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Abstract

There has been considerable interest in the development of a PET radioligand selective for the
serotonin (5-hydroxytryptamine [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-(methylthio)phenyl[pyrrolo-[2,1-a]isoquinoline ((+)-11C-McN5652), has been
successful in this regard but may have some limitations. Recently, another promising SERT
radiotracer, 3-11C-amino-4-(2-dimethylaminomethylphenylsulfanyl)benzonitrile A1C-DASB), has
been described. The purpose of this study was to compare and contrast (+)-11C-McN5652 and 11C-
DASB under various experimental conditions.

Methods: Radioligand comparisons were performed in a control baboon, a baboon with reduced
SERT density ((£)-3,4-methylenedioxymethamphetamine [MDMA] lesion), and a baboon with
reduced SERT availability (paroxetine pretreatment). Under each of these experimental conditions,
repeated (triplicate) PET studies were performed with each ligand.

Results: Both radiotracers bound preferentially in brain regions known to contain high SERT
density. 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 decreased
after MDMA neurotoxicity (reduced SERT density), and (+)-11C-McN5652 and 11C-DASB were
comparably effective in detecting reduced SERT density after MDMA-induced 5-HT neurotoxicity.
Pretreatment with paroxetine dramatically altered the metabolism and kinetics of both tracers and
appeared to displace both ligands primarily from regions with high SERT density. Compared with
(+)-11C-McN5652, 11C-DASB had higher brain activity and a faster washout rate and provided
greater contrast between subcortical and cortical brain regions.

Conclusion: 11C-DASB and (+)-11C-McN5652 are suitable as PET ligands of the SERT and for
detecting MDMA-induced 5-HT neurotoxicity. 11C-DASB may offer some advantages. Additional
studies are needed to further characterize the properties and capabilities of both ligands in health and
disease.
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The brain serotonin (5-HT) system has been implicated in several neuropsychiatric conditions,
including major depression, 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 techniques that permit assessment of 5-HT neurons in the living
human brain. To this end, several research teams have developed and evaluated various SPECT
and PET radiotracers for measurements of various components of the brain 5-HT system
(1-6). Withregard 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 insufficient specificity
or selectivity for the SERT in vivo (7).

To date, one of the more promising PET SERT radioligands identified is trans-1,2,3,5,6,10-
B-hexahydro-6-[4-(methylthio)phenyl[pyrrolo-[2,1-a]isoquinoline ((+)-11C-McN5652).
(+)-11C-McN5652 binds selectively to the SERT, and its regional distribution of binding in
humans correlates well with the known distribution of the SERT in human brain (8-10). In
addition, studies in baboons and humans exposed to the brain 5-HT neurotoxin, (£)-3,4-
methylenedioxymethamphetamine (MDMA), show significant reductions in (+)-11C-
McN5652 binding (11-13). However, usefulness of (+)-11C-McN5652 may be limited by its
nonspecific binding and slow release from specific binding sites (14,15).

There have been recent reports that an alternative SERT radioligand,3-11C-amino-4-(2-
dimethylaminomethylphenylsulfanyl)benzonitrile (11C-DASB), holds promise for use as a
SERT PET ligand (16,17). Preclinical studies indicate that, like (+)-11C-McN5652, 11C-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 rodents. Also, damage of 5-HT axon terminals with the
neurotoxin p-chloroamphetamine is associated with significant reductions in 11C-DASB
binding in vivo in rodents, and low concentrations of radioactive metabolites in rat brain
relative to the parent compound (17) suggest that this radioligand holds significant potential
for use in evaluating the status of the brain SERT in humans. Notably, initial PET studies in
humans (18) indicate that 11C-DASB has highly suitable characteristics for evaluating the
status of the SERT in clinical settings and that 11C-DASB can successfully detect SERT
occupancy by paroxetine and citalopram (19).

The purpose of this study was to compare (+)-11C-McN5652 and 11C-DASB as PET ligands
of the SERT in nonhuman primates. In particular, we sought to (a) compare binding
characteristics of both radioligands to the SERT in a saline-treated baboon (normal SERT
density), (b) compare the ability of the 2 radioligands to detect reductions in SERT density
induced by the selective 5-HT neurotoxin MDMA, (c) evaluate the capability of both ligands
to detect reduced SERT availability after pretreatment with paroxetine, and (d) determine how
binding parameters of the 2 radioligands correlate with direct measures of brain 5-HT axonal
markers measured ex vivo.

MATERIALS AND METHODS

Animals

Five Papio anubis baboons were used for these studies. Two of the baboons (males) were used
for PET studies with (+)-11C-McN5652 and 11C-DASB; the other 3 served as control animals
for the neurochemical studies of 5-HT axonal markers, including the SERT. Of the 2 baboons
used in the PET studies, 1 was a saline-treated baboon (11 y old; weight, 24 kg). This animal
underwent PET studies with each ligand on 3 separate occasions to compare binding

characteristics of both radioligands to the SERT at baseline (normal SERT density). The same
baboon then underwent 3 additional PET studies with each radioligand after treatment with a
blocking dose of paroxetine to evaluate the capability of both ligands to detect reduced SERT
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availability. Another baboon (12 y old; weight, 25 kg) underwent 3 PET studies after
administration of neurotoxic doses of MDMA to compare the ability of the 2 radioligands to
detect reductions in SERT density caused by MDMA-induced 5-HT neurotoxicity.

Drug Treatment

As in previous studies, (13,20,21), MDMA was given at a dose of 5 mg/kg daily for 4
consecutive days to lesion 5-HT systems. However, the MDMA-treated baboon used in this
study underwent 2 such 4-d MDMA regimens, one 17 mo and another 7 mo before initiation
of the PET studies. The rationale behind the use of a baboon that received 2 separate MDMA
treatments was to ensure that this animal had marked reductions in 5-HT axonal markers,
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, to be correlated with PET findings. Paroxetine studies were performed
on the baboon treated previously with saline on 3 separate days, after pretreatment with 10 mg/
kg paroxetine (either 10 mg/kg intravenously 60 min before tracer administration or 5 mg
intramuscularly x 2, the night before and 60 min before PET imaging). The latter paroxetine
regimen was used to avoid use of a high bolus dose and to ensure near-maximal SERT blockade
at the time of tracer injection.

Overall Design

Before PET imaging, animals were fasted for 12 h. Anesthesia was induced with 20 mL Saffan
(Pitman-Moore, Middlesex, U.K.), a combination of alfaxalone and alfadolone acetate,
intramuscularly and maintained with a constant infusion of Saffan at a rate of 55-70 mL/h.
Saffan was diluted with isotonic saline in a ratio of Saffan:saline = 1:4. Circulatory volume
was maintained by infusion of isotonic saline. Animals were intubated during PET studies, and
heart rate, blood pressure, oxygen saturation, and core temperature were monitored
continuously.

PET studies of the saline-treated, MDMA-treated, and paroxetine-pretreated baboon were
conducted on 3 separate occasions at 3- to 4-wk intervals. On each of these occasions, animals
were usually first scanned with (+)-11C-MCN5652 and then (at least 2 h later) with 11C-DASB
so that direct comparisons of the 2 radioligands could be made (i.e., minimizing variance
created by conducting scans on separate days). On some occasions, 11C-DASB was injected
before (+)-11C-MCN5652, always at least 60 min after induction of anesthesia. The purpose
of obtaining 3 scans with each ligand under each experimental condition (saline treatment
[normal SERT density], after MDMA lesion [reduced SERT density], and after pretreatment
with paroxetine [reduced SERT availability]) was to test reproducibility of the imaging findings
and to allow statistical 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 mg/
kg intravenously 60 min before tracer administration or 5 mg intramuscularly 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 anticipated after either paroxetine regimen.

MRI Protocol

To ensure reproducibility of positioning during the repeated PET studies, a custom-made face
mask (TRU-SCAN, Annapolis, MD) was fitted to the baboon's head, which was then attached
to the head holder during the PET scans. The canthomeatal line served as a reference for the
PET studies. In each animal, 2 MRI sequences were obtained using a Signa 1.5-T scanner
(General Electric Medical Systems, Milwaukee, WI). The first sequence was a set of T1-
weighted scout images with the following parameters: repetition time (TR) = 500 ms; echo
time (TE) = 20 ms; 5-mm slice thickness with no gap; 128 x 256 matrix; and 1 excitation. The
second sequence was an axial spin-density/T1-weighted 3-dimensional volumetric scan using
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radiofrequency spoiled gradient (SPGR) echoes. The parameters were as follows: TR = 35 ms;
TE =5 ms; flip angle = 45°; 1.5-mm effective slice thickness; no gap; 124 slices with in-plane
192 x 256 matrix; 15-cm field of view; and 1 excitation. The purpose of the SPGR sequence
was to ensure precise positioning and repositioning of the animals during multiple studies and
to achieve image registration with PET for localization of the structures of interest.

PET Protocol

An Advance PET camera (General Electric) with an axial resolution (full width at half
maximum) of 5.8 mm and an in-plane resolution of 5.4 mm was used for image acquisition.
This scanner acquires 35 simultaneous slices of 4.25-mm thickness, enclosing a total
longitudinal field of view of 15 cm. A transmission scan was obtained with twin 370-MBq (10
mCi) %8Ge pin sources for 10 min and was used for attenuation correction of the subsequent
emission PET scans. (+)-11C-McN5652 and 11C-DASB were prepared according to published
methods (17,22). Two PET studies were performed on every occasion: 1 with 555 MBq (15
mCi) (+)-11C-McN5652 and the other with 555 MBq 11C-DASB. The time difference between
the injections was 120 min. Specific activities ranged between 185 and 733 MBg/mmol (5,000
and 19,800 Ci/mmol; average, 354 MBg/mmol [9,566 Ci/mol]) at the time of injection.
Eighteen serial dynamic PET images were acquired during the first 95 min after injection of
each radioligand using the following image sequence: 4 x 15 s frames, 3 x 1 min frames, 3 x
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
repositioning 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.

Input 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 until the end of the
PET study. This input function was corrected for metabolized radioligand activity. For this
purpose, 2-mL arterial plasma samples were obtained at 5, 15, 30, 60, and 90 min after injection
and were analyzed for tracer metabolism. Missing data points were obtained by interpolation
based on a monoexponential function that described the disappearance of the percentage of
nonmetabolized tracer from circulation. Calculations were repeated with a biexponential fit of
the high-performance liquid chromatographic (HPLC) data but these calculations resulted in
higher parameter variance. Thus, data are shown with the first solution only.

Tracer Metabolism

The extent of metabolism of (+)-11C-McN5652 and 11C-DASB was determined using a
published method (23) with minor modifications. In particular, in the column-switch HPLC
procedure, we used a capture column packed with Oasis sorbent (Waters Associates, Milford,
MA) and a Prodigy ODS-2 10-um 4.6 x 250 mm analytic column (Phenomenex, Torrance,
CA). For (+)-11C-McN5652 analysis, plasma (2 mL) was made 8 mol/L in urea to disrupt
strong protein binding, and the HPLC solvent was 40% acetonitrile in 0.1 mol/L triethylamine
acetate buffer, pH 4.1 (v/v) at a flow rate of 1.4 mL/min. For 11C-DASB analysis, urea treatment
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 plasma or saline. The
solutions, without pH control, were added to Centrifree devices (YM-30, Amicon; Millipore,
Bedford, MA) and centrifuged in an angle rotor at approximately 400g at room temperature.
Radioactivity in samples of the original solutions, their filtrates, the filtrate collection cups,
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and filters was determined. The ratio of radioactivity in the original solution and the filtrate,
corrected for binding to the filtrate collection cup and filter, was used to estimate the percentage
of ligand bound to plasma protein.

Image Processing

PET and MR images were converted to NetCDF (34)/MINC (http://www.bic.mni.mcgill.ca/
software/minc/minc.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 running under Windows was developed in C++ and
MatLab 5.3 (The Mathworks, Nattick, MA). All PET data were corrected for attenuation,
injected dose (ID), 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 (ROIs) of
identical sizes were generated and displayed simultaneously on PET, MR, and fused images.
The following brain regions were analyzed: cerebellum, thalamus, caudate, putamen, temporal
cortex, frontal cortex, parietal cortex, occipital cortex, cingulate gyrus, midbrain,
hypothalamus, and pons (Fig. 1). An exact delineation of the hypothalamus was not possible
and this ROl 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 x 2 x 4.25 mm,; 44 voxels per ROI).
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 activity concentrations of multiple ROIs. ROIs in the frontal cortex and parietal cortex
were defined at the level of centrum semiovale. The ROIs of the cingulate gyrus were defined
in the brain slice above this level. Tissue time—activity curves were expressed in units of nCi/
mL/mCi (37 Bq/mL/37 MBq) ID.

Compartmental Modeling

The kinetics of the radioligand were described by models based on 1 or 2 tissue compartments,
with or without inclusion of a regional cerebral blood volume term (BV). The mathematic
details of these models have been reported (14). The most simple model consists of a single
tissue compartment, and the distribution kinetics of the radioligand are described by 2
parameters: tissue uptake, Ky opar, and release, ko opar- The more complex model consists of 2
tissue compartments (1 for specific binding and another for nonspecific binding) and of a blood-
pool component described by the regional cerebral blood volume (BVspg(). In this model,
K1,5par and Ko s5par describe uptake and release of the radioligand in the brain tissue, whereas
k3,5par and K4 spar describe binding and release of the radioligand at the site of the SERT.
Statistical tests corroborated the model that described radioligand kinetics by a single tissue
compartment and 3 parameters: BV3zp,r = blood volume, Ky 3,4 = uptake of radioligand in brain
tissue, and kj 3par = release of radioligand from brain tissue (3par in the subscript denotes the
3-parameter model). From this model, the total apparent distribution volume was calculated
as DV = Ky 3par/Ko 3par (14,27). Model parameters were estimated by the Marquardt algorithm
(28), minimizing the sum of the squared differences between the measured and fitted tissue
activity curves.

In Vitro Assays

Baboons were killed with an intravenous overdose of pentobarbital. The brains were
immediately dissected on ice and the samples were stored at —70°C until further processing.
Regional brain levels of 5-HT and 5-hydroxyindoleacetic acid (5-HIAA) and SERT binding
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densities were measured as described (29). Baboons killed for this study included the 3 that
served as control animals for the neurochemical studies and the 1 that was lesioned with
MDMA before PET imaging.

Quantitative Autoradiography

The saline-treated and the MDMA-treated baboons that had undergone PET studies were killed
as described, and the brain was rapidly removed in a cold room (4°C), blotted, and immersed
in isopentane packed in dry ice to ensure uniform freezing. The frozen brain parts were then
stored in a—80°C freezer until sectioning. For SERT binding studies, methods described earlier
were used (20).

Statistical Analysis

Regional tissue activities of (+)-11C-McN5652 and 11C-DASB were determined for the time
interval from 75 to 95 min and compared by linear correlation. The interdependence of DV of
the 2 radioligands was also tested by linear correlation. Parameter variance was expressed by
SD. Intrasubject reproducibility was measured by the coefficient of variation CV calculated
from the SD of triplicate measurements. The effect of prior MDMA lesioning or paroxetine
pretreatment on regional tracer accumulation and compartmental parameters was evaluated by
ANOVA, which was performed separately to compare saline versus MDMA treatment
(lesioned vs. unlesioned) and saline versus paroxetine pretreatment (blocked vs. unblocked).
The Bonferroni correction for multiple comparisons was performed to account for the number
of ROIs. The probability of a null hypothesis was assessed both without and with Bonferroni
correction for multiple comparisons (30). An ANOVA F value was calculated during parameter
estimation for statistical testing of model order. Instability of the parameter estimator was
assessed by the condition number of the parameter variance—covariance matrix (14,31).
Compartmental parameter estimation and statistical testing of the parameter estimator were
performed using the numeric software package MATLAB/Windows version 5.3 (The
Mathworks). Conventional statistical tests were performed with the SPSS software package
for Windows NT, version 10 (SPSS, Inc., Chicago, IL).

RESULTS

Time—Activity Curves

Accumulation and Distribution of (+)-11C-McN5652 and 11C-DASB—After
radioligand injection, regional brain activity of both radiotracers gradually increased, with
highest activity levels developing in the pons, midbrain, hypothalamus, striatum, and thalamus
(Table 1; Fig. 2). As in previous studies (11), average regional brain tissue radioactivity
measured 75-95 min after injection (TA75_g5) of (+)-11C-McN5652 corresponded well with
the distribution of the SERT in the baboon brain measured in vitro (y = 0.0264x + 66; r =
0.946), which, in turn, correspond well to the known distribution of the SERT in the human
brain (32-34). There were also high correlations between the regional TA7s5_gs of (+)-11C-
McN5652 and 2 other serotonergic axonal markers, 5-HT (y = 0.104x + 75; r = 0.862) and 5-
HIAA (y = 0.0627x + 78; r = 0.926). The same was true for 11C-DASB: SERT (y = 0.059x +
26; r=0.969), 5-HT (y = 0.2235x + 43; r = 0.895), and 5-HIAA (y = 0.1284x + 53; r =0.911).
There was an excellent correlation between the regional distribution of the 2 radioligands
(DASB on MCN5652: y = 2.087x — 109; r = 0.958). In regions with higher SERT densities,
TA75_g5 was generally higher with 11C-DASB than with (+)-11C-McN5652. Conversely, in
regions with lower SERT density (cerebral cortical regions, cerebellum), TA75_g5 was
generally lower with 11C-DASB than with (+)-11C-McN5652 (Table 1). Both ligands exhibited
good test—retest reliability with interscan variance, estimated by the coefficient of variation,
for (+)-11C-McN5652 ranging from 6% to 17% and that of 11C-DASB ranging from 7% to
19%, depending on brain region.
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Effect of MDMA Treatment on (+)-11C-McN5652 and 11C-DASB Tissue Activity—
Prior lesioning of 5-HT systems with neurotoxic doses of MDMA (to markedly reduce SERT
density) resulted in significant reductions in regional activities of (+)-11C-McN5652 and 11C-
DASB. When analyzed by ANOVA without Bonferroni correction for multiple comparisons,
11 of 12 regions examined with (+)-11C-McN5652 and 12 of 12 regions with 11C-DASB were
significantly lower after MDMA (Table 1). After Bonferroni correction, 4 of 12 regions
examined with each ligand achieved statistical significance (P < 0.0042). With (+)-11C-
McN5652, the regions were the pons, putamen, parietal cortex, and cerebellum; with 11C-
DASB, the regions were frontal cortex, parietal cortex, occipital cortex, and putamen (Table
1). As in the saline-treated baboon, correlation analysis showed strong correlations between
the imaging findings and the postmortem neurochemical findings in the MDMA-treated
baboon. For (+)-11C-McN5652, SERT (y = 0.0432x + 50.72; r = 0.958), 5-HT (y = 0.0826x +
58.69; r = 0.863), 5-HIAA (y = 0.0736x + 56.47; r = 0.956); and for 11C-DASB, SERT (y =
0.0684x + 25.88; r =0.923), 5-HT (y = 0.1348x + 38.48; r =0.879), and 5-HIAA (y = 0.1196x
+34.94; r = 0.969).

Effect of Paroxetine on (+)-11C-McN5652 and 11C-DASB Tissue Activity—
Pretreatment with paroxetine to reduce SERT availability markedly altered the rate of uptake
of both radioligands, with more rapid early peaks than those seen under baseline conditions or
after MDMA treatment (Fig. 2). Indeed, the average brain tissue activity measured during the
first 5 min was increased by 40% for (+)-11C-McN5652 and by 106% for 11C-DASB.
Pretreatment with paroxetine also inhibited the metabolism of both radioligands. In light of
these effects of paroxetine on ligand kinetics and metabolism, comparisons between average
regional tissue radioactivity measured 75-95 min after ligand injection (TA7s5_gs) under
baseline conditions and after pretreatment with paroxetine must be interpreted with caution
(i.e., differences may not fully or solely reflect displacement from specific binding sites).

With these potential caveats in mind, pretreatment with paroxetine led to reductions in
TA75_g5 of both radioligands compared with the baseline condition, with the extent of reduction
varying across regions and depending on the ligand. As before, the statistical significance of
the observed differences depended on whether the ANOVA analysis included a correction for
multiple comparisons. For example, ANOVA without the Bonferroni correction showed
significant reductions in TA75_gs of (+)-11C-McN5652 in some (pons, midbrain,
hypothalamus) but not all (thalamus, putamen, and caudate) regions with higher SERT density.
Indeed, in these 2 brain regions (putamen and caudate), as well as in regions with low SERT
density (cortical regions and cerebellum), TA75_g5 of 11C-(+)McN5652 after paroxetine
pretreatment was actually higher than that after MDMA, possibly secondary to the effects of
paroxetine on 11C-(+)-McN5652 metabolism and uptake in the brain. After posthoc correction,
paroxetine pretreatment produced no significant effects on (+)-11C-McN5652 binding,
probably caused by the high variability of the paroxetine data (Table 1).

For 11C-DASB, ANOVA without correction for multiple comparisons showed that paroxetine
pretreatment led to significant reductions in TA5_gs in the 9 of 12 regions examined (Table
1). With the Bonferroni correction, 5 of 12 regions remained significantly different. Typically,
reductions in 11C-DASB activity after paroxetine were greater than those after MDMA (Table
1). Exceptions were all of the cortical regions analyzed and the cerebellum (Table 1).

There appeared to be a floor effect in the extent to which paroxetine could decrease the activity
of both radioligands. Thus, for (+)-11C-McN5652, no average values were observed below
3,145 Bg/mL tissue/37 MBq (85 nCi/mL tissue/mCi) ID (Table 1), in contrast to levels of
approximately 1,850 Bg/mL tissue/37 MBq (50 nCi/mL tissue/mCi) ID in several brain regions
after MDMA treatment (Table 1). Similarly, for 11C-DASB, no average values were observed
below 1,628 Bg/mL tissue/37 MBq (44 nCi/mL tissue/mCi) ID, in contrast to levels of
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approximately 1,110 Bg/mL tissue/37 MBq ID (approximately 30 nCi/mL tissue/mCi) in
several brain regions of the MDMA-treated baboon (Table 1).

Variability in tissue radioactivity 75-95 min after injection (TAz5_g5) of (+)-11C-McN5652
after paroxetine treatment was much greater than that seen after neurotoxic injury with MDMA
(Table 1), possibly as a result of paroxetine's effects on ligand metabolism and kinetics. In
addition, 1 of the 3 studies with paroxetine yielded absolute values that, though suggesting
SERT blockade, were higher than those obtained in the 2 other studies and contributed to the
high variance. In contrast, variability in TA75_gs5 of 11C-DASB after paroxetine was similar or
smaller than that after treatment with MDMA.

Relation of Tissue Radioactivity to In Vitro Measures of 5-HT Axonal Markers—
As anticipated on the basis of prior findings (11), compared with average normal values
obtained in 3 control baboons, in vitro parameters of 5-HT axonal markers in the MDMA-
treated animal were markedly reduced. Decreases of 5-HT axonal markers were region
dependent, with the most severe reductions evident in cerebral cortical regions, thalamus,
putamen, and caudate (Fig. 3A-C). Quantitative autoradiographic studies with 3H-citalopram
provided additional evidence of profound MDMA-induced 5-HT neurotoxicity. A coronal
section of the control baboon brain (Fig. 4) revealed intense radioligand binding in the basal
ganglia with less binding in the temporal cortex, cingulate gyrus, and dorsal neocortex. As is
evident from Figure 4, MDMA treatment reduced ligand binding in all of these brain regions.
Similarly, autoradiography at the level of the cerebellum and brain stem (Fig. 5) showed high
SERT density in the raphe nuclei, with somewhat less binding in the ventral and rostral brain
stem. Importantly, 3H-citalopram binding in the folia 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. 5).

Notably, both PET radioligands underestimated the extent of 5-HT axonal marker depletion
produced by MDMA (Fig. 3), with (+)-11C-McN5652 showing reductions of approximately
30% in most regions up to a maximum of 42% in the occipital cortex (Table 1). 11C-DASB
was slightly better in this regard, generally showing reductions of 40%-45%, with the greatest
reduction of 60% seen in the putamen (Table 1). These underestimations may be, to a large
degree, attributable to nonspecific binding of the radioligands.

Plasma Analysis and Protein Binding of Radioligands

The metabolism of both radioligands was relatively rapid. The estimated biologic half-life
(t/2) of (+)-11C-McN5652 was 42 min and that of 11C-DASB was 30 min. Prior MDMA
treatment produced no significant effect on the rate of tracer metabolism. In contrast,
pretreatment with paroxetine reduced the rate of metabolism of both radioligands. After
paroxetine, the plasma ty/, of (+)-11C-McN5652 was prolonged to 75 min (79% increase), and
that of 11C-DASB was increased to 38 min (27% increase).

The metabolism of both ligands led to very polar metabolites and 1 or more lipophilic
metabolites. The polar metabolites failed to bind to the Oasis 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 11C-DASB radioactivity and 7% of the total (+)-11C-McN5652 radioactivity.

Determination of plasma protein binding using Centrifree devices suffered from binding
artifacts for (+)-11C-McN5652 and 11C-DASB. These artifacts were less significant in the
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presence of plasma because the protein binding competed successfully with the components
of the filtration device. By measuring the radioactivity associated with each component of the
system, 89% of 11C-DASB and 99% of (+)-11C-McN5652 were determined to be bound to
plasma proteins.

Kinetic Modeling

(+)-11C-McN5652—The statistically best curve fit was obtained with a 3-parameter, 1-tissue
compartment model (37). ANOVA of the sums of squared residuals resulted in an average F
value of 16.2 (P < 0.005), consistent with an improved curve fit with the 3-parameter model
compared with the 2-parameter model. The 4-parameter model was statistically inferior to the
3-parameter model (F = —8.97; P < 0.005), whereas the 5-parameter model was statistically
indistinguishable from the 3-parameter model (average F = 2.54; not significant). The average
condition number of the 3-parameter model was 3.90 £ 0.71, only 1.08 times higher than the
average condition number of the 2-parameter model. On the other hand, the condition number
of the 4-parameter model was 10 times higher than the condition number of the 3-parameter
model. The condition number of the 5-parameter model was 13 times higher than the condition
number of the 3-parameter model. These increments indicated deterioration of the conditioning
of the parameter estimator with increasingly complex models (e.qg., the 2-tissue compartment,
4- and the 5- parameter models). On the basis of the results of these analyses, the 3-parameter
model was chosen for derivation of the DV of (+)-11C-McN5652.

11Cc-DASB—The 3-parameter model produced statistically insignificant improvement
compared with the 2-parameter model (average F = 3.36; not significant). The condition
number of the 3-parameter model was 4.4, or 20% greater than the condition number of the 2-
parameter model. More complex models with 2 tissue compartments and 4 or 5 parameters
resulted in statistically insignificant ANOVA F values. These complex models were associated
with deterioration of model conditioning (e.g., a 13- to 14-fold increase in the condition number
of the parameter variance—covariance matrix). Because the 2-parameter and 3-parameter
models (BV, K, ky) resulted in statistically comparable conditioning, the 3-parameter model
was used for description of the kinetics of 11C-DASB to facilitate comparison with 11C-
McN5652, the kinetics of which were described with a 3-parameter model.

Regional Brain DVs of (+)-11C-McN5652 and 11C-DASB

Like regional radioactivity tissue accumulation (Table 1), DVs of (+)-11C-McN5652 and 11C-
DASB were highest in brain regions known to contain high SERT density (Table 2). There
was an excellent correlation between DVs of the 2 radioligands in the various brain regions
examined (r = 0.92). As seen with TA75_gs levels, DVs of 11C-DASB were higher than those
of (+)-11C-McN5652 in brain regions known to have high SERT density (e.g., midbrain), while
brain regions with lower SERT density showed higher DVs using (+)-11C-McN5652

versus 11C-DASB. With both radioligands, there was increased variability of DV values in
brain regions known to contain high SERT density, a phenomenon more pronounced

with 11C-DASB than with (+)-11C-McN5652 (Table 2).

Effect of MDMA Treatment on Regional DVs

ANOVA without correction for multiple comparisons showed that the DV of (+)-11C-
McN5652 inthe MDMA-treated baboon was reduced in 12 of 12 brain regions examined (Table
2). After Bonferroni correction, 11 of 12 regions remained significantly different for (+)-11C-
MCcN5652 (Table 2).

For 11C-DASB, ANOVA without the Bonferroni correction showed that 8 of 12 regions had
significantly lower DVs compared with the control (Table 2). With the Bonferroni correction,
1 of 12 regions remained significantly different for 11C-DASB. The higher parameter variance
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of the DV of 11C-DASB was caused, in part, by the slightly more unstable compartmental
model used for 11C-DASB and, in part, by the higher variance in tissue activity (Table 2).

The effect of MDMA on regional DV values of the 2 ligands was largely attributable to
radioligand 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
either (+)-11C-McN5652 or 11C-DASB in any brain region (Table 3). In contrast, after MDMA,
the k; of (+)-11C-McN5652 and 11C-DASB increased across almost all brain regions (Table
4). Thus, changes in k, far outweigh changes of Kj. Interestingly, the K; of 11C-DASB was,
on average, 22% higher than the Ky of (+)-11C-McN5652, consistent with a higher uptake

of 11C-DASB into brain tissue.

Effect of Paroxetine Pretreatment

The amount of radioligand reaching the brain measured as the time integral of the
unmetabolized radioligand concentration in arterial plasma was increased after paroxetine by
an average of 25% for (+)-11C-McN5652 and 44% for 11C-DASB. Paroxetine treatment had
a negligible effect on the first-pass uptake of (+)-11C-McN5652, with an average increase of
the K4 value of only 6% (Table 3). Thus, the increased net uptake of (+)-11C-McN5652 during
the first 5 min in the paroxetine-pretreated animal was attributable mainly to the higher amount
of radioligand reaching the brain through the arterial circulation, probably secondary to less
peripheral binding and the slower rate of (+)-11C-McN5652 metabolism in the presence of
paroxetine. In contrast to (+)-11C-McN5652, the first-pass uptake of 11C-DASB appeared to
be affected by paroxetine because the average K4 value of this radioligand increased, on
average, by 30% in the presence of paroxetine (Table 3), contributing significantly to the effect
of a 44% higher influx of unmetabolized ligand into the brain. The basis for the change of
K, of 11C-DASB after paroxetine treatment is unknown.

Table 2 illustrates the effect of paroxetine pretreatment on the DVs of (+)-11C-McN5652

and 11C-DASB. Paroxetine pretreatment led to reductions in DVs of (+)-11C-McN5652 in some
brain regions known to contain high levels of the SERT (pons, midbrain, hypothalamus, and
thalamus). As with the TA75_gs data, there appeared to be a floor value beyond which
paroxetine failed to displace (+)-11C-McN5652. In particular, paroxetine pretreatment failed
to reduce DVs of (+)-11C-McN5652 below a value of 13 in any region, in contrast to DVs as
low as 8.2 (frontal cortex) and 8.4 (occipital cortex) after MDMA (Table 2). This was less
evident for 11C-DASB, although possibly still apparent in some regions (e.g., parietal cortex,
7.3 after paroxetine vs. 5.9 after MDMA,; nonsignificant difference).

Compared with control values (ANOVA without posthoc correction), DVs after paroxetine
pretreatment were significantly different in 4 of 12 regions with (+)-11C-McN5652 (pons,
midbrain, hypothalamus, and thalamus) and in 7 of 12 regions with 11C-DASB (same regions
as (+)-11C-McN5652 plus caudate, putamen, and cingulate cortex). After Bonferroni
correction, paroxetine pretreatment produced significant effects on 1 of 12 regions with
(+)-11C-McN5652 and 3 of 12 regions with 11C-DASB (hypothalamus, thalamus, and caudate).

Comparison with In Vitro Data

Modeling of the raw data led to some improvements in the estimations of SERT reductions

produced by MDMA for both ligands, although PET data still underestimated the extent of the
reductions in most brain regions. For example, DV values for (+)-11C-McN5652 were reduced
by 53% (putamen) and 46% (caudate) in the MDMA-treated baboon as opposed to in vitro

reductions of 72% and 949%, respectively, in the same regions. Reductions of DVs of (+)-11C-
McN5652 in most cortical regions were roughly 40% compared with approximately 80% seen
in vitro. For 11C-DASB, DV reductions in the MDMA-treated baboon were slightly greater in
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subcortical regions than those seen with (+)-11C-McN5652 (e.g., 65% reduction in the thalamus
vs. 57% using (+)-11C-McN5652, but slightly lower in cortical regions (e.g., 33% in occipital
cortex vs. 41% using (+)-11C-McN5652).

DISCUSSION

Results from these studies indicate that (+)-11C-McN5652 and 11C-DASB are suitable PET
ligands for imaging of the SERT in nonhuman primates. Regional brain tissue activities and
DVs of both radiotracers corresponded well to the known distribution of the SERT. Further,
after treatment with the serotonergic neurotoxin MDMA, binding of both ligands decreased
significantly, as would be anticipated in the setting of reduced SERT density. Reductions of
in vitro 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 5-HT reuptake inhibitor paroxetine also led to
reductions in ligand binding, but the effects of paroxetine have to be interpreted with caution
because of its effects on ligand metabolism and kinetics. Collectively, these results suggest
that (+)-11C-McN5652 and 11C-DASB are useful and reliable for measuring the SERT in
nonhuman primates and for detecting MDMA-induced 5-HT neurotoxicity.

Despite numerous similarities between (+)-11C-McN5652 and 11C-DASB, there were also
some differences. For example, with 11C-DASB, there was greater contrast than with (+)-11C-
McN5652 between brain regions containing higher concentrations of the SERT (e.g., thalamus,
midbrain) and brain regions with lower concentrations of the SERT (e.g., cerebral cortex,
cerebellum). This difference between 11CDASB and (+)-11C-McN5652 may be due to the
higher uptake of 11C-DASB and to its faster apparent washout rate from binding sites. The
faster apparent washout rate of 1:C-DASB may, in turn, be related to its more rapid metabolism
in the periphery and to the fact that 11C-DASB binds more weakly to plasma proteins than
(+)-11C-McN5652. Despite these apparent advantages of 11C-DASB over (+)-11C-McN5652,
it is clear that under some experimental conditions (e.g., detecting MDMA neurotoxicity), the
performance of the 2 ligands is comparable (Tables 1 and 2). Indeed, because of a lower binding
variability at baseline, (+)-11CMcN5652 did slightly better than 11C-DASB in detecting
MDMA neurotoxicity (Tables 1 and 2). On the other hand, 11C-DASB proved better than
(+)-11C-McN5652 in the assessment of the effects of paroxetine. These differences between
the 2 ligands suggest that choice of the optimal SERT ligand may be dependent on the study
design and the question being investigated.

There is no consensus on the optimal method for defining nonspecific binding of (+)-11C-
McN5652. Indeed, the optimal method for defining nonspecific binding of 11C-DASB also
remains to be determined. For 11C-McN5652, we previously have used its inactive enantiomer,
(-)-11CMcN5652, to define nonspecific binding, reasoning that similarity in kinetics and its
poor affinity for the SERT made it ideal for this purpose. In this study, we explored the
possibility that the selective 5-HT reuptake inhibitor paroxetine could be used to define
nonspecific binding. However, results from studies with paroxetine were not straightforward.
In particular, paroxetine decreased the rate at which unmetabolized tracer disappeared from
the circulation and increased the amount of radioligand reaching the brain (measured as the
time integral of the unmetabolized radio-ligand concentration in arterial plasma). In addition,
paroxetine substantially increased the K, of 11C-DASB and, for both ligands, there appeared
to be a point beyond which paroxetine failed to block radioligand binding. This apparent floor
effect was particularly evident with 11C-McN5652 in cortical regions and the cerebellum,
where binding after neurotoxic injury with MDMA was consistently lower than binding after
paroxetine (Table 1). A similar effect was evident with 11C-DASB when considering the
TA75 g5 data (Table 1). Thus, use of paroxetine to define nonspecific binding of either
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(+)-11C-McN5652 or 11C-DASB must be approached with caution because of its effects on
ligand metabolism and kinetics.

It has been proposed that brain cerebellar SERT binding be used as an estimate of nonspecific
binding and that specific binding be calculated by subtracting cerebellar DVs from regional
brain DVs (10). However, because the cerebellum is 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 neurotoxic injury, reductions in cortical and
cerebellar binding of (+)-11C-McN5652 or 11C-DASB would be missed if the proposed
cerebellar subtraction method were used. Although it could be argued that binding of (+)-11C-
McN5652 in some brain regions is, in fact, nonspecific and that reductions after MDMA
represent a loss of some nonspecific binding site rather than loss of the SERT, this is unlikely
for several reasons. First, because binding of (+)-11C-McN5652 or 11C-DASB decreases
significantly after MDMA treatment, one would have to postulate a nonspecific binding site
with similar affinity for both radioligands. Second, the neurotoxic effects of MDMA as given
to monkeys in this study are known to be highly selective toward brain 5-HT neurons (11,
20-21), mitigating the possibility that reductions in binding are caused by loss of
nonserotonergic neuronal elements. Third, reductions in binding of both ligands parallel those
seen in vitro, although, as in other brain regions, they underestimate the degree of serotonergic
injury. Clearly, there is need to further develop and validate methods that provide more accurate
estimates of nonspecific SERT binding in PET imaging paradigms.

It is important to note that, although the regional tissue activities and DVs of both radiotracers
generally corresponded well with the known distribution of the SERT in the brain (r = 0.814
for (+)-11C-McN5652 and r = 0.843 for 11C-DASB), neither ligand modeled perfectly the in
vitro SERT concentrations. For example, SERT density in the cerebral cortex is known to be
roughly 4 times that in the cerebellum (32-34); yet binding of both ligands was similar in
cortical and cerebellar tissue (Tables 1 and 2). Similarly, SERT density in the midbrain is
known to be approximately twice that in the thalamus; yet binding of both radioligands in these
2 brain regions was comparable. There are several potential explanations for this phenomenon,
including partial-volume effects, differential blood flow, spatial resolution of the tomographs,
laminar distribution of 5-HT axons, and possible differences in tissue properties among the
various brain regions analyzed. Regardless of the underlying basis for this apparent discrepancy
in radioligand binding, it is important to exercise caution when comparing tissue activities or
DVs between distinct brain regions. Rather, comparisons within a particular region, either
between subjects or the same subject under different experimental conditions, would appear
to be the most appropriate use for both radiotracers.

In this study, a tracer kinetic model was identified using the same approach as in a previous
study (14). Statistically, the best model was the one with a single tissue compartment and 3
parameters: BV, Ky, and k». In this model, DV is calculated by computing the ratio of K to
ko. This model significantly improved the goodness of fit at a cost of minimal variance inflation
(measured by the condition number of the parameter variance—covariance matrix). Advantages
of the 3-parameter model include (a) it is robust and results in minimal variance of parameters;
(b) it can be used to detect differences between untreated and MDMA-treated animals; and (c)
a parameter analogous to DV can be obtained with the simplified graphic method, which can
then be used for creation of parametric images (38). On the basis of these criteria, a single
tissue compartment model with 3 parameters was used to analyze (+)-11C-McN5652 and 11C-
DASB binding in this study. Future studies may indicate that, for both radioligands, a more
complex kinetic model based on 2 tissue compartments may be more applicable. Separation
of kinetic parameters at specific binding sites (e.g., ks and k) permits an independent
assessment of specific binding and is expected to eliminate bias, but a more complex model
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will pose an additional challenge to harnessing parameter variance as the instability of the
parameter estimator increases with model complexity.

It should be noted that DV measurements of (+)-11C-McN5652 were calculated using a revised
HPLC method for analysis of plasma (+)-11C-McN5652 and its metabolites, the results of
which are used to correct the input function (23). With this new method, the unmetabolized
fraction of (+)-11C-McN5652 is higher than that with the previously published technique
(12,14), resulting in much lower DVs and significantly lower variance (Table 2). Importantly,
data collected using this refined HPLC method confirm those obtained previously (12,13), are
consistent with those of others (10), and confirm that (+)-11C-McN5652 is capable of detecting
MDMA-induced 5-HT neuronal injury. As with measurements of cerebrospinal fluid 5-HIAA,
the only other validated method for detecting MDMA-induced neurotoxicity in vivo, PET
measurements of the SERT with either (+)-11C-McN5652 or 11C-DASB underestimate the
extent of serotonergic injury measured postmortem, probably as a result of nonspecific ligand
binding.

Potential limitations of this study should be acknowledged. First, the sample size is small.
Although the sample size is indeed limited, it should be noted that each baboon was imaged 3
times with each radioligand under each experimental 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 confirmed that
the MDMA-treated baboon did, in fact, have the expected reduced SERT density. Thus, there
is little reason to suspect that our results are compromised in any significant way by the small
sample size. It should be emphasized that the purpose of this study was not to establish that
MDMA is neurotoxic because the neurotoxic potential of MDMA has been amply established
by previous studies in this laboratory (11,13,20,21) and other laboratories (39-40). Another
potential limitation is that on most, although not all, occasions, (+)-11C-McN5652 was studied
before 11C-DASB, raising the possibility that observed differences might be related to order
effects. However, on those occasions when 11C-DASB was studied before (+)-11C-McN5652,
no obvious difference was observed, mitigating against this potential problem. Third, it was
difficult to obtain a precise measure of plasma protein binding of the radioligands, particularly
(+)-11C-McN5652. Further refinement of the protein-binding technique and inclusion of this
parameter could further improve the results of kinetic modeling. Finally, it is conceivable that
the MDMA-treated animal had a smaller nonspecific distribution volume than that of the
control. Although this is possible, this seems unlikely given that the animals were of similar
age, weight, and sex.

CONCLUSION

Our results indicate that (+)-11C-McN5652 and 11C-DASB are both useful PET radioligands
for the measurement of the brain SERT in living primates and that both radioligands are capable
of detecting reduced SERT density secondary to MDMA-induced 5-HT neurotoxicity. Also,
both radioligands seem better suited for detecting differences of SERT binding in areas with
high SERT density, such as the midbrain, thalamus, caudate, and putamen. The finding that
neurotoxic injury with MDMA leads to reduced binding of (+)-11C-McN5652 and!1C-DASB
in cortical brain regions with relatively low SERT density indicates that, in some instances,
these ligands may be capable of detecting differences in neocortical SERT binding and that
(+)-11C-McN5652 and 11C-DASB binding in cortical regions may not be entirely nonspecific.
The optimal method for estimating and accounting for nonspecific binding of both ligands is
not yet resolved and deserves further study because it can help reduce parameter bias as well
as parameter variance. Additional studies in nonhuman primates and humans are needed to
further characterize the properties and capabilities of both radioligands in healthy human beings
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and in individuals with neuropsychiatric disorders in which 5-HT neurons have been
implicated.
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FIGURE 1.

Registered PET 11C-DASB and MR images of control baboon brain with superimposed ROIs
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 = frontal cortex; PA = parietal cortex; Cl = cingulate gyrus.
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FIGURE 2.

Time—activity curves obtained with (+)-11C-McN5652 (left) and 11C-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 radioligands show decreased binding in MDMA-treated
animal compared with control animal. With both radioligands, paroxetine increased amount
of radioactivity reaching brain, measured as time integral of unmetabolized radioligand
concentration in arterial plasma. (Continued on page 684.)
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FIGURE 3.

Effect of prior lesioning of brain 5-HT neurons with MDMA on regional brain 5-HT (A), 5-
HIAA (B), and SERT (C) concentrations. FC = frontal cortex; PC = parietal cortex; TC =
temporal cortex; OC = occipital cortex; CC = cingulate cortex; Put = putamen; Cd = caudate;
Hyp = hypothalamus; Th = thalamus; Cb = cerebellum; DPM = disintegrations per minute.
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CONTROL MDMA

FIGURE 4.

Autoradiography of SERT in baboon brain: coronal section of frontal/temporal/parietal cortex
and basal ganglia. In control animal, intense ligand binding is seen in basal ganglia (CD =
caudate; PT = putamen). Less binding is seen in temporal cortex (TC), cingulate gyrus (CG),
and frontal cortex (FC). MDMA treatment reduced ligand binding in most represented brain
structures.
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CONTROL

CAUDAL

FIGURE 5.

Autoradiography of SERT in baboon brain: sagittal section at level of cerebellum and brain
stem. In control animal (top), there is high radioligand binding in dorsal brain stem. Less
intense, but still significant, binding is seen in ventral and rostral brain stem. There is low but
obvious binding in folia cerebelli. In MDMA-treated animal (bottom), binding is decreased in
most of these areas, although small islands of high activity remain in dorsal brain stem. In
MDMA-treated baboon, radioligand binding is almost completely absent in cerebellum.
ROSTRAL and CAUDAL = axes of brain stem; Ch = cerebellum; IC = inferior colliculus; P
= pons.
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