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Abnormal brain regional densities of serotonin (5-hydroxytrypta-
mine [5-HT]) transporters have been reported in postmortem
studies in several neuropsychiatric conditions, such as major
depression and schizophrenia. trans-1,2,3,5,6,10-8-Hexahydro-
6-[4-(methylthio)phenyl]pyrrolo-[2,1-a]-isoquinoline ([''C]McN
5652) is the first PET radioligand successfully developed to label
5-HT transporters in the living human brain. The purpose of this
study was to develop an imaging protocol and analytic method to
measure regional 5-HT transporter binding potential (BP) with
['""C]McN 5652 in humans. Methods: The arterial input function
and brain uptake of (+)-["'"C]McN 5652 and (—)-[""C]McN 5652,
the active and inactive enantiomers, respectively, were mea-
sured in 6 healthy volunteers. Results: (+)-['""C]JMcN 5652
concentrated in brain regions rich in 5-HT transporters (midbrain,
thalamus, basal ganglia, and medial temporal lobe structures),
whereas the uptake of (—)-['""C]McN 5652 was more uniformly
distributed. Total distribution volumes (V) were derived using
kinetic 2-compartment analysis and graphic analysis. Vy derived
by both methods were highly correlated. (+)-["'"C]McN 5652
regional Vy ranged from 18 = 2 mL/gin the cerebellum to 46 + 13
mL/g in the midbrain. (—)-[""C]McN 5652 regional Vy ranged from
10 = 2 mL/g in the cerebellum to 14 = 3 mL/g in the thalamus.
(+)-[""C]McN 5652 V; were higher than (—)-['""C]McN 5652 V+ in
all regions, including the cerebellum, a region devoid of 5-HT
transporters. Blocking experiments were also performed in ba-
boons with saturating doses of citalopram and in humans with
nonsaturating doses of paroxetine. Cerebellar and neocortical
(+)-["'C]McN 5652 V were unaffected by pretreatment with 5-HT
transporter blockers. In areas of high receptor concentration
(midbrain, caudate, and thalamus) 5-HT transporter blockers
decreased (+)-[""C]McN 5652 V; to the level of cerebellum
(+)-[""C]McN 5652 V;. Conclusion: These experiments indicate
that the use of the difference between (+)- and (—)-['""C]McN
5652 V to define specific binding to 5-HT transporters leads to
an overestimation of specific binding. 5-HT transporter BP was
derived as the difference between the regional and cerebellar
(+)-[""C]McN 5652 V;. BP values were in good agreement with
the distribution of 5-HT transporters in the human brain, except
for regions of relatively low 5-HT transporter concentration, such
as the prefrontal cortex, where no specific binding was detected
using (+)-[""C]JMcN 5652. (+)-['""C]McN 5652 is an appropriate
radiotracer to quantify 5-HT transporters in regions with relatively
high concentration of 5-HT transporters, such as the midbrain,
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thalamus, and basal ganglia, and should prove useful in elucidat-
ing abnormalities of 5-HT transmission in neuropsychiatric
conditions.
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Alterations of serotonin (5-hydroxytryptamine [5-HT])
transmission have been implicated in numerous psychiatric
disorders (1,2). 5-HT transporters, located on presynaptic
terminals, terminate the action of 5-HT by reuptake into the
presynaptic neuron (3). Because of their localization on the
5-HT nerve terminals, the density of these sites is a marker
of the number or integrity of 5-HT terminals. Thus, the
ability to measure 5-HT transporters in vivo with PET is
critical in characterizing putative abnormalities of 5-HT
transmission in psychiatric disorders.

trans-1,2,3,5,6,10-B-Hexahydro-6-[4-(methylthio)phenyl]-
pyrrolo-[2,1-a]-isoquinoline (McN 5652) is a promising PET
radiotracer for labeling S-HT transporters (4,5). In vitro, the
active enantiomer (+)-McN 5652 is a selective and potent
(dissociation constant [K4] = 0.4 nmol/L) inhibitor of 5-HT
uptake (6). The in vivo brain regional distribution of
(+)-['!C]McN 5652 in rats (4), baboons (7), and humans (8)
correlates with known regional concentrations of 5-HT
transporters, and the specific uptake of (+)-[!'C]JMcN 5652
is blocked after pretreatment with the S-HT reuptake blocker
fluoxetine. In contrast, the brain uptake of the inactive
enantiomer (—)-[''C]McN 5652 is relatively uniform across
brain regions (4,7,8).

Although considerable evidence supports the potential of
(+)-["'C]McN 5652 as a PET 5-HT transporter radiotracer,
important methodologic questions remain to be addressed.
The goal of this study was to evaluate the potential of
(+)-[""C]McN 5652 to provide quantitative information
about 5-HT transporter density in various regions of the
human brain and to derive appropriate scanning and analytic
protocols. Several model-based methods were compared for
derivation of the binding potential (BP; number of available
binding sites [By)/Ky) of 5-HT transporters in humans
using the active (+) and inactive (—) enantiomers of
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[""C]McN 5652. Specifically, we attempted to determine the
minimal scanning time, the optimal method of analysis, the
value of using the inactive enantiomer (—)-["'C]McN 5652
for determination of regional nonspecific binding, and the
detectability of specific binding to 5-HT transporters in
regions with relatively low densities, such as neocortical
regions.

The brain uptake of active and inactive McN 5652 was
studied on the same day in 6 healthy volunteers (control
experiments). On completion of these studies, additional
information on the proper definition of nonspecific binding
was obtained from experiments in baboons after citalopram
pretreatment and in humans after paroxetine pretreatment
(blocking experiments).

MATERIALS AND METHODS

Subjects

Six healthy male volunteers participated in this study (mean
age * SD, 38 * 12 y). The absence of present or past psychiatric,
neurological, and significant medical disorders was assessed by
history, review of systems, physical examination, routine blood
tests, urine toxicology, and electrocardiogram. All subjects were
free of medication for at least 2 wk before the study. The study was
approved by Columbia Presbyterian Medical Center institutional
review board, and subjects provided written informed consent after
receiving an explanation of the study. Six studies were also
performed in 1 baboon under isoflurane anesthesia. Anesthesia
induction, maintenance, and monitoring were performed as de-
scribed (9).

Radiochemistry

The butyryl thioester precursor for the synthesis of [''C]McN
5652 was prepared by demethylating the (+)- or (—)-McN 5652
with sodium thiomethoxide in anhydrous dimethylformamide
(DMF) at 165°C for 1.5 h followed by adding butyryl chloride to
give the butyryl thioester (/0). The crude butyl thioester was
purified by semipreparative high-performance liquid chromatogra-
phy (HPLC) according to Suehiro et al. (10). The purified butyryl
thioester (1 mg) was transferred as a solution in methylene chloride
into a 1-mL vial, and 0.5 mg tartaric acid was added to stabilize the
butyryl thioester. The solution was concentrated under a stream of
nitrogen to dryness, and the vial was capped and stored in a —20°C
freezer.

For radiolabeling, 1 vial of the butyryl thioester tartrate pre-
cursor was treated with tetrabutyl ammonium hydroxide (10 pL,
1 mol/L in methanol) at room temperature for 10 min and then
diluted with 0.3 mL anhydrous DMF. The reaction solution was
cooled in an ice bath. [!!C]Methyl iodide (prepared using a 1-pot
procedure: trapping [''C]CO, in a tetrahydrofuran solution of
lithium aluminum hydride followed by reacting with concentrated
HI) was distilled by a stream of argon into the DMF solution. The
mixture was heated for 2 min at 40°C, mixed with 0.5 mL HPLC
solvent, and purified by HPLC (Prodigy ODS column, 10 pm;
Phenomenex, Torrance, CA; 10 X 250 mm; 40:60 acetonitrile
(ACN)/0.1 mol/L ammonium formate, 10 mL/min). The product
had a retention time of 12 min.

The HPLC product fraction was diluted with deionized water to
a volume of 50 mL and passed through a C8 SepPak column
(Waters, Milford, MA) (preconditioned with 5 mL ethanol and
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5 mL water). The SepPak was washed with water, and the product
was recovered by elution of the SepPak with 1 mL ethanol. A small
amount of the ethanol product solution was injected onto an
analytic column (Prodigy ODS(3) column, 5 pm; Phenomenex; 4.6
X 250 mm; 70:30 ACN/aqueous triethylamine, pH 7.4, 2 mL/min)
to determine the radiochemical purity (>99%), chemical purity
(>95%), and specific activity (SA). The ethanol solution was then
diluted with saline (9 mL), filtered through a 0.22-pm membrane
filter (GV membrane filter, 25 mm; Millipore, Bedford, MA), and
collected in a sterile vial.

For (+)-[''C]McN 5652 (n = 8), the SA at the time of injection
was 51 = 27 Bg/mol (range, 14-124 Bg/mol), the injected dose
(ID) was 580 * 128 MBq (range, 266-706 MBq), and the injected
mass was 13.3 * 4.4 nmol (range, 5.5-20.8 nmol). For (—)-
[""C]McN 5652 (n = 8), the SA was 44 = 19 Bg/mol (range, 7-84
Bg/mol), the ID was 625 + 88 MBq (range, 496-736 MBq), and
the injected mass was 18.6 = 16.1 nmol (range, 7.5-72.3 nmol). In
baboon studies (n = 6), for (+)-[''C]McN 5652, the SA was 125 *
136 Bg/mol (range, 45-282 Bg/mol), the ID was 559 + 81 MBq
(range, 466—603 MBq), and the mass was 8.32 * 5.51 nmol (range,
2.20-12.9 nmol). For (—)-["'C]McN 5652, the SA was 138 *+ 116
Bg/mol (range, 62-272 Bg/mol), the ID was 581 * 63 MBq (range,
522-651 MBq), and the mass was 6.38 * 4.25 nmol (range,
2.08-10.6 nmol).

PET Protocol

After completion of the Allen test and subcutaneous administra-
tion of 1% lidocaine, a catheter was inserted in the radial artery. A
venous catheter was inserted in a forearm vein on the opposite side.
Four fiducial markers filled with !'C (about 74 kBg/per marker at
the time of injection) were glued on the subject’s head. Head
movement minimization was achieved with a polyurethane head
immobilizer system (Soule Medical, Tampa, FL), molded around
the head of the subject. This system provides better restraint than a
thermoplastic mask (O. Mawlawi, unpublished data, January
1999).

PET imaging was performed with the ECAT EXACT 47 scanner
(Siemens/CTI, Knoxville, TN) (1) (47 slices covering an axial
field of view of 16.2 cm, axial sampling of 3.375 mm, 3-dimen-
sional mode in plane and axial resolution of 6.0- and 4.6-mm full
width half maximum at the center of the field of view (FOV),
respectively). A 15-min transmission scan was obtained before
radiotracer injection.

[""C]McN 5652 was injected intravenously as a bolus over a
45-s period of time. After injection of (+)-[''C]JMcN 5652,
emission data were collected in 3-dimensional mode for 150 min as
24 successive frames of increasing duration (3 X 20's, 3 X 1 min,
3 X 2 min, 2 X 5 min, and 13 X 10 min). After injection of
(—)-["'C]McN 5652, emission data were collected in the 3-dimen-
sional mode for 90 min as 18 successive frames of increasing
duration (3 X 20s,3 X 1 min, 3 X 2 min, 2 X 5 min, and 7 X 10
min). Images were reconstructed to a 128 X 128 matrix (pixel size
of 2.5 X 2.5 mm?). Reconstruction was performed with attenuation
correction using the transmission data and a Sheppe 0.5 filter
(cutoff, 0.5 cycle per projection ray). Subjects rested outside of the
camera for 15-30 min between injections.

Input Function Measurement

After radiotracer injection, arterial samples were collected every
5 s with an automated sampling system for the first 2 min and
manually thereafter at longer intervals. Totals of 32 and 29 samples
were obtained per experiment for (+)-[!!C]McN 5652 and (—)-

* No. 9 * September 2000



[""C]McN 5652, respectively. After centrifugation (10 min at
1800g), plasma was collected in 200-pL aliquots, and radioactivity
was measured in a 1480 Wizard 3M automatic y counter (Wallac,
Turku, Finland). y counter efficiency was calibrated at regular
intervals with the PET camera using an '8F solution. In addition, a
long-lived source (*?Na) was counted with each set of samples to
control for between-run variance in counting efficiency.

Six samples (collected at 2, 8, 16, 30, 50, and 70 min) were
further processed by HPLC to measure the fraction of plasma
activity representing unmetabolized parent compound. C,s SepPak
(Waters classic; Waters) was preconditioned with 5 mL methanol
and 10 mL water. One-milliliter aliquots of plasma were loaded
onto SepPak cartridges. SepPak were flushed with 1 mL air,
washed with 5 mL water, and eluted with 1 mL methanol. A
Prodigy ODS(3) column (4.6 X 250 mm, 10 um) was used and the
column was eluted with a 70:30 mixture of ACN/aqueous triethyl-
amine (phosphoric acid, pH 7.4) at a flow rate of 2 mL/min. An
in-line Bioscan flow cell vy detector (Bioscan, Washington, DC)
was used to monitor the radioactivity. The eluant was collected as 6
4-mL fractions over 12 min, and radioactivity in all collections was
measured.

No overlap was observed between metabolite (first 4 min) and
parent (7.8 min) peaks. Two fractions (fractions 4 and 5) were
needed to ensure collection of the entire parent peak (this was true
for both standards and samples). No radioactive peaks were
detected after the parent peak. For each sample, the parent fraction
was estimated by the ratio of decay-corrected activity in fractions 4
and 5 to the activity of the total collection. The percentage parent
peaks calculated using the counts from the well counter were in
agreement with the numbers obtained from the HPLC integration.
However, at late time points, because of the low signal-to-noise
ratio obtained from the flow cell detector, the well counter method
was more reliable. A control blood sample with standard [!'C]McN
5652 solution was processed with each experiment.

A biexponential function was fitted to the 6 measured parent
fractions and used to interpolate values between and extrapolate
values after the measurements. The smallest exponential of the
parent fractions curve, A, was constrained to the difference
between A, the terminal rate of washout of cerebellar activity, and
Aio» the smallest elimination rate constant of the total plasma (9).
The input function was calculated as the product of total plasma
counts and interpolated parent fraction at each time. The measured
input function values, (C4(t), kBg/mL), were fitted to a sum of 3
exponentials, and the fitted values were used as input to the kinetic
and graphic analyses. The clearance of the parent compound (Cy,
L/h) was calculated as the ratio of the injected dose to the area
under the curve of the input function (/2). Determination of the
["'C]MCcN 5652-free fraction in the plasma with an ultracentrifuga-
tion technique (/3) was impaired by the high retention (>90%) of
free [''C]McN 5652 on the filter and was not obtained in these
studies.

MRI Acquisition and Segmentation Procedures

MRI was performed on a 1.5-T Signa Advantage system
(General Electric Medical Systems, Milwaukee, WI). After obtain-
ing a sagittal scout (localizer) film to identify the anterior commis-
sure—posterior commissure (AC-PC) plane (1 min), a transaxial
T1-weighted sequence with 1.5-mm slice thickness was acquired in
a coronal plane orthogonal to the AC-PC plane over the whole
brain with the following parameters: 3-dimensional spoiled gradient-
recalled acquisition in the steady state; repetition time, 34 ms; echo
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time, 5 ms; flip angle, 45°; slice thickness, 1.5 mm and zero gap;
124 slices; FOV, 22 X 16 cm; 256 X 192 matrix, reformatted to
256 X 256, yielding a voxel size of 1.5 X 0.9 X 0.9 mm; and time
of acquisition, 11 min. MRI segmentation was performed as
described (14).

Image analysis was performed with MEDx (Sensor Systems
Inc., Sterling, VA) according to the following steps: frame realign-
ment, PET-MRI registration, and time-activity curve measure-
ment. First, to correct for head movement during the acquisition, all
frames were coregistered to the first frame of the study using
automated image registration (AIR) (/5). Because of the perfor-
mance of the head-restraining device, very little movement correc-
tion was needed (<1-mm motion in all axes measured between
frames). Second, after frame-to-frame registration, the 21 frames
were summed, and the summed PET image was coregistered to the
MR image and resampled using AIR. The parameters of the spatial
transformation matrix of the summed PET dataset were then
applied to each individual frame. Third, region-of-interest (ROI)
boundaries were drawn on the MR image according to criteria on
the basis of brain atlases (16,/7) and published reports (18,19).
Neocortical regions included dorsolateral prefrontal cortex
(DLPFC), medial prefrontal cortex (MPFC), orbitofrontal cortex
(OFC), subgenual prefrontal cortex (SPFC), anterior cingulate
cortex (ACC), parietal cortex (PC), temporal cortex (TC), and
occipital cortex (OC). Subcortical regions included caudate (CAU),
putamen (PUT), thalamus (THA), amygdala (AMY), hippocampus
(HIP), midbrain (MID), and cerebellum (CER). The region referred
to as the MID includes various structures with dense 5-HT
transporter concentration (raphe nuclei, substantia nigra, locus
coeruleus, ventral tegumental area, and superior and inferior
colliculi). Two methods were used for final ROI definition. A
segmentation-based method was used for neocortical regions and
the CER, and a direct identification method was used for subcorti-
cal regions. For neocortical regions, large regions were first drawn
to delineate the boundaries of the ROIs. Within these regions, only
gray matter (GM) voxels were used to measure activity distribu-
tion. Because of the mixture of GM and white matter in central gray
structures, the segmentation-based approach was not used to define
subcortical ROIs.

Derivation of Regional Total Distribution Volumes

Derivation of [!!C]McN 5652 regional distribution volumes was
performed using kinetic and graphic analyses. Kinetic analyses
were performed using a 3-compartment model (3-CPT model) or a
2-compartment model (2-CPT model). The 3-CPT configuration
included the arterial plasma compartment (C,), the intracerebral
free and nonspecifically bound compartment (nondisplaceable
compartment, C,), and the specifically bound compartment (C;).
The 2-CPT configuration included the arterial plasma compartment
(C,) and 1 tissue compartment (Cy) that included the intracerebral
free, nonspecifically bound and specifically bound compartments.
Brain activity was corrected for the contribution of plasma activity
assuming a 5% blood volume in the ROIs (20).

The total regional distribution volume (mL of plasma/g of
tissue) was defined as the ratio of the tracer concentration in this
region to the metabolite-corrected plasma concentration at equilib-
rium:

C
Ve=—, .1
Liire) Eq
where Vr is total distribution volume.
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Kinetic derivations of the V1 were obtained as:
vy o

T kzl
and

Vi

ﬁ(uﬁ) Eq.3

Tkl K

for the 2-CPT and 3-CPT configurations, respectively, where K,
(mL/g/min) and k, (min~!) are the unidirectional fractional rate
constants for the transfer between C, and C,, k3 (min~!) and k,
(min~!) are the unidirectional fractional rate constants for the
transfer between C, and Cs, and k' (min~!) is the fractional rate
constant for the transfer from Cr to C, (ky' = ky/(1 + ki/ky))
(21,22).

Kinetic parameters were derived as described (27). The good-
ness of fit of models with different levels of complexity was
compared using the Akaike information criterion (AIC) (23) and
the F test (24,25). The identifiability of model parameters was
assessed by the SE of the parameters at convergence, given by the
diagonal of the covariance matrix (25), and expressed as percent-
age of the parameters (coefficient of variation, %CV). Graphic
derivation of the V1 was obtained using the method of Logan et
al. (26).

The relationship between (+)-[!!C]McN 5652 Vr derivation and
the duration of the scan was evaluated by analyzing shorter
duration datasets (140, 130, 120, 110, 100, 90, 80, 70, and 60 min)
and comparing the results with the reference value obtained with
the 150-min dataset. For each region and duration, Vi was
expressed as percentage of the reference value. Under these
conditions, the mean * SD of the Vy provides an estimate of the
bias (mean) and dispersion (SD) induced in the outcome measure
by reducing the duration of the scans. The solution was considered
stable after time t if all results derived from time t to the end of the
experiment had a mean within 10% of the reference value and a SD
that did not exceed 10%.

Derivation of Specific Distribution Volume

Kinetic and graphic analyses were used to calculate the Vr,
which is the sum of the specific and nondisplaceable (free plus
nonspecific binding) distribution volumes. Two methods were
available to estimate the nondisplaceable distribution volume,
either as the Vy of the inactive enantiomer (enantiomer method) or
as the Vr of the active enantiomer in the CER, a region with
negligible concentration of 5-HT transporters (region-of-reference
method). The enantiomer method has the potential advantage of
taking into account region differences in nondisplaceable distribu-
tion volumes. However, this method requires demonstration that
the nondisplaceable distribution volume of the active enantiomer is
equal to the V1 of the inactive enantiomer. Blocking experiments
were performed to evaluate this assumption.

Because of the difficulty in achieving complete saturation of
5-HT transporters in humans, blocking studies were initially
performed in 1 baboon (male Papio anubis, 12 kg) using citalo-
pram. Three experiments were performed on the same animal. The
first experiment included sequential injections of (+)- and (—)-
["'CIMcN 5652 under control conditions. The second experiment
included sequential injections of (—)-[''C]McN 5652, citalopram
(4 mg/kg intravenously at the end of the (—)-[!'C]McN 5652 scan),
and (+)-[""C]McN 5652 (20 min after citalopram). The third
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experiment was similar to the second experiment, except that a
higher dose (6 mg/kg) of citalopram was used. The doses of
citalopram used in these studies (4-6 mg/kg) have been shown to
result in complete displacement of ['2*[]-2B3-carbomethoxy-3B-(4-
iodophenyl)-tropane (['?*I]B-CIT) from the MID 5-HT transporters
in baboons (27). Thus, these experiments were optimized to
compare the distribution volumes of (—)-[''C]JMcN 5652 under
control conditions with the distribution volumes of (+)-[''C]McN
5652 under complete blockade of 5-HT transporters.

To confirm results obtained in the baboon experiments, blocking
studies were also performed in humans under conditions of partial
receptor blockade. Two of the 6 volunteers were invited to repeat
the scanning procedure (sequential (+)-['!C]JMcN 5652 and (—)-
["'CIMcN 5652 scans). Subjects were pretreated with paroxetine.
The first subject was given 20 mg paroxetine orally 6 h before and
40 mg 3 h before the radiotracer injection (total dose, 60 mg). The
second subject received 40 mg paroxetine orally 6 h before and 3 h
before the radiotracer injection (total dose, 80 mg). These doses
should correspond to a plasma level of ~25-35 ng/mL at the time
of the scan (28). No adverse effects were noted or reported by the
subjects.

After appropriate definition of the nondisplaceable distribution
volume (V;), 2 measures of specific distribution volumes were
derived: BP and the equilibrium specific to nonspecific partition
coefficient (V5'').

BP was derived as the difference between total and nondisplace-
able distribution volumes:

BP=V; -V, Eq. 4
BP is related to B, and K by:
lemax
BP = ——, .5
K, Eq
where f, is the free fraction in the plasma (not measured in this
study).
V,;'' was calculated as:
v ”n VT
3 = vz - ]. Eq. 6
V3'’ is related to B, and K, by:
V= T‘T‘“ , Eq.7

where f; is the free fraction in the brain (f, = 1/V,). Because f, was
not measured, f, could not be derived.

RESULTS

Control Experiments in Humans

Plasma Analysis. At 30 min, 59% * 10% of the activity
corresponded to the parent active enantiomer and 48% *+
16% corresponded to the inactive enantiomer. No significant
differences were observed in the parent fraction between the
active and inactive enantiomers (repeated-measures ANOVA:
Fi35 = 0.47, P = 0.43). Average plasma clearances of the
parent compounds were 162 * 42 L/h and 148 *+ 41 L/h for
(+)- and (—)-["'"C]McN 5652, respectively, and were not
significantly different (repeated-measures ANOVA: F, s
0.20, P = 0.66).
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Brain Uptake of (+)-[""C]McN 5652. After injection of
(+)-[MCIMcN 5652, activity gradually concentrated mostly
in the basal ganglia, THA, and MID (Fig. 1). Activities
peaked early (around 20 min) in the CER and neocortical
regions and later (around 40 min) in the basal ganglia and
THA (Fig. 2). MID activity continued to increase until about
60 min and showed a more protracted peak and slower
washout rate compared with other regions. During the last
40 min of the scan (110- to 150-min interval), regional-to-
cerebellar activity ratios averaged 1.73 * 0.14, 2.08 * 0.22,
1.86 * 0.17, and 2.00 * 0.22 in the CAU nucleus, PUT,
THA, and MID, respectively.

Results of kinetic and graphic analyses are presented in
Table 1. Convergence was achieved in all regions (n = 15)
and all subjects (n = 6) with the 2-CPT model, but the
3-CPT model failed to converge in 4 of 90 instances. The
3-CPT model provided a slightly but significantly better fit
than the 2-CPT model. The AIC were higher for 2-CPT fits
(=61 = 22) than for 3-CPT fits (—78 * 22; repeated-
measures ANOVA: F g5 = 77, P < 0.001), and the fit
improvement by 3 CPT compared with 2 CPT was signifi-
cant by F tests. However, the SEs of the V (lack of
identifiability) associated with the fits were significantly
higher for the 3-CPT model (%CV, 6.57% * 15.42%)

compared with the 2-CPT model (2.24% * 1.52%; repeated-
measures ANOVA: F, gs = 6.7, P = 0.01). The SEs of the V¢
were =10% in all 2-CPT fits. In contrast, 10 of 90 3-CPT fits
were associated with SEs of the V1 that were >10%. Thus,
adding the 4 nonconvergence cases to the 10 fits associated
with low-parameter identifiability (%CV > 10%), the 3-CPT
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configuration failed to identify Vy values in 14 of 90 cases
(16%).

Graphic analysis returned V values better correlated with
the 2-CPT fit (2 = 0.92) than the 3-CPT fit (©* = 0.84). The
regression of the graphic Vr to the 2-CPT V had a slope of
1.02 (95% confidence interval [CI], 0.96-1.08), whereas the
regression of the graphic Vi to the 3-CPT V had a slope of
1.20 (95% CI, 1.09-1.31). Thus, the 3-CPT model, com-
pared with the graphic and 2-CPT analyses, overestimated
the Vr in regions with high V1. V1 values were significantly
different between the 3 methods (repeated-measures ANOVA:
F,35 = 16, P < 0.001). Posthoc analysis revealed that the
3-CPT Vr were significantly higher than the 2-CPT V1 (P <
0.001) and the graphic V1 (P < 0.001) but that the 2-CPT Vy
and the graphic V1 were not significantly different (P =
0.29).

Figure 3A shows the Vy of all regions in the 6 subjects
(n = 90) analyzed with 10 different scan durations ranging
from 50 to 150 min (reference time) and the 2-CPT model.
No significant bias (90% > V1 > 110%) was found for all
durations >80 min. The error was tolerable (SD < 10%) for
a scanning duration of >115 min. Similar results were
obtained with the graphic analysis. In contrast, the 3-CPT
method was unstable, with only a scan duration >125 min
meeting these criteria. When considering the region with the
highest V¢ (MID), the time to reach stable V estimates
according to these criteria was 140 min for 2-CPT analysis
(Fig. 3B) and 130 min for graphic analysis, respectively. No
duration shorter than the reference duration met these
criteria for the MID V1 when the 3-CPT model was used.

FIGURE 1. MR images (left column) and
coregistered 10-min PET frames obtained
from 70 to 80 min after injection of (+)-
["C]McN 5652 (middle column) and (—)-
["C]McN 5652 (right column). PET images
are represented in a count-conservative
manner, with same color scale and cor-
rected for IDs. Transaxial (top row), coronal
(middie row), and sagittal (bottom row) views
are shown. At this time, increased activity
concentrations in subcortical structures (C,
caudate; P, putamen; T, thalamus; M, mid-
brain) are easily detectable. Activity in cor-
tex is only marginally higher than that in
cerebellum (CB) on (+) images.
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FIGURE 2. Time-—activity curves in selected brain regions after
injection of 688 MBq (+)-['""C]JMcN 5652 (A) and 633 MBq
(=)-["C]McN 5652 (B) in same human volunteer. Data were
acquired for 150 min for (+)-['""C]McN 5652 and 90 min for
(—)-[""C]McN 5652. x and y axes have been kept constant for
both enantiomers to facilitate comparison. Brain regions depicted
include CER (O), CAU (@), and MID (A). Symbols depict
measured values, and continuous lines represent values fit to
2-CPT model. CAU and MID time—activity curves of (+)-[""C]McN
5652 also include values fit to 3-CPT model as dotted lines, which
are almost undistinguishable from 2-CPT fitted values (solid
lines). CER, CAU, and MID (+)-['""C]McN 5652 V; were 16.6
ml/g, 24.3 mL/g, and 31.3 mL/g, respectively. CER, CAU, and
MID (—)-[""C]McN 5652 Vy were 10.7 mL/g, 10.9 mL/g, and 11.5
mL/g, respectively.

Significant between-region differences were observed in
(+)-[""CIMcN 5652 Vi (2-CPT Vy ANOVA: Fy455 = 13,
P < 0.001). Neocortical regions (DLPFC, MPFC, OFC,
SPFC, ACC, TC, PC, and OC) had Vi values close to the
cerebellar Vy. Six regions (AMY, HIP, CAU, PUT, THA,
and MID) had Vy values significantly higher than the CER
V1 (Fisher protected least significant difference [PLSD];
P < 0.005).
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Brain Uptake of (—)-["'C]McN 5652. In contrast to
(+)-["C]McN 5652, the brain uptake of (—)-[''C]McN
5652 was relatively uniform across regions (Figs. 1 and 2).
(—)-["CJMcN 5652 regional uptake was analyzed with
2-CPT and graphic analyses. Kinetic analysis with the
2-CPT model achieved convergence in all cases, and the V¢
was identified with an error of 2.17% * 1.01% (<10% in all
cases). Results from both analyses were highly correlated
(r2 = 0.98; slope = 0.93; 95% CI, 0.91-0.96). Graphic
analysis yielded values slightly but significantly higher than
2-CPT analysis (repeated-measures ANOVA: F, g = 114,
P < 0.001). Analysis of the time dependency of the Vy by
2-CPT and graphic analyses revealed no major bias (90% <
mean < 110%) at times later than 45 min and an acceptable
error level (SD < 10%) for all scans longer than 25 min,
indicating that 50 min of data are sufficient to derive the
(—)-[""CIMcN 5652 V.

Despite the relatively uniform uptake, significant between-
region differences were observed in (—)-[!!C]McN 5652 V
(2-CPT V1, ANOVA: F 75 = 3.3, P < 0.001). Posthoc
analysis revealed that 2 of 15 regions (THA and PUT) had a
Vr significantly higher than the CER Vy (Fisher PLSD; P <
0.05).

Comparison of (+)- and (—)-["!C]McN 5652 V. Compari-
son between (+)- and (—)-[!!C]McN 5652 Vi was per-
formed with V values derived by 2-CPT modeling (Fig. 4).
Table 2 lists the values of K,, k,, and V; for both
enantiomers and the ratio of (+) to (—) Vr. K, and k, values
were significantly different between enantiomers. K; values
of the active enantiomer were slightly higher than K, values
of the inactive enantiomer (K, (+)-[''C]McN 5652, 0.248 +
0.37 mL/g/min; K, (—)-[''C]McN 5652, 0.210 * 0.56
mL/g/min; repeated-measures ANOVA: F g = 66, P <
0.001), and k, values of the active enantiomer were half
those of the inactive enantiomer (k, (+)-[!!C]McN 5652,
0.010 * 0.003 min~!; k; (—)-['"'"C]McN 5652, 0.020 =

TABLE 1
V7 of (+)-[""C]McN 5652 in Human Brain

Region 2-CPT model  3-CPT model Graphic
DLPFC 178 £ 3.0 19.6 + 4.4 18.1 = 3.1
MPFC 19.4 + 35 20.7 44 19.6 = 3.8
OFC 18.4 = 3.0 20.0 + 45 18.5 =+ 3.3
SPFC 236 £ 5.3 225 + 6.6 23257
ACC 216 35 232+ 46 220*4.2
TC 218+ 39 221 +45 21.7 £ 4.1
PC 19.5 + 3.2 209+ 4.4 20.0 =39
oC 20.8 = 3.2 223 +43 21.2 = 3.6
AMY 37.7+87 384 +89 336+73
HIP 26.9 + 9.1 320+ 147 26599
CAUnucleus 333*7.8 341 +8.0 32.0 6.6
PUT 39.6 + 8.1 471195 385+*85
THA 345+72 36.1 £ 89 33777
MID 475+ 127 52.4 + 16.5 459 = 12.8
CER 17819 219+ 6.6 176 £ 2.1

Values are mean * SD of Vy (mL/g) measured in 6 subjects.
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0.005 min~!; repeated-measures ANOVA: F, g = 279, P <
0.001).

The differences between (+)- and (—)-[''"C]McN 5652 V¢
were significant in every region, including the CER, a region
devoid of 5-HT transporters. The significantly higher cerebel-
lar (+) V1 compared with the (—) Vi (repeated-measures
ANOVA: F, 5 = 160, P < 0.001) raised questions regarding
the physiologic nature of the difference between the (+) and
(—) V1. More specifically, this observation suggested that
the difference between the (+) and (—) V¢ was not fully
accounted for by the binding of (+)-[!!C]McN 5652 to 5-HT
transporters. Blocking experiments were thus performed to
clarify the nature of the difference between the (+) and (—)
distribution volumes.

QUANTIFICATION OF 5-HT TRANSPORTERS WITH PET ¢ Parsey et al.

Blocking Experiments

Blocking Experiments in Baboon. Table 3 provides the Vy
(2 CPT) measured in a baboon in 2 experiments. The first
experiment was conducted under control conditions and
included 1 injection of (+)-[''"C]McN 5652 followed by 1
injection of (—)-[!'C]McN 5652. The observation made in
humans of higher (+) Vr in every region was replicated in
this experiment. In cortical regions and the CER, the (+)
V1/(—) Vr ratio was 1.41 * 0.04, a smaller difference than
that observed in humans in the same regions (2.10 * 0.20).
This ratio was higher in the MID (2.37) and THA (2.04). In
the second experiment, (—)-[''C]McN 5652 was injected
first. At the end of the (—)-["'"C]McN 5652 scan, citalopram
was injected intravenously over 1 min (4 mg/kg, a dose
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FIGURE 4. Comparison of (+)-['"CJMcN 5652 V;y B and
(—)-[""C]McN 5652 Vy O under control conditions in healthy
volunteers (n = 6). Values are mean * SD. (+) Vy is significantly
higher than (—) Vr in every region, including CER.

expected to fully saturate 5-HT transporters). (+)-[''C]McN
5652 was injected 20 min after the citalopram injection. A
clear reduction in (+)-[''"C]McN 5652 V; was observed in
the MID, THA, and striatum. In these regions, citalopram
injection reduced the (+)-[''C]JMcN 5652 V; to Vi levels
observed with (+)-[''C]McN 5652 in the neocortical and
cerebellar regions. In frontal, temporal, occipital, and cerebel-
lar regions, citalopram failed to affect (+)-['!C]McN 5652
Vr. In these regions, the (+) V1/(—) Vg ratio was similar
under citalopram pretreatment conditions (1.50 * 0.04)
compared with control conditions (1.41 * 0.04). These
results were replicated in a second experiment using 6
mg/kg intravenous citalopram (data not shown). These

experiments indicated that no specific binding was detect-
able with (+)-["'C]McN 5652 in neocortical and cerebellar
regions of the baboon’s brain. It was unclear if these results
could be extrapolated to humans. In humans, the neocortical
and cerebellar (+) Vy/(—) Vrratio (2.10 * 0.20) was higher
than that in the baboons (1.41 * 0.04), raising the possibility
that (+)-["'C]McN 5652 binding to S-HT transporters might
be detectable in these regions.

Blocking Experiments in Humans. A previously studied
subject underwent a second experiment after pretreatment
with 60 mg oral paroxetine. Table 4 presents the V under
baseline and pretreatment conditions as well as the ratios of
(+) Vyto (=) Vq. The test-retest reproducibility of this ratio
under baseline conditions has not yet been assessed, but it is
reasonable to postulate that changes of =10% are within the
experimental variability. Decreases in (+) V/(—) Vp ratios
exceeded 10% in the AMY, CAU, PUT, THA, and MID.
Thus, in these regions, binding of (+)-[''C]JMcN 5652 to
5-HT transporters was clearly detectable. In cortical and
cerebellar regions, the differences between (+)- and (—)-
["'C]McN 5652 V1 were not affected by paroxetine, suggest-
ing that, in these regions, this difference is not accounted for
by binding of (+)-[!!C]McN 5652 to 5-HT transporters.
These results were replicated in a second human subject
using 80 mg paroxetine (data not shown).

Derivation of BP

Pretreatment experiments established that the difference
between (+)- and (—)-[!'C]McN 5652 V1 does not provide
an accurate measure of specific binding. On the other hand,
(+)-[''CIMcN 5652 Vr in CER was essentially equal to the
(+)-["C]McN 5652 nondisplaceable compartment (V).
Therefore, BP was calculated as the difference between the
regional (+)-[''C]McN 5652 Vi and the CER (+)-

TABLE 2
(+)- and (—)-[""C]McN 5652 in Human Brain: Comparison of Kinetic Parameters

(+)-[""C]McN 5652

(—)-[""C]McN 5652

Ki ka Vr Ki k2 Vi (+) Vi/(=) V1
Region (mL/g/min) (min-1) (mL/g) (mL/g/min) (min—1) (mL/g) ratio
DLPFC 0.24 + 0.02 0.014 + 0.002 17.8 £ 3.0 0.20 * 0.06 0.023 * 0.006 8.6 *1.9 22 *0.6
MPFC 0.26 * 0.02 0.013 * 0.002 194 + 35 0.21 = 0.07 0.022 + 0.005 9.1+22 23*0.7
OFC 0.23 *+ 0.02 0.013 * 0.001 18.4 + 3.0 0.18 = 0.07 0.022 + 0.004 85+27 21*04
SPFC 0.22 + 0.02 0.010 = 0.002 23.6 =53 0.17 = 0.05 0.018 + 0.004 94 +20 26 0.7
ACC 0.26 *+ 0.02 0.012 + 0.001 216 35 0.23 = 0.03 0.022 + 0.005 10.6 + 1.6 20*05
TC 0.22 + 0.02 0.011 = 0.001 218 + 39 0.18 = 0.05 0.018 + 0.004 10.0 = 2.1 23 *+0.6
PC 0.26 = 0.03 0.014 + 0.002 19.56 + 3.2 0.22 = 0.07 0.023 + 0.005 9.6 +2.0 21*05
oC 0.28 + 0.03 0.013 * 0.002 20.8 + 3.2 0.23 * 0.06 0.023 + 0.005 101 =18 21*x04
AMY 0.19 = 0.02 0.005 * 0.001 37.7 8.7 0.17 = 0.02 0.014 + 0.003 124 + 28 32+11
HIP 0.22 *+ 0.02 0.009 * 0.002 26.9 * 9.1 0.19 = 0.02 0.017 = 0.004 118 +27 24*0.9
CAU nucleus 0.25 *+ 0.02 0.008 + 0.001 333+78 0.22 + 0.03 0.020 + 0.005 114+ 3.0 3.1*1.0
PUT 0.31 = 0.03 0.008 * 0.001 39.6 = 8.1 0.27 = 0.03 0.020 + 0.005 140 + 3.1 3.0*+09
THA 0.29 * 0.03 0.009 + 0.001 345*72 0.25 + 0.02 0.019 * 0.004 142 + 34 25*09
MID 0.23 = 0.03 0.005 + 0.001 475 * 127 0.20 = 0.02 0.017 = 0.004 1.1 *16 41*15
CER 0.25 = 0.02 0.014 + 0.002 178+19 0.21 = 0.05 0.022 + 0.004 96 *1.7 19+03

Values are mean * SD measured in 6 subjects.
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TABLE 3
Comparison Between (+)- and (—)-["'"C]McN 5652 V+ in Baboon Under Control and Blocked Conditions

Control conditions

Citalopram* pretreatmentt

(+)Vr (=)Vvr (+) Vi/(=) Vx (+)Vvr (=)Vr (+) Vi/(=) Vr Change in
Region (mbU/g) (mbL/g) ratio (mL/g) (mL/g) ratio ratio (%)
MID 22.44 9.49 2.37 12.73 7.50 1.70 -394
THA 21.65 10.60 2.04 14.08 8.82 1.60 -275
TC 13.42 9.39 1.43 12.62 8.28 1.52 5.92
oC 11.69 8.14 1.44 10.51 7.22 1.46 1.37
CER 12.38 9.06 1.37 11.18 7.33 1.52 9.87

*4 mg/kg intravenously.
tFor (+)-['"C]McN 5652 only.
Vr values were derived with 2-CPT kinetic analysis.

["'CIMcN 5652 Vi (region-of-reference method). Table 5
lists BP values derived by the 2-CPT and graphic methods.
BP values derived with both kinetic and graphic methods
were highly correlated (® = 0.94) and not statistically
different from each other (repeated-measures ANOVA:
F g = 1.8, P = 0.18).

Specific binding was defined as detectable in a given
region if the regional BP values were significantly different
from zero (1-sample ¢ test). Specific binding was detected by
both methods in the SPFC, ACC, TC, OC, AMY, HIP, CAU,
PUT, THA, and MID. Both methods failed to detect specific
binding in the DLPFC and OFC. Specific binding was
detected by the graphic method, but not by 2-CPT model, in
the MPFC and PC. Values of BP determined by the 2-CPT
model are presented in Figure 5.

Like BP values, V'’ values derived by both methods were
highly correlated (#2 = 0.96) and not statistically different

(repeated-measures ANOVA: F g = 1.6, P = 0.20). V;"’
was not significantly different from zero in the DLPFC,
MPFC, and OFC (Table 6).

DISCUSSION

In this study, the regional brain uptake of (+)- and
(—)-[""C]McN 5652 in humans was quantified using both
kinetic and graphic analyses. As described previously (8,29),
the regional patterns of uptake of (+)- and (—)-[''C]McN
5652 were very different. Although (—)-["'C]McN 5652
showed almost uniform distribution across brain regions, the
uptake of (+)-[''C]JMcN 5652 was more prominent in
regions with high densities of 5-HT transporters, such as
MID, THA, and basal ganglia. The goal of this investigation
was to develop an appropriate method to derive 5-HT
transporter BP from the analyses of the brain uptake of both
enantiomers.

TABLE 4
Comparison Between (+)- and (—)-['""C]McN 5652 V in Human Volunteer Under Control and Pretreatment Conditions
Control conditions Paroxetine* pretreatment
(+) Vy (=) Vr (+) Vo/(=) Vr (+) Vr (=)Vr (+) Va/(=) Vr Change in
Region (mbL/g) (mL/g) ratio (mL/g) (mL/g) ratio ratio (%)
DLPFC 15.0 9.6 1.56 133 8.4 1.58 13
MPFC 16.6 10.2 1.63 14.6 9.2 1.58 -2.6
OFC 16.6 103 1.60 144 9.1 1.59 -0.9
SPFC 17.7 10.7 1.66 14.6 9.3 1.57 -55
ACC 189 1.2 1.68 16.2 10.1 1.60 —-42
TC 17.7 10.9 1.62 163 9.7 1.58 -2.8
PC 16.9 10.9 1.56 15.5 9.5 1.63 4.6
oC 175 11.2 1.57 15.6 9.8 1.58 09
AMY 27.2 12.0 2.26 18.0 10.8 1.66 -26.8
HIP 18.9 1.1 1.70 15.8 9.5 1.66 -25
CAU nucleus 243 109 2.23 17.6 9.5 1.85 -16.9
PUT 29.9 144 2.08 22.3 12.7 1.76 -15.5
THA 26.5 13.8 1.92 20.1 12.2 1.64 -14.6
MID 313 11.5 2.7 16.8 10.0 1.69 -37.7
CER 16.6 10.7 1.55 14.7 9.3 1.58 1.8
*60 mg orally.

Vr values were derived with 2-CPT kinetic analysis.

QUANTIFICATION OF 5-HT TRANSPORTERS WITH PET ¢ Parsey et al.
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TABLE 5
(+)-["C]McN 5652 BP: 2-CPT and Graphic Analyses

TABLE 6
(+)-[""C]McN 5652 V;3": 2-CPT and Graphic Analyses

2-CPT model Graphic 2 CPT model Graphic

Region BP (ml/g) P BP (mL/g) P Region V3" (unitless) P V3" (unitless) P
DLPFC -0.04 + 1.38 NS 0.50 + 1.36 NS DLPFC -0.01 £ 0.08 NS 0.02 + 0.08 NS
MPFC 164 + 1.76 NS 1.97 +1.78 0.042 MPFC 0.08 + 0.10 NS 0.10 = 0.10 0.047
OFC 0.61 + 1.37 NS 0.84 + 148 NS OFC 0.03 + 0.08 NS 0.04 + 0.08 NS
SPFC 5.85 + 3.52 0.010 5.56 * 3.70 NS SPFC 0.32+0.17 0.006 0.30+0.18 0.0094
ACC 3.79 +1.74 0.003 443 +222 0.005 ACC 0.21 +0.09 0.002 024*=0.10 0.0023
TC 3.99 + 2.16 0.006 4.13*2.15 0.005 TC 0.22 + 0.11 0.0042 0.23 + 0.1 0.0033
PC 1.68 * 1.45 NS 241 +193 0.028 PC 0.09+0.08 0.038 0.13+0.10 0.0255
oC 3.02 + 1.49 0.004 361177 0.004 oC 0.17 £ 0.07 0.0027 0.20 £ 0.09 0.0023
AMY 1991 + 700 <0.001 15.97 + 543 <0.001 AMY 1.10 = 0.31 <0.001 0.89 +0.22 <0.001
HIP 9.07 + 7.92 0.038 8.84 +8.57 0.043 HIP 049 + 042 0.0355 048 +0.45 0.0475
CAU nucleus 15.47 + 6.11 0.002 14.37 + 468 <0.001 CAUnucleus 0.85+0.28 <0.001 0.80=*0.19 <0.001
PUT 21.85 + 642 <0.001 20.94 + 6.53 <0.001 PUT 1.21 £ 0.27 <0.001 1.17 £ 0.25 <0.001
THA 16.74 + 545 <0.001 16.14 = 5.74 0.001 THA 0.92 + 0.23 <0.001 0.90 +0.23 <0.001
MID 29.67 = 11.01 0.001 28.32 = 10.92 0.001 MID 1.63 £ 048 <0.001 1.57 + 046 <0.001

NS = not significant.

Values are mean + SD (n = 6). BP was calculated as difference
between (+) Vrin ROl and (+) Vy in CER; P gives probability for this
difference to be significantly different from 0 (1-sample ttest).

Comparison of the 2-CPT and 3-CPT models on several
criteria revealed that the 2-CPT model provided a more
reliable estimate of (+)-['""C]JMcN 5652 V. Although the
improvement in goodness of fit was statistically significant
with 3 CPT compared with 2 CPT, this improvement was not
apparent by visual inspection of the curves, suggesting that
the kinetics of brain uptake were closely approximated by a
2-CPT model. Despite the increase in goodness of fit, several
problems were associated with the 3-CPT model. First, in 4
of 90 fits, the 3 CPT failed to reach convergence criteria.
Second, the identifiability of V1 by 3 CPT was significantly
lower than by 2 CPT. An error on V;y > 10% was

40 [ M BPSHT ransporers |
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FIGURE 5. BP of (+)-['""C]McN 5652 to 5-HT transporters in
human brain (mean + SD; n = 6). BP is calculated as difference
between regional (+)-[''"C]JMcN 5652 V; and CER (+)-['""CJMcN
5652 V.
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NS = not significant.

Values are mean + SD (n = 6). V3" (equilibrium specific-to-
nonspecific partition coefficient) was calculated as ratio of difference
between (+) Vrin ROl and (+) Vrin CER to (+) Vrin CER; P gives
probability for this difference to be significantly different from 0
(1-sample ttest).

encountered in 10 of the 86 fits that reached convergence.
Third, derivation of Vy by 3 CPT revealed a lack of time
stability that was not observed in the 2-CPT analysis. Fourth,
graphic analyses of [''C]McN 5652 regional uptake pro-
duced Vg values closer to 2-CPT Vy than to 3-CPT V.
Together, these data indicate that goodness of fit should not
be the only criterion used to choose between models of
increasing complexity and that the greater flexibility of 3
CPT compared with 2 CPT was associated with a unaccept-
able vulnerability to the experimental noise. We should also
note that the 3-CPT model used to analyze these data was
unconstrained. When we attempted to model the data using a
3-CPT model in which the K,/k, ratio was constrained to the
CER distribution volume, it failed to converge in 42 of 90
cases.

The uptake of (+)-[''C]McN 5652 in the MID, the region
with highest density of 5-HT transporters, exhibited a
kinetically distinct course; the peak activity occurred later
and was more protracted than in the other brain regions.
Relatively little washout was observed in the MID during
the first 90 min of the experiment, raising concerns about the
identifiability of the MID V after 90 min of data acquisi-
tion. Therefore, in these experiments, continuous scanning
was obtained for 150 min. The combination of a relatively
high ID, the high brain uptake of (+)-[''C]McN 5652, and
the greater sensitivity of the 3-dimensional scanning mode
allowed the collection of meaningful data up to this late
time. The availability of these extended datasets enabled us
to define the minimal scan duration associated with an
acceptable identifiability of MID V. Both the bias and the
error had to be <10% to establish time stability. To meet
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both criteria in every region, a minimum of 140 min was
needed. The need of such a long scanning time represents a
limitation of this radiotracer, both in terms of counting
statistics and of patient compliance.

Consistent with a measure of nonspecific binding, the
brain uptake of (—)-["'C]McN 5652 was relatively uniform
across regions, although uptake in the THA and PUT was
slightly, but significantly, higher than cortical uptake. This
observation raised the possibility of a weak binding of
(—)-[M'C]McN 5652 to S5-HT transporters. However, the
MID (—)-[''C]McN 5652 V; was comparable with the CER
(—)-[""CIMcN 5652 V7. Therefore, the higher (—)-[!!CIMcN
5652 Vrobserved in THA and PUT is more likely associated
with regional differences in nonspecific binding.

We expected that both enantiomers would display similar
levels of nonspecific binding and that the Vi of both
enantiomers would be similar to that in the CER, a region
devoid of S5-HT transporters (V. Arango, M. Underwood,
oral communication, June 1999) (30-32). However, in every
subject, the cerebellar V of (+)-[!!C]McN 5652 was almost
double the V- of cerebellar (—)-[!!C]McN 5652 (mean ratio,
1.9 = 0.3). The consistent observation of a lower (=) Vp
compared with the (+) Vi in the CER was thus an
unexpected finding of this study.

Blocking experiments were required to further investigate
the nature of the difference between the (+) and (—)
cerebellar Vr. Although citalopram and paroxetine de-
creased the (+) Vr in several subcortical regions such as the
MID, no effect of these drugs was apparent on the (+) Vyin
neocortical regions and in the CER. If the difference
between the (+) and (—) Vp corresponded to binding of
(+)-["'CI]McN 5652 to 5-HT transporters in the CER and
neocortex, pretreatment with citalopram or paroxetine should
significantly reduce the (+) V/(—) Vrratio in these regions.
Because no reduction of cerebellar or neocortical (+)
V1/(—) V1 was observed, these blocking experiments showed
that the difference between the (+) and (—) Vrin cortex and
CER was not associated with binding of (+)-[''C]McN 5652
to 5-HT transporters.

The nature of the nondisplaceable component of the
difference between (+)- and (—)-[''C]McN 5652 Vi is
unknown. (+)-[''C]McN 5652 might specifically bind to a
yet unidentified brain protein that would be relatively
uniformly distributed across brain regions. (+)-[''C]McN
5652 displays a non-negligible affinity for the norepineph-
rine and dopamine transporters (6). Yet, these transporters
are unlikely candidates to explain the component of the
difference between the (+) and (—) V that is unaffected by
selective 5-HT blockers: Saturating doses of the norepineph-
rine uptake inhibitor desimipramine and of the dopamine
uptake inhibitor GBR 12935 did not affect (+)-[''C]McN
5652 brain uptake in the rat (4), and the relative uniform
distribution of this putative site does not match the highly
selective distribution of norepinephrine and dopamine trans-
porters (33,34). On the other hand, the nondisplaceable
difference between (+)- and (—)-["'C]McN 5652 V might

QUANTIFICATION OF 5-HT TRANSPORTERS WITH PET ¢ Parsey et al.

stem from a difference in the plasma-free fraction (f,). If the
(+)-["'CIMcN 5652 f, was higher than the (—)-["'C]McN
5652 f,, the tissue distribution volume of (+)-[''C]McN
5652 relative to total plasma parent would be higher than
that of (—)-["'C]McN 5652. Because the high binding of
["'C]McN 5652 to the ultracentrifugation filters prevented
accurate measurement of f;, this hypothesis could not be
tested.

Although the nature of the nondisplaceable difference
between (+)- and (—)-[''C]McN 5652 V: remains to be
elucidated, its implication for the measurement of S-HT
transporter BP is clear: The difference between the distribu-
tion volume of both enantiomers should not be used to
estimate 5-HT transporter BP. The use of the difference
between the (+) and (—) V7 to define nonspecific binding
yields an overestimation of specific binding. This overestima-
tion would be particularly important in neocortical regions.
Because this method was used in the measurement of S-HT
transporters in chronic N-methyl-D-asparate abusers, the
results of this study should be viewed with caution (35).

The (+)-["'C]McN 5652 V- in the CER is a more appro-
priate index of the nondisplaceable distribution volume of
(+)-[""CIMcN 5652. First, this region is devoid of 5-HT
transporters. Second, saturation experiments in baboon
reduced the distribution volumes in receptor-rich regions to
the level observed in the CER. Therefore, BP was calculated
as the difference between the regional (+)-[""C]McN 5652
Vr and the cerebellar (+)-[''C]McN 5652 V.

Because cerebellar (+)-[!!C]McN 5652 V; was compa-
rable with neocortical (+)-[!!C]McN 5652 Vi, it follows
that BP in neocortical regions was extremely low. In fact, in
several regions such as DLPFC, MPFC, and OFC, BP values
were not significantly different from zero. In other neocorti-
cal regions, this value was small but significantly different
from zero. However, because BP in these regions is a small
number calculated by the difference between 2 large num-
bers, this measurement is less reliable. The only neocortical
region associated with BP > 5 was the SPFC, which is
interesting in view of the implication of this region in
familial depression (36,37).

The small to negligible BP measured with (+)-[''C]McN
5652 in neocortical regions appears at odds with the
well-documented presence of 5-HT transporters in these
regions (38). Using [*H]paroxetine, the density of 5-HT
transporters was estimated to be 60-80 fmol/mg P in the
prefrontal cortex (30). We believe that the very high
nonspecifc binding of (+)-[!!C]McN 5652 might result in a
signal-to-noise ratio too low for reliable detection of the
specific signal in the prefrontal cortex. The nonspecific
distribution volume of (+)-["'C]McN 5652 was 17.8 = 1.9
mL/g. By comparison, the nonspecific distribution volume
of the D, receptor radiotracer [''\C]NNC 112 measured in the
same setting is 2.5 * 0.4 mL/g in humans (n = 6)—that is,
about 10 times lower than that of (+)-[!!C]McN 5652 (14).
The nonspecific distribution volume of the 5-HT,, antago-
nist ['"C]JWAY 100635 is 0.6 *+ 0.2 mL/g (n = 4)—that is,
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about 30 times lower (R. Parsey, unpublished data, January
1999). These comparisons highlight the very high nonspe-
cific binding of ['!C]McN 5652.

Despite this high nonspecific binding, specific binding
could be readily quantified in regions with high BP (BP
range, 10-50 mL/g), such as in the medial temporal struc-
tures (AMY and HIP), basal ganglia, THA, and MID. These
observations are consistent with the high densities of 5-HT
transporters observed in these regions (range, 150-600
fmol/mg protein) (30).

CONCLUSION

Both 2-CPT kinetic and graphic analyses of (+)-
["C]McN 5652 uptake provided appropriate quantitative
methods for the measurement of 5-HT transporter BP in
limbic, striatal, thalamic, and MID regions of the living
human brain. Measurement of (—)-[!!C]McN 5652 distribu-
tion volume is neither needed nor desirable for derivation of
(+)-["'CIMcN 5652 BP. The major limitations of this
radioligand are the high nonspecific binding, precluding
reliable measurement of 5-HT transporters in the human
neocortex, and the prolonged scanning time needed to derive
a stable outcome measure. Despite its limitations, (+)-
['C]McN 5652 enables in vivo quantification of 5-HT
transporters in several important regions. The reproducibil-
ity of this quantification is of critical importance and
remains to be determined. The only alternative radioligand
currently available in humans is ['2’I]B-CIT, which allows
only for measurement of 5-HT transporters in the MID area
(27). For example, using ['ZI)B-CIT, Malison et al. (39)
reported a reduced availability of 5-HT transporters in the
MID of patients with major depression, and Heinz et al. (40)
reported reduced MID 5-HT transporter availability in
patients with alcoholism. PET studies with (+)-["'C]McN
5652 will permit replication of these observations and
extension of these investigations to other brain regions.
Although (+)-["'"C]McN 5652 will be valuable to study
5-HT transporters in depression and other neuropsychiatric
conditions, additional research is warranted to develop a
radioligand with lower nonspecific binding and a faster
kinetic profile.
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