3-parameter model, These increments
indicated deterioration of the conditzoning of the parameter
estimator with increasingly complex models (e.g.. the 2-tis-
sue compartment, 4 and the 5- paramicter models). On the
husis of the results of these analyses. the 3-parameter model
was chosen for derivation of the DV of ( +1-C-MeN5632.
HC-DASE. The 3-parameter model produced statistically
insigniticant improvement compared with the 2-parameter
model verage F o= 3,360 not significant). The condition
number of the 2-parameter model was 4,40 or 20% greaer
than the condition number of the 2-paramneter model, More
complex imodels with 2 gssue compartments and 4 or 3
parameters resulted 10 statistically insignificant ANOVA F
values. Thexe complex models were associated with de-
terioration of mode! conditioning fe.g.. a 13- to [4-fuld
increase in the condition number of the parameter vari-
ance—covariiee matriny, Because the 2-parameter and
3-parameter models (BY, K0 k) resulted in statisteadly
comparable conditioning. the 3-parameter model was
used tor description of the Kinetics of 'C-DASB to
fucilitate comparison with ""C-MeN3632, the kinetics of
which were described with o 3-parameter model,
Regional Brain DVs of {+)-1"C-McN5652 and "C-DASB

Like regional radioactivity tissue accumulation (Tahle 1),
DV of 14+)-"'C-MeN5632 and V'C-IXASB were highest in
bruin regions known ta contain high SERT density (Tuble
2y, There was an excellent correlation between DV of the 2
radioligands in the vanous brain regions examined « =
0923, As seen with TA s levels. DVs of "C-DASB were
higher than those of (—)-""C-McN3652 in brain regions
known (¢ have high SERT density te.g.. midbrain). while
brain regions with lower SERT density showed higher DV
using ( # }-MC-McN3632 versus "C-DASB. With both ra-

dioligands. there was increased vanability of DV values 1n
brain regions known to contain high SERT density. a phe-
nosnenon more pronounced with "C-DASB thun with (+)-
HC-MeNS632 (Tuble 2)

Effect of MDMA Treatment on Regional DVs

ANOVA without correction for muitiple comparisons
showed that the OV of {+)-"C-McNS632 in the MDMA-
treated buboon was reduced in 12 of 12 brain regions
examined (Table 2). After Bonferroni correction. 11 of 12
regions  remained  significandy  different for (= 3-"C-
MeN56032 (Table 2).

For 'C-DASB. ANOVA without the Bonferrom correc-
tion showed that § of 12 regions had significantly lower DS
compared with the control {Tablc 2). With the Bonlerroni
correction. 1 of 12 regions remained signiticantly ditferent
tor "C-DASB. The higher parameter variance of the DV of
NC-DASB was caused. in part. by the slightly more unsta-
ble compartmental madel used for "C-IXASB and, in part.
by the higher variance in tissue activity {Tablke 2).

The etfect of MDMA on regional DV values of the 2
lizands was largely attributable to radiolicand retention
rather than altered uptake. This is evidenced by the fact that
uptake. expressed by K| of the compartmental model. did
not differ significantly after MDMA for cither (~)-"C-
MeN3632 or '"C-DASB in any brain region (Table 31 In
contrast. after MDMA. the 4. of (+1"C-McN5652 and
HC-DASB increased across almost all brain regions (Table
+4). Thus. changes in &, far outweigh changes of Ay, [nter-
estingly. the K, of "C-DASB was. on average. 22% higher
than the A of {+)-"C-McN3652. consistent with a higher
uptake of #C-DASB into brain tissue.

Effect of Paroxetine Pretreatment

The amount of radiolicand reaching the brain measured
as the time integral of the unmetabolized radioligand con-
centration in arterial plasmu was increased after paroxetineg
by an average of 25% for (+)-"'C-McN53652 and 44% for
NC-DASB. Paroxetine treatment had a neghgible effect on

TABLE 2
Regional DV Values After Injection of {+)-""C-McN5652 or "'C-DASB

Ragnigand® Pans [E]=] Hyoo Thaamus Py Ce e PC TC GG o Cersn
CC-MoMIES2

Centrol 294 - & ACE 2 4B 228 334 012 2z 4 19-03 144 -73% 155 -02 149:-05 143-02 137 :-03

MDOEAA L TP 22EH 026 212 D247 144 L DET 11, ce B2 - 0FT 85 -04 1080 08 825037 g4-047 8700477

Paroseting 148 - 377 183 D277 158 - 28 1858 - 5% 16, an 12 -22 143 -24 15118 135-%25 143-24 13023
TC-DASE

Contrat 4E2 0 148 TRE - 113 435 -45 g% 27 98 - 13 92210 Ms:14 11hH:14 .c-08 9z - 0.7

MDHAA, ZES - 27 2014 313586 159 - M5 - 0% E1 .02 59 - 0F 72707 $9-93% 60-03 B3 -0

Paraxetre 7.7 - 08 Fa-0b g:CBY B3I 0FF TEOCDITOBES-OT 7.3-405 74-406 T1-495 73-05 B2 0.7

"Esgh radiougand was tested 3 mes o controe baboon o different babsor lesioned pravicusly witl ssrolotergic nearitsar KMOMA,

"Designates siandizant aiffercnce frfam controi IANIYA witngul correct or for maitiale compa
Designates signdizant differesce fros contral IBNOVA wits corrector Tor “ullione compar

Designates aignilizant Qifterence trore WMOMA [ANOYA without correchon for multoe comzansans;

MB - midbrain. Hype candale. FC
Cereb crrebellum.

WValuss represent nnan

hypotralamus Pyt puiamen: Cd

Sl A

Costparisos 0F (= 3-"TC-MONSO32 axn 'C-DASB » Szubo et al.

. fonta cortex SC - paretz cotex: TG - temporal corex: SO

crgulale corlex: OO coopital cotes:
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TABLE 3
Regional K, Values After Injection of {~1-17C-McN5652 or H'C-DASB

Radwaganad” Pars MR Hyao Thaamus P Ca Er [led TC Zo oC Ceren

TT-MeMERSD
Canteol 129 - 063 024 -002 036 - 004 028 -001 024:002 022902 023 -002 027-002 023:C01 023-001 C36- 002 029 . 007
WD, 026 - 004 C25-002 027 - 002 028:002 026-002 021 902 025 o005 0031 2 003 023 - 002 029 :-002 035:003 030 -0¢°
Paroxetre Q.27 - 004 075 -005 030 -G08 030 - 037 032 - 010 028 - 406 024-093 028 - 204 021 - 004 025 -006 230-908 028 : 003
U C-DASE
Contral 035-002 230~ 002 036 -005 CG33-C04 029007 027 <002 026-003 G371 005 027 o004 027 -004 033:-003 037 - 326
DML 030005 028 - 0.02 632004 037 -005 020002 024 :002 0£27-006 033 -C06 024-0.02 030:005 C37-G05 034:- 008
Farcxeune 038 = 0.08 036 - 005 Ca3 - 0.08 042 -003 046 - 006 045 - 306" 035 - Q.05 099 - 008 027 - 002 037 - 203 €42 - 0OS Q47 - GO8

“Each radwiiganc was tested 3 fimes n contrel babann o 2fferer: baboon lesionsd previously with serotanerge neurcloxin MOMA.

"Designates sigrficant difference from conteal IANCWVA waboot corectior for mutipie comoarssns:,

MB = mighrar. Hypo - nypothalamus: Put = putaren: Cd - caudate: FC = frontal cortex: BC - panetai cartex: TC - temoeral cortes, GO - crgulate cortex 0 = acoipria: cortex:
Cereb - cerebellum,

Walues represent mean : S0 n - 3.

the first-pass uptake of (+)-"C-McN3652. with an average (o reduce DVs of (+)-1C-McNS652 below a value of 13 in
increase of the K value of only 6% (Table 3. Thus. the any region. in contrast to DVs as low as 8.2 (frontal cortex}
increased net uptake of (+)-''C-MeN3652 during the first 5 and 8.4 (occipital cortex) after MDMA (Table 2). This was
min in the paroxetine-pretreated animal was attributable  less evident for "'C-DASB, although possibly still apparent
mainly to the higher amount of radioligand reaching the in some regions fe.g., parietal cortex, 7.3 after paroxetine
brain through the arteriai circulation, probably secondary  vs, 5.9 after MDMA: nonsignificant difterence).

to less peripheral binding and the slower rate of {+)-'C- Compared with control values (ANOVY A without posthoc
McN5652 metabolism in the presence of paroxetine. In  comection), DVs after paroxetine pretreatment were signit-
contrast 10 (=)-""C-McNS652, the first-pass upiake of icantly different in 4 of 12 regions with ( =)-1'C-McN3652
"C-DASB appeared to be affected by paroxetine because {pons. midbrain. hypothalamus, and thalamus) and tn 7 of
the average K, value of this radioligand increased. on 12 regions with ''C-DASB (same regions as (+)-"'C-
average, by 30% in the presence of paroxctine 1 Table 3).  MeNS652 plus caudate. putamen. and cingulate cortex).
contributing significantly to the effect of a 44% higher  After Bonferroni correction. paroxetine pretreatment pro-
influx of unmetabolized ligand into the brain. The basis  duced significant effects on 1 of 12 regions with (—3-!'C-
for the change of K, of ""C-DASB after paroxetine treat-  McN5632 and 3 of 12 regions with Y'C-DASB (hypothala-
ment 18 unknown. mus, thalamus. and caudate).

Table 2 illustrates the effect of paroxetine pretreatment
on the DVs of (+)-""C-McN56352 and "C-DASB. Parox-
etine pretreatment led to reductions in DVs of (+)-1'C- Modeling of the raw data led 1o some improvements in
McN3652 in some brain regions known to contain high  the estimations of SERT reductions produced by MDMA
tevels of the SERT (pons. midbrain. hypothalamus. and  for both ligands. although PET data still underestimated the
thalamus). As with the TA.._.; data. there appeared to be a  extent of the reductions in most hrain regions. For example,
floor value beyond which paroxetine failed 1o displace (+)- DV values for (+3'C-McN3632 were reduced by 334
"C-McN5652. In particular. paroxetine pretreatment failed  (putamen) and 46% caudate) in the MDMA-treated baboon

Comparison with In Vitro Data

TABLE 4
Regicnal k, Values After Injection of {+)-1"C-McN5852 or ''C-DASB
Radigigana” Fons MB hypo Thalamius Pz Cd FC PZ C CC o Ceres
TC-MeNEESR
Cantrol B0 - 200 G068 =000 007 -00 J0E-00° QI10-G00 010-002 018 <001 578 =00 018 - 501 45 - a0t 221 -002 02 - 5IZ
MEOMA 02 0 Q.0a' 011 003 013 2 D07 009 - 300 G5 008 18T 02 230 003 J36 - 0030 023 - o017 Ol - 0037942 - J02° &35 - 0L
-d3

[

Paroxetre 0192 0.047 937 - G02° 0.20 = J.03° 018 -002° 018 L0017 §4A7 - 30 098 £ 6037 020 - 903 014 - 00 018 - 0925 021 - 0.02¢ 023
‘C-DaARE

Control 005 :CO3 005-002 005:001 CO7-002 2°3-303 00001 0FE-007 (039-034 023-003 074 005 038 -006 £40 -0
RADRMA, 011002 009 -000 011 002" D26 - 006" 0.31 2003 022 - 002 D45 =800 0.36: 007 £ - 004 043 - 0067 0.5° - 093 032 - 035
Paroxetre 0.51 - 0.03°= 2.45 = 00277 G54 - 0022 052 = 00370 058 - 0067 081 - 0057 51 - 005 052 - 0.08 0.37 = 002 052 - 004” 056 = 006 168 - Co2r

"Each radoigand was testea 3 tmes n corta sasoon or diferent baboon lesioned previous v with sarotorergic neurcioxor MOMA.

‘Desigrates significant gifference from control IAMOVA withaut correctior tar mulhpie compansers).

*Jesignates significant difference from contral iAMOWVA wtr comecton for mutiple campanisona,

ME - mdtrain Hypo = hypathaiarus: Put = puiamen: Cz = caudate; FO = frontal cortex: PO - parietal cortes, T = temaeral cores: OF = cinguiats cortex: O - acopial corex:
Cereb  cerebellum.
Yaes represent - ¢ 10 imean @ 500 o= 3]
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as opposed (o in vitro reductions of 72% and 94%. respec-
tively, in the same regions. Reductions of DV of (—3-*1C-
MeN3632 in most cortical regions were ronghly 0% com-
pared with approximately 80% seen in virro. For ''C-
DASB. DV reductions in the MDMA-treated baboon were
shghtly greater in subcortical regions than those seen with
(+3-"'C-McN3652 qe.g., 63% reduction in the thalamus vs.
57% using (- 1-"'C-MeNS652, but shehtly lower in cortical
regions fe.g. 33% in occipital cortex vs. 1% using (~)-
HC-MeN5632).

DISCUSSION

Results  from  these  studies indicate  thut {+)-''C-
MeN3632 and 'C-DASB ure suitable PET ligands for im-
aging of the SERT in aonhuman primates, Regional brain
tiesue activities and 2Vs of both radiotracers corresponded
well to the known distribution of the SERT. Further. after
treatment with the serotonergic neurotoxin MDMAL binding
of both ligands decrepsed stgnificantly. as would be antici-

pated in the setting of reduced SERT density. Reductions of

in vitre measures of brain 5-HT axonal markers. measured
in the same MDMA-treated baboon that had undergone PET
imaging. corresponded well with reduced binding of both
PET ligands. although PET imaging with both radioligands
tended to underestimate the extent of 5-HT axonal loss.
Pretreatment with the selective 3-HT reuptake inhibitor
puroxetine also led to reductions in ligand binding, but the
clfects of paroxetine have to be interpreted with caution
hecause of its elfects on hzand metabolism and kinetics.
Collectively, these results suggest that t—-""C-MeN3GA2
and "C-DASB are useful and reliable for measuring the
SERT in nonhuman primates and for detecting MDMA-
induced 5-HT neurotoxicity.

Despite numcrous similarities between (~)-1'C-MeN3652
and "C-DASB, there were also some ditferences. For ex-
ample. with "C-DASB. there was greater contrast than with
(+)-1"C-MeN5652 between brain regions containing higher
concentrations of the SERT (e .g.. thalamus. midbrain) and
brain regions with lower concentrations of the SERT te.g..
cerebral cortex, cerebellum). This difference between ''C-
DASB and (+)-""C-McNS6532 may be due to the higher
uptake of ''C-DASB and to its faster apparent washout rate
from binding sites. The faster appurent washout rate of
1'C-DASB mav. in turn. he related to its more rapid metab-
olism in the periphery and to the fact that ''C-DASB binds
more weakly to plusma proteins than (+)-1'C-McN3S652.
Despite these apparent advantages of 'C-DASB over {~ -
HO-MeNS6320 i iy clear that under some experimental
conditions (e.g.. detecting MDMA neurotoxicity ). the per-
formance of the 2 lipands is comparable (Tahles 1 and 2).
Indeed, because of a lower binding variubility at baseline.
{+3-"CMeN3632 chd <lightly better than "C-DASB in de-
tecting MDMA neurotoxicity i Tables 1 and 23 On the other
hiand. ""C-DASB proved berter than (4 )-""C-McNSO52 in
the assessment of the etfects of paroxetine. These differ-

CoMPARLISUN Off

ences hetween the 2 ligands soggest that choice of the
optimal SERT ligand may be dependent on the study design
and the guestion being investigated.

There ts no consensus on the optimal method for defining
nonspecific binding of ¢ ~)-""C-McN53632. Indeed. the op-
timal methed for defining nonspecific binding of "'C-1JASB
also remains to be determined. For "C-McN35632. we pre-
viously have used its inactive enantiomer, (—}-!'C-
MeN3632. to define nonspecific binding, reasoning that
similarits in kinetics and its poor affimty for the SERT
made 1t ideal for this purpose. In this study. we explored the
possitility that the selective 3-HT reuptake inhibitor parox-
etine could be used to detine nonspecilic binding. However,
results from studies with paroxctine were not straightfor-
wurd. In particular. puroxetine decreased the rate at which
unmietabolized tracer disappeared from the circulation and
increased the amount of radiwoligand reaching the brain
(measured as the ume integral of the uninetabolized radio-
ligund concentration 1n arterial plasmal. 1n addinen, parox-
etine substantially increased the K|, of ''C-DASB and. for
both figands. there appeared to be a point bevond which
paroxetine failed to block radioligand binding. This appar-
ent floor effect was particutarly evident with "'"C-MeN3BA2
in cortical regions and the cerebellum. where binding after
neurotoxic injury with MDMA was consistently lower than
hinding after paroxetine {Table D). A similar effect was
evident with "C-DASB when considering the TAqs_ys data
{Table 1). Thus. use of parosetine to define nonspecific
bindimg of either { = }-1"C-McN3632 or YC-1DASB must be
approached with caution because of its effects on ligand
nietabolism and Kinetics,

It hus been proposed that bramn cerebellar SERT binding
be used as an estimate of nonspecific binding and that
specific binding be calculated by subtracting cerebellar DV
from regional brain DVs (/0). Howeser, hecause the cere-
bellum 1s not devoid of SERT (32-36) (Fig. 5) and because
binding of both radioligands decreased significantly in the
cerebellum after MDMA-induced 5-HT neurotoxic injury
(Tables 1 and 2: Fig. 5). this method does not appear
optimal. Importantly. in the case of MDMA-induced neu-
rotoxic injury. reductions in cortical and cerebellar binding
of (+1-"C-McN5632 or "C-DASB would be missed if the
proposed cerebeliar subtraction method were used. Al-
though it could be argued that binding of ( + }-11C-McN3652
in some brain regions 1s. in fact. nonspecific and that
reductions after MDMA represent a loss of some non-
specific binding site rather than loss of the SERT. this is
unlikelv for several reasons. First. because binding of (= )-
NC-McN3652 or ''C-DASB decreases signmificantly after
MDMA treatment. one would have 10 postulaie a ponspe-
cific binding site with similar affinity for both radioligands.
Second. the neurotoxic effects of MDMA as given to mon-
keys in this study are known to be highly selective toward
brain 3-HT neurons (f/{,20-21) nutigating the possibility
that reductions in binding are caused by loss of nonseroton-
ergic neuronal elements, Third. reductions in hinding of

(= 1-"C-MONJOR2 ane "C-DASB » Szubo et ul. 689



hoth ligidnds parallel those seen in vitro, although, as
other brain regiona. they underestimate the degree of sero-
tonergic injury, Clearhy . there is need to further develop and
validate methods (that provide meore accurale estimates of
nonspecilic SERT binding in PET imaging paradigms.

[t ix important o note that, although the regional tissue
activities and DVs of both radiotracers generally corre-
sponded well with the known distnbution of the SERT in
the brain (r = 0814 for (+3-""C-McN3632 and r = (.843
for ''C-DASB), neither ligand modeled perfectly the in vitro
SERT concentrations. For example. SERT density in the
cerchral cortex is known to be roughly 4 times that in the
cerehellum (32—34); vet binding of both ligands was similar
in cortical und cerebellar tissue (Tables 1 und 2). Similarly,
SERT density in the midbrain is known to be approximatety
rwice that in the thalamus: vet binding of both radioligands
1t these 2 brain regions was comparable. There are several
potential explanations for this phenomenon, including par-
tial-volume effects. differential blood flow, spatial resolu-
tion ol the tomographs. luminar distribution of 5-HT axons,
and possible ditferences in tissue properties among the
various brain regions analyzed. Regardless of the underly-
ing basis for this apparent discrepancy in radioligand bind-
ing, it is important 1o exercise caution when comparing
tissue activities or PVs between distinet brain regions.
Rather, compurisons within a particular region. cither be-
tween subjects or the same subject under different experi-
mental conditions. would appear 1o be the most appropriate
use tfor both radiotracers.

In this study. a tracer kinetic model was identified using
the same approach as n g previeus study (74). Statistically.
the best model was the one with a single tissue compartment
and 3 parameters: BV, K. and k.. In this model. DV is
calculated by computing the ratio of Ky to k-, This model
significantly improved the goodness of it at a cost of
minimal variance inflation {measured by the condition aum-
ber of the parameter variance-covarnance matrix). Advan-
tages of the 3-parameter model mclude (w) 1t 1s robust and
results in minimal variance of parameters: (b it can be used
o detect differences between untreated and MDMA-treated
animals: and (¢) a parameter analogous to DV can be ob-
tained with the simplified graphic method. which cun then
be used tor creation of parametric images (38). On the basis
of these critenia, a single tissue compartment model with 3
parameters was used to analvze (+)-""C-MceN3652 and V'C-
DASB hinding in this study. Future studies may indicate
that. for both radioligands. a more complex Kinetic model
based on 2 rissue compartments may be more applicable,
Separation of kinetic parameters at specific binding sites
{e.g.. &; and &) permits an independent assessment of spe-
cific binding and is expected to eliminate hias. but a more
complex model wiil pose an additional challenge 1o har-
nessing parameter variance as the instability of the param-
eter estimator increases with model complexity,

It should be noted that DV measurcments of (~)-1C-
MeN3652 were caleulated using a revised HPLC method
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for analy sis of plasma ¢= 1= 'C-MENSO3 T and 1t inetabo.
lites, the results of which are wsed o correct the inpus
funcrion (221, With this new method, the vnmetabatizedd
fraction of = )-"C-NMeNIOA2 18 higher than that with (he
previously published technigue (72740, resulting in much
lower 2Vs and significantly lower variance (Table 2y im-
portantly, data collected using thix refined HPLC method
confitm those obtained previvusly ({2,730, are consistent
with those of others (f01. and contirm that (- )-"'C-MeN3632
is capable of detecting MDMA-induced 5-HT neuronai in-
jury. As with measurements of cerebrospinal Auid 3-HIA A,
the only other validated method for derecting MDMA-
induced neuroroxicity in vivo. PET measurements of the
SERT with either (—)-1'C-MeN3652 or V'C-DASB under-
estimate the extent of scrotonergic injury measured post-
mortent. probably as a result of nonspectic ligand binding.

Potential limitations of this study should be acknowl-
edged. First, the sample size is small. Although the sample
size is indead limited. it should be noted that each baboon
was imaged 3 nmes with each radioligand under each ex-
perimental condition (normal SERT density. reduced SERT
density, and reduced SERT availability} and that. in all
cases, results were internally consistent for both ligands
studied. Further, direct ex vivo postmortem studies con-
firmed that the MDMA-(reated baboon did. in fact. have the
expected reduced SERT density. Thus. there is littie reason
to suspect that our results are compromised in any signifi-
vant way by the small sample size. ft should be emphasized
that the purpose of this study was not o establish that
NMDMA is neurotoxic because the neurotoxic potential of
MDMA has been amply established by previous studiex in
this laboratory (//./3.20.21) and other Taboratories (39—
40). Another potential Himitation is that on most. although
not all. oceasions. (+)-""C-MeN3632 was studied before
HC-DASB, raising the possibility that observed differences
might be reluted to order effects. However. on those oc-
castons when "C-DASB was ~tudied before (+3-''C-
MeN3632. no obvious difference was observed. mitigating
against this potential problem. Third. it was difficult o
obtain a precise measure of plasma protein binding of the
radioligands. particularty (+)-"C-MeN3632. Further re-
finement of the protein-binding technique and inclusion of
this parameter could further improve the results of Kinetic
modeling. Finally, it 1s conceivable that the MDMA-treated
animad had a smaller nonspecitic distribution volume than
that of the control. Ahthough this s possible. this seems
unlikely given that the animals were of similar age. weight.
and sex.

CONCLUSION

Our results indicate that (+1-'C-MeN3632Y and (-
DASB arc both useful PET radiclizands for the measure-
ment of the brain SERT in living primates and that both
radioligands are capuble of detecting reduced SERT density
secondary to MDMA-induced 5-HT newrotoxicity. Also.
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both rudioligands seem better suited tor detecting ditfer-
cnces of SERT binding in arcas with high SERT density,
such as the midbrain. thatamus. cavdate. and putamen. The
iinding that neurotoxic injury with MDMA leads 1o reduced
binding of (= 3}""C-McN3632 and Y'C-DASB in cortical
brain regions with relatively fow SERT density indicates
that. in some instances. these ligands may be capable ol
detecting differences in neocortical SERT binding and hat
{ = 1-1IC-MeN36532 and Y"C-DASB binding in cortical re-
mons may not be entirely nonspecttic. The optimal method
tor estimating and accounting for nonspecific binding of
both ligands s not vet resolved and deserves further stody
because it can help reduce parameter bias as well as parum-
eter variance. Additonal studies in nonhunun prinates and
humans are needed to further characterize the properties und
capahilities of both radiolicands tn heakthy human beings
and tn individuals with neuropsyehiatrie disorders in which
5-HT neurons e been implicated.
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