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Radiotracer to Image the Serotonin Transporter
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Because serotonergic function has been implicated in the patho
physiology of a number of diseases

ofthe nervous system, efforts to

image this system in vivo have received considerable recent atten
tion. Promising preliminary results with the tracer 5-iodo-6-nitroqui
pazine (INQUIP) have prompted us to perform further studies
designed to validate the use of the tracer as an in vivo ligand for the
serotonin transporter. Methods We studied six adult macaca
mulatta in eight experiments which involved SPECT imaging at 17 to
24 hr post-tracer injection, including three experiments with coinjec
tion of the 1231and 125I-radiolabeled tracerfor direct comparison of
autoradiography and SPECT, and three experiments in whkh ani
mals were lesioned with the serotonergic neurotoxin (Â±)3,4-methyl
eriedioxymethamphetamine (MDMA).In addition, we evaluated the
metabolism of the tracer in the brain and periphery. Results SPECT
images obtained at 17 and 24 hr reflected the known pattern of
distribution of serotonin transporters and also showed close corre
spondence to the autoradiograms. Ratios of binding in the brain
stem to binding in the cerebellum were close to 3 at 17 hr.
Autoradiograms from an MDMA-treated animal showed up to 95%
reductions of binding, while the SPECT data showed smaller reduc
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Functional

tions. Virtually all of the tracer in the brain stem was in the form of
unmetabolized parent compound, but plasma showed rapid periph
eral metabolism of the tracer. Conclusion: These results demon
strate that INQUIP SPECT images are sensitive measures of in vivo
binding to the serotonin transporter, and support the further devel
opment of the tracer as a method for the in vivo study of seroton
ergic neurons in humans.
Key Words iodine-123-5-iodo-6-nitroquipazine; serotonin trans
porter
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Analysis
ofserotonergic
(5-hydroxytryptamine,
5-HT)
ponents of the nervous system is potentially important in the
understanding of a number of pathological conditions. Seroton
ergic neurons degenerate in both Alzheimer's disease and
Parkinson's disease (1,2), and reductions in serotonergic func
tion have been linked to the presence of depression in Parkin
son's disease (3) and to specific behavioral characteristics in
Alzheimer's disease (4). Differential degeneration of this neu
rotransmitter system may thus play a role in defining the
clinical heterogeneity of these diseases and in producing dis
tinguishing features which have been labeled as subtypes of the
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diseases. In addition, abnormalities of the serotonergic system
have been strongly linked to the pathogenesis ofdepression (5).
The ability to image serotonergic terminals in humans would
provide clinicians and scientists with a powerful tool to under
stand how alterations of this system are related to disease
symptoms. The serotonin transporter is specifically located on
serotonergic terminals and cell bodies in brainstem nuclei (6),
and binding to these sites is reduced by lesions of the raphe
nucleus, the source of serotonergic terminals in the forebrain
(7,8). Thus, imaging ofthe

serotonin

transporter

is one potential

method for evaluating the integrity of serotonergic neurons.
Recently, a number of radioligands which bind to the
serotonin transporter have been studied as potential tracers for
use with either PET or SPECT (9â€”17). While some of these
tracers show promise for eventual application to in vivo studies,
many are limited because ofexcessive nonspecific binding. One
notable exception is 6-nitroquipazine, a compound initially
reported as a useful in vivo ligand by Hashimoto and Goromaru
(18) which has been radioiodinated for potential studies using
SPECT (19). Previous reports from our laboratory have re
vealed that [â€˜251]5-iodo-6-nitroquipazine ([â€˜251]INQUIP)binds
to the serotonin transporter with high affinity and specificity in
rodent brain both in vitro and ex vivo (20,21 ). In these studies,
INQUIP showed a Kd of 23 pm, binding that was blocked by
agents with known activity at the serotonin transporter, no
inhibition by other agonists or antagonists that do not exhibit
5-HT transporter affinity, reduced binding in p-chloroamphet
amine lesioned animals, and a pattern of in vivo distribution
identical to that seen with other serotonin transporter ligands.
Kinetic studies using the â€˜231-labeledcompound and SPECT
imaging in primates revealed initially high nonspecific binding,
with images taken at later times (9 hi) showing retention in the
brainstem presumably resulting from labeling of the raphe
system (22). This specific binding was blocked in vivo by
pretreatment with the known 5-HT reuptake ligand paroxetine.
While these initial studies support the use of INQUIP for in
vivo studies, additional information on the binding of the
compound at later times, its metabolism in the brain and blood,
and its ability to detect serotonergic lesions in living primates
are necessary to thoroughly evaluate the utility of the tracer. In
this report, we present additional data on these aspects of the
compound as revealed with SPECT imaging and in vivo
autoradiography.

reporting the results from additional SPECT studies performed at
later times after injection.
The additional studies performed represent a total of eight
experiments using six adult macaca mulatta. We used a multide
tector, single-slice tomograph with a resolution of 6 mm in-plane
and a slice thickness of 12 mm (Strichman 900). Multiple slices
were obtained by translating the scanner bed in the z-axis to obtain
sequential coronal sections of the monkey brain. In all but one of
the studies, animals underwent magnetic resonance (MR) imaging
one or more weeks prior to the SPECT study which consisted of a
three-dimensional gradient recalled echo sequence obtained on a
0.5T imager. A stereotaxic

frame, with fiducial markers filled with

water doped with copper sulfate (for MR scans) or 123!(for SPECT
scans) was used to coregister MR and SPECT images.
On the day prior to the SPECT study, the animals were injected
with ketamine 10 mg/kg intramuscularly for anesthesia and ap
proximately 1.5 hr later, as the anesthesia was wearing off,
259â€”555MBq (7â€”15mCi) of the tracer were injected intrave
nously. This procedure was adopted to minimize the possible effect
of ketamine on monoamine transporters (24) as noted previously
(22).

Approximately

6 hr prior to tracer injection

the animals

were

treated with 15 mg/kg ofpotassium iodide via gastric tube. Imaging
studies were performed the following day, six experiments at
15â€”18
hr postinjection, and two at 24 and 27 hr following injection.
At the time of imaging, animals were again anesthetized with
ketamine, given 0.5 cc atropine (0.26 mg), intubated and ventilated
with methoxyflurane. For the duration of the study the animal was
covered with a heating blanket and kept normothermic, hydrated
with saline via a saphenous catheter, PÂ°2monitored with a pulse
oximeter, and arterial blood pressure monitored with an intraarte
rial catheter and transducer. The animal was placed in the stereo
taxic frame and positioned in the scanner so that a series of 16
coronal scans were performed at 5-mm intervals comprising the
entire rostral to caudal extent of the cranium. Each slice was
scanned for 5 mm.
Data were reconstructed in the coronal plane, as acquired, with
attenuation correction using an ellipse with uniform attenuation
equivalent to that of water. Regions of interest were drawn in the
cerebellum, brainstem, thalamus, basal ganglia and cerebral cortex.
Data were extracted from the images as arbitrary activity units!
sec/ml which are linearly related to radioactivity per unit volume.
Ratios of the counts for a given region were normalized to either
the cerebellum or the whole brain.

Autorad@y
For three ofthe studies described above, animals were coinjected
Ra@
with 37 MBq (1 mCi) of â€˜251-labeled
tracer simultaneously with the
Iodine-l23-5-iodo-6-nitroquipazine was synthesized in high spe
â€˜23I-labeled
compound.
These
animals
were imaged 15â€”18
hr after
cific activity (>2 CiI@mole) by the regiospecific exchange of 123!
injection of the tracers. One of these three animals had been
for tributyltin (23) with approximately 60% initial radiolabeling
pretreated with the serotonergic neurotoxin (Â±)3,4-methyl
yield. The material was purified by reverse phase HPLC using a
(MDMA). Immediately after the
methanol buffered water eluent. The [â€˜23IJ1NQUIP
was isolated enedioxymethamphetamine
SPECT procedure, the animals were killed with approximately 200
from the methanol solution and diluted with phosphate buffered
rng of pentobarbital. The brains were removed, blocked, frozen on
saline. Radiochemical purity was >95% determined by radio
dry ice within 30 mm, and stored at â€”
70Â°Cuntil sectioning the
HPLC. Identical procedures were used in the synthesis of the
following
day.
I251-labeled
tracer.
Sections were cut in the coronal plane on a cryotome at â€”15Â°C.
The sections were thaw mounted onto glass slides, and left at room
SPECT Imaging Experiments
An earlier report described the procedures and results in the temperature to dry for approximately 5 days while the 1231decayed.
Subsequently the sections were apposed to tritium-sensitive film in
dynamic study of brain uptake of the compound in eight experi
ments performed in rhesus macaques over the time period from 0 x-ray exposure holders and exposed for 30 days at room temper
to 9 hr postinjection (22). In these experiments, animals were ature. Commercial 125!standards were simultaneously exposed.
The films were developed by hand (4 mm) and rapid fixer (4
injected with tracer and scanned serially over four tomographic
planes for either the first 3â€”6hr postinjection or from 5â€”9hr mm). The autoradiograms were digitized using a video-camera
postinjection. In this report, we will describe the time course of based, computerized image analysis system. Subsequently, the
activity with regard to ratios relative to the cerebellum, as well as sections were stained with cresyl violet to define anatomic struc
MATERIALS AND METhODS
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tures. The digitized autoradiograms were quantified using IMAGE
(National Institutes of Health Software package), in conjunction
with the standards and with reference to the cresyl violet stained
sections and atlases ofthe primate brain (25,26). Nomenclature for
serotonergic structures followed the recommendations of Jacobs
and Azmitia (27). The optical densities were translated into
fmole/mg protein using the standard curve, the specific activity of
the [â€˜251J5-iodo-6-nitroquipazine,and a ratio of 1 mg protein to 10
mg tissue wet weight. In order to control for different levels of
nonspecific binding in the two experiments (control versus
MDMA-treated animals), nonspecific binding was estimated as the
tracer binding in the cerebellum. This value was subtracted from
the total in vivo binding to produce an estimate of specific in vivo
binding.

@

A

.â€˜@â€˜
B

Peripheral Metabolism
Ethanol (1 ml) was added to 0.5 ml ofheparinized blood samples
drawn from an animal at 0.5 mm, 5 mm, 10 mm, 15 mm, 30 mm,
45 mm, 60 mm and 70 mm postinjection ofthe [â€˜23I]INQUIP.
The
blood and ethanol were thoroughly mixed and subsequently cen
trifuged at 1000 x g for 3 mm. The ethanolic plasma fraction
(supernatant liquid) was separated from the debris pellet and each
fraction was counted in an automated counting system. The
ethanolic plasma (0.3 ml) was applied to a silica (Whatman
glass-backed 5 cm X 20 cm, 250 @tmlayer) TLC plate. The plates
were developed in tetrahydroftiran: methanol: ammonium hydrox
ide (16:4:0.1) and analyzed. Rf for a 5-iodo-6-nitroquipazine
standard was 0.51.

V.
a

C.

MDMA Lesion Studies
Three animals underwent treatment with the serotonergic neu
rotoxin MDMA. These animals were treated with the hydrochlo
ride salt at a dose of 5 mg/kg subcutaneously twice a day for four
days two weeks prior to the imaging and autoradiographic exper
iments. All three of these animals were imaged with SPECT
between 15 and 18 hr after injection of the tracer. One of the
animals was killed immediately following SPECT and the brain
tissue was processed for autoradiography as described above.
Brain Metabolism
Tissue from the three animals killed was also taken for analysis
of tracer metabolism. Brain tissue from the brainstem, occipital
cortex and cerebellum was removed and homogenized in 2 ml of
ice-cold phosphate buffer (100 mM, pH 7.0) containing 6.25%
ethanol and 2 @tg!mlof nonradioactive 5-iodo-6-nitroquipazine.
The homogenate was sonicated for 20 mm at 4Â°C,followed by the
addition of 1 ml of saturated sodium bicarbonate solution. The
solution was extracted with chloroform (4 X 2 ml), the extracts
combined, filtered through a 0.22 @m
nylon filter, and then reduced
to a minimal volume under a stream of nitrogen gas. The entire
volume was transferred to a silica gel thin-layer chromatography
(TLC) plate (Whatman aluminum-backed, 250 @mlayer) and
developed with a chloroform/methanol/ammonium hydroxide (10:
10:0. 1) solvent system. The TLC plates were dried and analyzed on
a scanner. Rf for a 5-iodo-6-nitroquipazine standard was 0.45.
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FIGURE1. CoronalSPECTimages of Cz@OINQUlP
uptake (rowsA, C) and
coregistered MRimages (rowsB, D)froma singleanimalimaged 16 hr after
tracer injection.FIdUdaImarkers used for coregistra@onare seen as three
dots on each side of each image. Rows A and B show cerebellum and
occipitalcortex, withcaudal pons and medullaseen inthe last image. Rows
C and D show pens/midbrain,diencephalon (thalamus)and basal ganglia
(fromleftto right).The highactMtyseen outaidethe brainis fromthe thyroid
gland.
ble activity seen in the cerebellum. Despite potassium iodide
administration, considerable activity was seen in the thyroid.
Ratios of three brain regions normalized to cerebellum are
presented in Figure 2. These results show that brainstem to
cerebellar ratios rise to about 3 over time, while cortical activity
slowly rises but remains considerably lower. Because all brain
regions were not sampled in the earlier studies (0 to 9 Kr),
cerebellar ratios relative to time are not available for all brain
regions. However, region to cerebellar ratios for a number of
different brain regions are shown in Table 1 at times of 17 and
24 hr. This clearly shows that the highest retention of the
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SPECT Imaging
Sample SPECT images obtained at 16 hr after tracer injection
are seen in Figure 1, displayed with the corresponding MR
images for orientation purposes. The SPECT images demon
strate retention of the tracer in the brainstem, with high activity
also seen in more rostral regions corresponding to the dienceph
alon. The basal ganglia show a somewhat lower level of
activity, with cortical activity still lower. There is no apprecia

I
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0

5I0''I5@202'5@

@3
0

Time (h)

FIGURE2. Ratiosof regionalactivitynormalizedto cerebellumfrom 1 to 24
hr aftertracer injectionin SPECTexpetiments. (N = 2 except for 17 hr time
points when N = 3). Data from 1 to 9 hr were generated in a previous
experiment(22).
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TABLE I
SPECT Region-to-Cerebellar Ratios at 17 and 24 Hr Following
Injection
hr@Brainstem3.06
Region17

h@24

(0.53)3.38(0.53)Thalamus2.72
(0.68)2.80(0.08)Basal
(0.40)2.13(0.18)Occipital
ganglia1
.63
(0.10)1.52(0.33)Temporal
cortex1
.45
(0.29)1.73(0.03)Frontal
cortex1
.44
(0.32)1.54(0.05)*n
cortex1
.34
= 3, tn = 2. ,@JI
valuesare means and (standard deviations)
tracer is in the brainstem, with progressively lower activity in
diencephalon, basal ganglia and cerebral cortex.

cortex), while nuclei from which these projections originate
(such as the raphe system) were relatively spared.
SPECT images obtained on the three MDMA-treated animals
did not appear to be markedly different from the control studies
by visual inspection. Quantitative results, when ratios of tracer
retention in a given brain region relative to either the cerebel
lum or whole brain were constructed, show reductions in tracer
binding in most brain regions studied. A repeated measures
analysis of variance was significant for an effect of region (j, <
0.0001), treatment (p = 0.04) but not interaction (p = 0.32)
when the whole brain ratio was analyzed. This indicates that the
MDMA treatment produced a significant reduction in tracer
binding and that binding differed by regions, but that there was
no differential effect of MDMA upon different regions. These
results are shown graphically in Figure 5. While the pattern of
results for ratios of regional activity normalized to the cerebel
lum was similar, these ratios were not statistically significantly
different between the two groups.

Autoradiography
Sample autoradiograms from an animal killed at about 17 hr
following injection of the tracer are seen in Figure 3. These
images demonstrate a pattern oftracer retention which is similar
both to the in vivo SPECT images as well as to the known
distribution of serotonin transporters as revealed with other
methods. The tracer shows the highest retention in the dorsal
raphe, following which retention was also very high in midline
thalamic nuclei and median raphe. Considerable binding is also
seen in midbrain nuclei. Relatively lower levels are seen in
cerebral cortex, with the exception of striate cortex which
demonstrates the greatest binding of any cortical area. Table 2
provides quantitative information about the tracer distribution
seen on autoradiographic sections.

Brain Metabolism
The results of the brain tissue extraction showed that 95% of
the activity was extractable by these isolation procedures. In the
brainstem, an average of 85.7% of the isolated material was
unmetabolized [â€˜251]5-iodo-6-nitroquipazine (Table 3). The re
maining activity was concentrated in a single band on the TLC
plates with the same Rf as iodide. Total and unmetabolized
ligand radioactivity in the occipital cortex was greatly reduced,
and only 47% of the activity present was unmetabolized
[â€˜25I]INQUIP.The cerebellum showed even lower levels of
radioactivity present, with low levels of the unmetabolized
ligand relative to a metabolite.

MDMALesioning

Peripheral Metabolism

Autoradiograms from an animal lesioned with MDMA are
shown in Figure 4 compared with a nonlesioned animal. The
autoradiograms reveal diminished retention ofthe tracer in most
cortical regions and subcortical nuclei relative to the control
animal. Table 2 demonstrates these results quantitatively, with
decreases ranging from 40 to 95%. The greatest effects of
MDMA treatment were found in regions receiving serotonergic
projections (such as superior colliculus, thalamus and cerebral

The radioactivity in the blood at various times postinjection
was extracted with ethanol and analyzed by thin-layer chroma
tography. This was undertaken to determine the fraction of
extractable blood activity as well as to determine the percentage
ofunmetabolized [â€˜23I}INQUIPin the extract. At all time points
80â€”85%of the activity was extractedfrom the blood samples
as an ethanol solution. A separate experiment determined that
45â€”55%of the activity was associated with the red blood cell

FiGURE 3. lodmne-125-INQUIP autora
@

diograms obt@nedapproximately17 hr
after tracer injection.Upper row shows
binding in cortex, with particulailyhigh
bindingin pnmatyvisualcortex (toprow,
center image).Rightmostimage(toprow)
shows extensrve binding in pons and
midbrain,particularlyinthe raphe system.
Second row demonstrates high tracer
bindingin manythalamicnuclei(leftmost
image),particulatlycentral nuclei,and in
the basal ganglia(centerand right).
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TABLE 2
Quantitative Binding of r25u5-lod@N'fro@ui@zine

in Primate Brain

Control

MDMA-treated

Totalbinding
DecreaseCerebellumVermis

(mean)

s.d.*

Specific
binding

Total
binding

s.d.

0.1Hemisphere

0.5

0.1

0.8

0.3CortexFrontal

0.4

0.1

1.2

NDTemporal
cortex
NDCalcanne
cortex
0.677Basal
cortex

0.4
0.8
3.1

0.1
0.1
0.9

ND
0.4
2.7

0.5
0.7
1.6

0.1
0
0.4

gangliaDorsal
0285Putamen
caudate
0.191Globus
0.191DiencephalonMedial
pallidus

1.8
1.6
1.6

0.2
0.2
0.4

1.4
1.2
1.2

1.2
1.1
1.1

0.2
0.3
0.1

NDMamillary
septum
.289ThalamusAnterior
body

1.7
10.9

0.2
2.9

1.3
10.5

0.9
2.2

0.1
0.3

.760Dorsomedial
nucleus
.870Central nucleus
.186Nucleus
median nucleus
0.995MidbrainDorsal
reuniens

4.7
6.4
8.1
16.9

0.6
2.1
1.5
3

4.3
6.0
7.7
16.5

2.7
2.8
2.1
1.9

0.7
0.7
0.9
0.4

6.1
7.8
9.1

0.4
2.7
0.1

5.7
7.4
8.7

7.5
4.7
1.7

6.2
1
0.1

26.5
15.9

11.3
6.5

26.1
15.5

6.5â€”15Median
raphe
3.750Superior
raphe
0.792PonsDorsal
colliculus
15.541Median
raphe
5.068*sdsraphe

Specific
binding%

1
1
1
1

l6.5@
6.O@

protain.tOns
for 2-4 measurements/animal;for control,N = 2 animals;for MDMAtreatment, N = 1; all bindingvalues are in fmola'mg
measurement.ND
= non-detectable.

fraction in the absence of ethanol from immediately postinjec
tion up to 2 hr. As early as 0.5 mm postinjection, 54% of the
ethanol extracted activity was unmetabolized [1231]INQUIP.
The remaining 46% was found on the TLC plates at the same Rf
as iodide. By 10 mm postinjection approximately 25% of the
activity was unmetabolized ligand, which did not change
appreciably over the 70-mm time period.

DISCUSSiON
Previous published work from our laboratory has demon
strated a number of important characteristics of the tracer
[123I]5-iodo-6-nitroquipazine which support its application to in
vivo SPECT imaging of the serotonin transporter. The work
reported here extends these findings considerably. Initial stud
ies demonstrated that the â€˜251-labeledtracer is potent and

A
).@.

@

.

@1.1t@:

B

@L2:.
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FiGURE4. Comparison
of autoradio
gramsobtained incontrol(A)and MDMA
lesioned (B) animals. Images are dis
played nOrmaliZedto standard curves as
binding in fmol&mg protein wfth the
same lookup table scale. RowB demon
strates considerable reduction in tracer

binding.
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host of other tracers and techniques. Studies of human brains
with [3H]paroxetine and [3H]imipramine (28) have shown a
pattern of serotonin transporters similar to our findings, with
highest binding in the raphe system, midline thalamic nuclei
and mamillary bodies and relatively lower binding in other
diencephalic regions and the basal ganglia, with low levels of
binding in the cerebral cortex and lowest binding in the
cerebellum. Our finding of high binding in primary visual
cortex (e.g., Fig. 3) is also in keeping with known patterns of
serotonergic innervation as revealed with immunohistochemical
techniques (29). The patterns ofserotonin innervation seen with
INQUIP are also identical to the patterns revealed with immu
nohistochemistry in the basal ganglia and thalamus (30,31).
Thus, the autoradiographic images clearly reflect the known
information about the localization of serotonin transporters in
the primate brain.
The SPECT pattern ofresults seen at 17 hr clearly reflects the
autoradiographic fmdings, subject to the limitations of resolu
tion. The overall hierarchy of the regional distribution of the
5-HT transporter

FiGURE5. RegionalbrainINQUIPbindingnormalizedto wholebrainactMty
for controland MDMA-treatedanimals(n = 3 for both groups)fromSPECT
expenments. Errorbars represent 1 s.d.

seen with SPECT is identical

to the hierarchy

seen with autoradiography, with greatest binding in the brain
stem, followed by diencephalon, basal ganglia and cortex.
Comparison of the autoradiographic images to the SPECT
images reveals that the SPECT images of tracer accumulation
selective as a ligand which labels the serotonin transporter in essentially average an area rich in serotonin transporters ex
rats. It shows high initial brain extraction ( 1.9% at 5 mm) (21)
tending from the rostral pons through the midbrain to the
with relatively slow washout of nonspecific binding from many
diencephalon and hypothalamus. The small size ofthe macaque
brain regions. Similar results are obtained in vivo in the brain relative to the resolution of the scanner makes it quite
primate, with initially high binding of the tracer throughout the difficult to differentiate the separate components of this system
brain, and slow washout of nonspecific binding (22). Despite
in much detail. However, studies in humans are likely to
this slow washout, images obtained as early as 5 hr after provide the larger brain size which may permit better distinction
injection showed the greatest binding of the tracer in brainstem
of diencephalon from rostral brain stem. The relatively low
regions known to contain high densities of serotonin transport
binding in the cortex may also be more easily visible given the
ers. Blocking studies using paroxetine in the primate showed
larger size of the cortical ribbon in the human brain.
that the nonblockable binding in the brain had a half-life of
Further evidence that the SPECT findings truly reflect the
approximately 3 hr.
pattern of serotonin transporters comes from the studies of the
The favorable characteristics of the SPECT radionuclide 123! metabolism ofthe tracer in the brain. Most of the activity in the
can be exploited for the imaging of ligands with slow washout
brainstem by 17 hr after tracer injection was the unmetabolized
ofnonspecific binding. Thus, we chose imaging times of 17 and tracer, presumably because most of the activity in this region
24 hr in this study at which time, based on the paroxetine
was sequestered in the transporters and protected from metab
blocked studies, nonspecific binding should be minimal. The olism. On the other hand, in the occipital cortex and cerebellum,
region to cerebellar ratios were considerably higher at 17 Kr nontarget regions, a significant increase in the metabolized
than at 9 Kr, consistent with further washout of the nonspecific
ligand fraction was seen. The results for occipital cortex and
binding. There were only small differences or no differences in cerebellum, however, are not indicative of increased INQUIP
these ratios when studies were performed at 24 hr. By this time,
metabolism in these regions, but probably reflect the relative
brain activity levels were also considerably lower, posing
lack ofligand accumulation due to low specific binding in these
greater problems with noise and counting statistics. Thus,
regions of the brain. A majority of the radioactivity in the
optimal imaging times in the monkey were concluded to be at occipital cortex and almost all of the activity in the cerebellum
around 17 hr.
may be attributed to a general, low level (2-5 cpm/mg)
At 17 hr after injection, ex vivo autoradiographic images of background of non-['25I]5-iodo-6-nitroquipazine
activity that
the binding of the â€˜251-labeled
tracer paralleled the distribution
appears to be present in all of the regions tested. This suggests
of serotonin transporters in the primate brain as revealed with a that the metabolism might occur intracerebrally and could be
related to metabolism of nonspecifically bound tracer through
TABLE 3
out the brain. Regardless of the exact mechanism, its low level
Stability of Iodine-125-5-lodo-6-Nftroquipazine in the Brain
relative to the high count rate from the unmetabolized parent
[125@5l@@o-@Brain
compound suggests that these metabolites contribute little to the
SPECT image obtained at this time point, especially in the
Activityas
r25@5-iod@-6- brainstem region.
activity
activitycpm/
MDMA is a well studied agent with profound effects on the
nitroquipazineBrainstem37.5
tissueTotal cprn/mg tissue*nitroquipazine
@ng
@%
serotonergic system. Studies in monkeys treated with MDMA
13.085.7Occipital
Â±17.3322
Â±
have shown that, using the identical dosing schedule and times
0.8147.0Cerebellum2.0
.6 Â±
Â±0.401
cortex3.3
of analysis we employed, HPLC measurements of brain sero
0.078.50*n
Â±1.40.17
Â±
tonin are reduced by 75 to 90% in a variety of regions (32) and
Scatchard analysis of [3H]paroxetine binding shows that trans
= 3, values Â±1s.d.
porters are reduced by 65â€”70%(33). In general, these studies
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have shown that terminal projections of serotonergic nuclei are
more severely affected by MDMA than the nuclei themselves
(34,35).

Both the pattern of results and the size of the changes

which we found using [125I]INQUIP and autoradiography are in
agreement with these results using other techniques. Thus,
decreases in specific binding were greatest, on the order of 90%
in terminal regions, while the dorsal and median raphe showed
smaller changes.
The SPECT studies of the MDMA-treated animals revealed
that the effects of the neurotoxin could be detected with in vivo
imaging, subject to some limitations. First, the use of cerebellar
ratios proved problematic in detecting the MDMA damage at a
statistically significant level. This may be because the relatively
low resolution of the scanner results in significant partial
volume artifacts so that the imaged region contains counts from
surrounding brain regions. Small errors thus introduced in the
measurement of activity in the cerebellum could produce large
biases in the resulting ratio. This problem should also be
diminished when larger human brains are imaged. In addition,
the size ofthe decrement revealed by SPECT due to the MDMA
lesion when the whole brain ratios were used was not of the
same magnitude as that revealed with autoradiography or seen
in the literature using other less comparable techniques. These
differences are also likely related to difficulties with SPECT
quantitation in small brain regions due to partial volume effects.
Although the results ofthese MDMA lesion studies are encour
aging, the utility ofthis technique in detecting this sort of lesion
requires further study.
The potential approaches to quantitation of these SPECT
tracer images are somewhat limited given a number of factors.
Most significant is the rapid peripheral metabolism ofthe tracer,
which, in conjunction with the high initial nonspecific binding
and slow washout of this compartment, will make a kinetic
model difficult to use. Similarly, an equilibrium approach
will be difficult in view of the high affinity of the tracer and its
rapid metabolism. We have taken the approach here of using a
ratio of binding in a given region of interest to either the
cerebellum or the whole brain. This method has been used
effectively with a number of tracers but is predicated on several
assumptions, particularly that the cerebellum contains little
specific binding. Although previous work (21 ) as well as this
study show that the cerebellum does contain specific binding, it
is quite low and will produce only small underestimates of
regional specific binding when a ratio is used. Furthermore,
despite the limitations imposed by the resolution of the tech
nique, the high affinity of the tracer results in brainstem-to
cerebellar ratios which are relatively high in comparison to
those obtained with other tracers. In addition, although the
cerebellar ratio did not show statistically significant reductions
in binding of the tracer in MDMA-treated animals, the use of
the whole-brain ratio was effective in this regard. The exact
method used for quantitation of tracer binding will depend on
further validation studies in humans, but a ratio method may be
an adequate way of quantitating SPECT brain INQUIP images.
To date, few radiotracers show binding to the serotonin
transporter which is specific and has the favorable pharmaco
kinetic qualities necessary for in vivo imaging. McN-5652Z,
labeled with I1C is one exception which has demonstrated
specificity and selectivity in rodents (9) and which has recently
been applied to human PET imaging (36). The compound
3-@-4-(4-iodophenyl)tropane-2-carboxylic
acid methyl ester
(RTI-55 or f3-CIT) shows affinity for both the dopamine and
serotonin uptake site (37) and has been labeled with 1231and
used as a SPECT imaging agent (38,39). While the differential
regional specificity of the binding of the agent to dopamine

transporters in the striatum and serotonin transporters in the
midbrain and diencephalon has been used to study both sites
simultaneously (40), the lack of selectivity may impose limita
tions on the use of this tracer. Thus, despite the limitations
which may be imposed on the modeling, INQUIP is one of a
few tracers with favorable qualities for imaging ofthe serotonin
transporter which has been well validated.

CONCLUSiON
The serotonin system has been proposed to play a role in a
host ofnormal functions, and its abnormalities are implicated in
many diseases. Degeneration of serotonergic neurons has been
linked to psychiatric disturbances in the neurodegenerative
processes of Alzheimer's and Parkinson's diseases, and the
system has also been linked to disorders of aggression, vio
lence, obsessive compulsive disorder and depression. While a
number ofligands have been studied with PET to image various
post-synaptic serotonin receptors, the use of a reuptake ligand
offers the advantage of directly labeling serotonergic terminals.
Because these terminals are presumably lost in neurodegenera
tive diseases, labeling of these sites provides a method of
quantifying the density of specific neurochemical projection
systems. Studies of this sort on humans with these disorders
may thus provide a method of tracking specific brain degener
ation, relating clinical findings to neurochemical abnormalities,
guiding rational pharmacotherapy, and increasing our under
standing ofthe normal role ofthe serotonergic system in human
behavior.
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Visualization of Ischemic Insult in Caudate
Putamen with n-CIT
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Dopamine (DA)has been considered to play an important role in the
development of ischemic neuronal injury in the caudate putamen
(CPu).The goal of this study was to examine the change in the
dopamine transporter (DAT)after ischemic insutt in CPu. Methods
Male Mongolian gerbils (n = 10)were exposed to b-mm forebrain
ischemia.Animals were decapitated 24 hr (n = 5) and 96 hr (n = 5)
after ischemia. The change in the amount of DAT binding sites in
CPu was evaluated by in vitro autoradiography with r25l]13-crr
(3@-(4-iodopheny@tropan-2@3-carboxylic
acid methyl ester). In addi
tion, the expression of DATmRNA in CPu and the substantia nigra
pars compacta (SNC) was examined. Results lodine-125-13-CIr
specific binding was significantlyincreasedin dorsolateralCPu with
ischemic damage both 24 hr and 96 hr after ischemia, with greater
increase at 96 hr. DAT mRNA in SNC was also significantly in
creased 96 hr after ischemia, which corresponded with the increase
of r25013-Crr binding. However, DAT mRNA in SNC was decreased

24 hr after ischemia.In the ischemic lesion in CPu, no expressionof
DATmRNA could be deteCted both 24 hr arid 96 hr after ischemia.
Conclusion: The change in DATafter ischemic insult is clarified with
r25o@-crr. This increase of [1250f3-CITbinding does not come from
Received
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de novo expressionof DATin glial cells in the damaged area in CPu.
This increaseof 13-CITbinding reflects increaseof DAT synthesis in
DA neurons in SNC (96 hr) or other factors such as the impairment
of the degradation of DATin the damaged erea in CPu.
Key Words dopamine tmnsporter@ @3-Cfl;ischemia; neuronal
death; caudate putamen
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M any
efforts
have
been
made
tovisualize
cerebral
infarction
or ischemic lesions. Among various methodologies of in vivo
imaging, the use of radiolabeled tracers may clarify pathologic
changes at the cellular level. In this study, we expected the
dopamine transporter (DAT) to be increased after ischemic
insult from a viewpoint of neuroscience and examined experi
mentally whether this change can be detected with a selective
radiolabeled ligand for DAT.
The dorsolateral caudate-putamen (CPu) is extremely vulner
able to ischemic insults (1, 2 ). Although this high susceptibility
is well established morphologically, its pathogenesis remains
obscure. Previous studies have suggested that dopamine (DA)
may play a critical role in this high susceptibility. Prior
lesioning of DA neurons in the substantia nigra (SN) markedly
attenuated ischemic neuronal damage in the dorsolateral CPu
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