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Abstract

w125 x wŽ . w125 x xThe vesamicol analogue, meta- I iodobenzyltrozamicol q - I MIBT was evaluated as a probe for the in vitro labeling of the
Ž . w125 xvesicular acetylcholine transporter in primate brain. In the striatum, q - I MIBT bound a single high-affinity site with a K value ofd

Ž . w125 x4.4"0.7 nM. Competition for q - I MIBT binding to the striatum by a group of vesamicol analogues displayed a pharmacological
profile similar to the rank order of potency previously observed for the vesicular acetylcholine transporter on Torpedo synaptic vesicles.

Ž . w125 xHigh-affinity binding of q - I MIBT in the occipital cortex was characterized by a K value of 4.6"1.1 nM. However, the rankd
Ž . w125 xorder of potency for inhibition of q - I MIBT binding to the occipital cortex by the same test compounds differed from that observed

Ž . w125 xin the striatum. The results suggest that q - I MIBT is a reliable probe of the vesicular acetylcholine transporter in primate striatum,
but its binding in primate occipital cortex is more complex. q 1997 Elsevier Science B.V.
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1. Introduction

Historically, cholinergic nerve terminals have been dis-
tinguished by the phenotypic expression of choline acetyl-
transferase, the Naq-dependent high-affinity choline trans-
porter and acetylcholinesterase. The recent identification
and cloning of the vesicular acetylcholine transporter pro-
vides yet another marker for the cholinergic system. Re-
cent molecular cloning studies have revealed that the full
coding region of the vesicular acetylcholine transporter is
‘nested’ within the first intron of the choline acetyltrans-
ferase gene locus, suggesting that the expression of both
choline acetyltransferase and vesicular acetylcholine trans-

Žporter are closely linked to each other Erickson et al.,
.1994; Bejanin et al., 1994; Roghani et al., 1994 .

Immunohistochemical studies have demonstrated that
the vesicular acetylcholine transporter is localized to
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Žsynaptic vesicles within cholinergic terminals Gilmor et
.al., 1996; Weihe et al., 1996 . Pharmacologically, the

vesicular acetylcholine transporter is identified by the
Ž . Žh ig h -a f f in ity b in d in g o f y - tr a n s -2 - 4 -

. Žphenylpiperidino cyclohexanol vesamicol; Fig. 1; Bahr
.and Parsons, 1986b , a potent noncompetitive inhibitor of

acetylcholine uptake into purified cholinergic synaptic
vesicles isolated from the electric organ of the marine ray

Ž .Torpedo Anderson et al., 1983; Bahr and Parsons, 1986a .
Vesamicol also acts on purified rat brain synaptic vesicles
Ž .Haigh et al., 1994 and many intact or semi-intact neural
preparations to block the refilling of recycling synaptic

Ž . Žvesicles VP with acetylcholine Ricny and Whittaker,2
.1993 . With the discovery of this marker protein, efforts

have been initiated to investigate its potential for assessing
the integrity of cholinergic nerve terminals in neurodegen-
erative diseases characterized by reduced cholinergic func-
tion.

w3 x ŽIn early studies with H vesamicol Marien et al.,
.1987; Altar and Marien, 1988 , in vitro autoradiography

demonstrated a labeling pattern that parallels the distribu-
Žtion of cholinergic nerve terminals Stavinoha et al., 1974;
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Ž .Fig. 1. Molecular structure of y -vesamicol and selected VR ligands.

.Mesulam et al., 1983; Quirion, 1987 . Nevertheless, subse-
w3 xquent studies of H vesamicol binding to membrane

preparations obtained from brain regions having choliner-
gic deficits yielded puzzling results. In the rat brain,

Ž . Ž .Marien et al. 1987 and Altar and Marien 1988 reported
w3 xa 33% decrease in hippocampal binding of H vesamicol

following the transection of the fimbria. However, hip-
pocampal choline acetyltransferase levels were decreased

Ž .by 61%. Subsequently, Ruberg et al. 1990 and Holley et
Ž . w3 xal. 1993 reported finding no change in H vesamicol

binding in rat cortex following a chemical lesion of the
nucleus basalis. In addition, changes in the binding of
w3 xH vesamicol in Alzheimer’s disease brain post mortem
did not correlate with changes in the amounts of choline

Žacetyltransferase and acetylcholinesterase Kish et al.,
.1990; Ruberg et al., 1990 . In the frontal cortex,

w3 xH vesamicol binding was reduced by 17–35% while
choline acetyltransferase levels were decreased by 54%.

w3 xMoreover, H vesamicol binding in the temporal cortex
was increased by 26–37%, in spite of a 30–50% reduction
in choline acetyltransferase levels.

To explain the apparent discrepancies, a number of
Ž .hypotheses were advanced, including the following: 1

that cholinergic neurons that survive the lesion might
compensate by expressing higher levels of synaptic vesi-

Ž .cles; 2 that one segment of surviving cholinergic termi-
nals might express inadequate levels of choline acetyltrans-

Ž .ferase and acetylcholinesterase; 3 that degenerating
Ž .choline acetyltransferase-deficient cholinergic terminals
might exhibit up-regulation of the vesicular acetylcholine

Ž .transporter; and 4 that a substantial fraction of
w3 xH vesamicol binding sites might be associated with non-
cholinergic elements. In support of the latter hypothesis,
vesamicol was found to exhibit nanomolar affinity for s

Ž .sites Efange et al., 1992 .
Ž .The poor selectivity of y -vesamicol in mammalian

brain prompted a search for more potent and selective
ligands that could facilitate the mapping of cholinergic

Žterminals in vitro and in vivo Kilbourn et al., 1990;
Rogers and Parsons, 1990; Mulholland et al., 1992; Rogers
et al., 1992; Van Dort et al., 1993; Kuhl et al., 1994; Shiba

.et al., 1996 . This report describes the pharmacological
Ž .characterization of the binding of one such ligand, q -

w125 x ŽŽ . w125 x .meta- I iodobenzyltrozamicol q - I MIBT, Fig. 1
Ž .Efange et al., 1993b .

2. Materials and methods

2.1. Tissue specimens

Ž . ŽMonkey Macaca mulatta brain specimens from three
.5 kg males were obtained from Perrine Primate Center in

Miami, Florida. The animals were restrained with ke-
tamine, deeply anesthetized with halothane gas and placed
in a stereotaxic headholder. Following removal of the
calvarium and upper cervical vertebra, cardiopulmonary
arrest was induced by medullary transection. The brain
was rapidly removed and frozen in 2-methylbutane at
y308C. For in vitro binding assays, tissue punches were
taken from the striatum and occipital cortex.

2.2. Radioligands and drugs

Ž . w125 x Žq - I MIBT specific activity s 1500 " 200
. ŽCirmmol was synthesized as described previously Efange

. w3 x Žet al., 1993b . H vesamicol specific activitys50.5
. ŽCirmmol was obtained from NEN Dupont Wilmington,
.DE, USA . Racemic meta-iodobenzyltrozamicol, para-

fluorobenzyltrozamicol, and 5-aminobenzovesamicol were
Žsynthesized as described previously Rogers et al., 1989;

.Efange et al., 1993a . The pure enantiomers were obtained
by chromatographic resolution on a 250 mm=10 mm id

ŽChiralcel OD column Chiral Technologies, Exton, PA,
.USA operating at a flow rate of 2.4 mlrmin with a

mobile phase of isopropyl alcohol–hexane. Haloperidol
Ž . Ž .and q - and y -vesamicol were purchased from Re-

Ž .search Biochemicals International Natick, MA, USA .
The enantiomers of pentazocine were provided by the
National Institute on Drug Abuse.

2.3. Binding assays

All binding assays were carried out in a buffer contain-
ing 50 mM Tris, pH 7.6, with 120 mM NaCl, 5 mM KCl,
2 mM CaCl , 1 mM MgCl and 0.5% bovine serum2 2

Žalbumin. A coating of Sigmacote Sigma, St. Louis, MO,
.USA was applied to all test tubes, pipet tips and beakers

prior to use in order to prevent binding of vesamicol
Ž .analogues to container surfaces Rogers and Parsons, 1993 .

Ž .Membranes from striatum or occipital cortex for in vitro
binding assays were prepared by homogenizing the tissue
using a Brinkman polytron at setting 3 for 15 s in 20 vol of
ice-cold assay buffer without bovine serum albumin. Mem-
brane pellets were obtained by centrifugation at 15 000=g
for 15 min, washed once and resuspended to a final

Ž .concentration of 5 mgrml and 15 mgrml for q -
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w125 x w3 xI MIBT and H vesamicol binding assays, respec-
tively.

The rates of association and dissociation kinetics of
Ž . w125 xq - I MIBT were determined at 258C using a radioli-
gand concentration of 0.07 nM in the presence or absence

Ž .of 10 mM " -5- aminobenzovesamicol. For the associa-
Ž .tion rate, aliquots 2 ml of the assay medium were filtered

through Whatman 934AH filters presoaked in 0.1%
polyethyleneimine at selected intervals following the addi-
tion of the radiotracer. The filters were washed 3 times
with 4.5 ml of ice-cold buffer. Upon establishing equilib-

Ž . Ž . w125 xrium 60 min , dissociation of q - I MIBT was initi-
ated by the addition of 1 mM meta-iodobenzyltrozamicol
or by a 50-fold dilution of a 10-fold concentrated suspen-
sion with assay buffer maintained at room temperature.

Ž .Aliquots 2 or 10 ml, respectively were then removed and
filtered at the specified times to determine the rate of
Ž . w125 xq - I MIBT dissociation.

Ž .For saturation analyses, membranes 5 mgrml were
Ž . w125 xincubated with 0.07 nM q - I MIBT in the presence of

Ž .increasing concentrations of unlabeled q -meta-iodo-
Ž .benzyltrozamicol 0.01 to 1000 nM in a final volume of 2

ml. Nonspecific binding was defined as the disintegrations
Ž .per minute bound in the presence of 1 mM q -meta-

Ž .iodobenzyltrozamicol or 10 mM " -5-aminobenzove-
Ž .samicol. At the end of the incubation period 1 h at 258C ,

each sample was diluted with 9 ml of cold buffer for one
min and filtered under reduced pressure through Whatman
934AH filters presoaked in 0.1% polyethyleneimine. Fil-
ters were washed 3 times with 4.5 ml of cold buffer. The
total radioligand bound was determined by counting filters
in a Packard Gamma counter at 75% efficiency.

For competition studies, various concentrations of the
selected competing ligands were incubated with mem-

Ž . Ž .branes 5 mgrml in the presence of 0.07 nM q -
w125 xI MIBT, for 1 h, at 258C in a final volume of 1 ml.

Ž . w125 xBound q - I MIBT was separated from free radioli-
gand by vacuum filtration, and filters were counted as

w3 xdescribed for the saturation studies. For H vesamicol
binding assays, competing ligands were incubated with 5

w3 x Ž .nM H vesamicol and membranes 15 mgrml for 1 h at
258C. Each sample was diluted with 4 ml of ice-cold
buffer and filtered through Whatman 934AH filters pre-
soaked in 0.1% polyethyleneimine. The filters were washed
3 times with 4 ml of ice-cold buffer. Filters were soaked in
Cytoscint cocktail overnight and counted on a Beckman
Scintillation counter at 50% efficiency.

2.4. Data analysis

Saturation binding data was analyzed using the COLD
Ž .program of EBDA Elsevier, Biosoft . The affinity and

density values were defined by the iterative, nonlinear
curve fitting program LIGAND. The Hill slopes and K i

values for the competitors were obtained using DRUG
Ž .EBDA and LIGAND. The association and dissociation

Žrate constants were determined by KINETIC Elsevier,
.Biosoft . For all studies, a partial F test was used to

determine if a one-site model fit the data adequately or
whether a two-site model was justified. The data are
presented as two significant figures of the mean"S.E. of
two to four experiments.

3. Results

( ) [125 ]3.1. Characterization of q - I MIBT binding in pri-
[ 3 ]mate striatum: comparison with H Õesamicol binding

Ž . w125 xBinding of q - I MIBT to striatal membrane ho-
mogenates was rapid and reversible. Equilibrium was es-

Ž .tablished within 20 min at 258C Fig. 2A . Statistical
analysis revealed a biphasic association curve, with mean

Ž .association rate constants of k of 4.9"1.0 and 0.5"obs
y1 Ž .0.3 min , respectively ns3, p-0.05 . The fast and

slow components of association accounted for 70% and
Ž . w125 x30% of the specifically bound q - I MIBT, respec-

Ž . w125 xtively. Dissociation of q - I MIBT from striatal mem-
Ž .branes was also biphasic Fig. 2B . In the presence of 1

Ž .mM q -meta-iodobenzyltrozamicol, 70% of the specifi-
Ž . w125 xcally bound q - I MIBT dissociated with an apparent

rate constant of 1.1"0.4 miny1 and 30% dissociated with
y1 Ža rate constant of 0.0012"0.003 min ns4, p-

. Ž . w125 x0.001 . Dissociation of q - I MIBT initiated by a 50-
Ž .fold dilution with assay buffer 258C provided similar

Ž .dissociation rate constants data not shown .
Ž . w125 xBinding of q - I MIBT to membrane homogenates

Ž .from primate striatum was saturable Fig. 3A . Specific
binding was consistently found to constitute 60% of the

Ž .total binding in the presence of 10 mM " -5-aminoben-
zovesamicol and 70% in the presence of 1 mM unlabeled
Ž . Ž .q -meta-iodobenzyltrozamicol. y -5-Aminobenzove-
samicol has been previously shown to demonstrate very
high affinity for the vesicular acetylcholine transporter in

Ž .Torpedo synaptic vesicles Rogers et al., 1993 . When the
Ž .nonspecific binding was defined with 10 mM " -5-

aminobenzovesamicol, a single population of binding sites
Ž .was observed Fig. 3A . This site was characterized by a

Ž .mean dissociation constant K of 4.4"0.7 nM and ad
Ž . Ždensity B of 41"7.0 pmolrg obtained from fivemax

.independent determinations . In contrast, a markedly curvi-
Ž .linear Rosenthal plot Fig. 3B was obtained when the

nonspecific binding was determined with 1 mM unlabeled
Ž .q -meta-iodobenzyltrozamicol. Iterative curve fitting with
LIGAND revealed a high- and a low-affinity binding site,
with K values of 3.9"0.5 and 160"66 nM, respec-d

Ž .tively ns5; ps0.0001 . The corresponding B val-max

ues were 38"11 and 160"17 pmolrg tissue, respec-
tively.

Ž .Pharmacological characterization of the binding of q -
w125 xI MIBT to striatal membranes is illustrated in Fig. 4A

Ž .and summarized in Table 1. A low concentration of q -
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w125 x Ž . Ž . w125 x Ž . Ž .Fig. 2. Kinetic analysis of I - q -MIBT binding to primate striatum. A Association of I - q -MIBT 0.07 nM to membrane homogenates from
Ž .the striatum. Analysis of the data with KINETIC Biosoft indicated the data best fit a two site model with t values of 0.2 min and 1.4 min,1r2

Ž . w125 x Ž .respectively. B Dissociation of I - q -MIBT from membranes homogenates from the striatum. After equilibrium was established, dissociation was
Ž .initiated by the addition of 1 mM q -meta-iodobenzyltrozamicol or a 50-fold dilution with room temperature buffer and aliquots were removed at the

Ž . w125 xindicated time points. Regardless of the method by which dissociation was initiated, a biphasic model of q - I MIBT dissociation, with t values of1r2

0.6 min and 57.8 min, was statistically preferred. Shown here is the average of 4 independent determinations.

w125 x Ž .I MIBT 0.07 nM was used in order to selectively
label the high-affinity binding site. At this concentration,

Ž . w125 x90% of the bound q - I MIBT occupied the high-affin-

ity site and only 10% occupied the low-affinity site.
Vesamicol and the structurally-related vesicular acetyl-
choline transporter ligands were the most potent inhibitors

Ž . w125 x Ž . w125 xFig. 3. Cold saturation analysis of q - I MIBT binding to a primate striatum. Striatal membrane homogenates were incubated with q - I MIBT in
Ž .the presence of increasing concentrations of unlabeled q -meta-iodobenzyltrozamicol for 1 h at 258C. Illustrated here is a representative experiment

Ž .assayed in triplicate. The data were analyzed with the EBDArLIGAND program for binding analysis. A Rosenthal plot observed when nonspecific
Ž .binding was defined using 10 mM " -5-aminobenzovesamicol. Note that binding was linear with a K value of 3.7 nM and a B value of 41.7d max

Ž . Ž .pmolrg for this representative subject. B Rosenthal plot observed when nonspecific binding was defined using 1 mM q -meta-iodobenzyltrozamicol.
The K values were 3.5 and 178.7 nM for the high- and low-affinity binding sites, respectively. The corresponding B values were 36.6 and 156.0d max

pmolrg, respectively. The mean affinity and density values for 5 experiments are reported in the text.
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Ž . Ž . w125 x Ž . w3 xFig. 4. Pharmacological characterization of A q - I MIBT and B H vesamicol binding to striatum. Drugs known to label the vesicular
Ž . w125 x Ž . w3 x Ž .acetylcholine transporter or s receptor ligands were used to compete for q - I MIBT 0.07 nM or H vesamicol 4 nM binding sites in membrane

Ž .homogenates from the striatum. Nonspecific binding was defined with 1 mM q -meta-iodobenzyltrozamicol. Each datum in the figure represents the
average of 2–4 individual experiments each performed in triplicate. The stereoselectivity and the rank order of potency illustrated is indicative of labeling
to the vesicular acetylcholine transporter.

Ž . w125 xof q - I MIBT binding. In contrast, the s receptor
Ž . Ž .ligands haloperidol and q - and y -pentazocine dis-

played significantly lower potency at this site. Among the
vesamicol analogues, interaction with this site was charac-
terized by a high degree of stereoselectivity similar to that

Ž . w3 xobserved with y - H vesamicol in Torpedo synaptic
Ž . Ž .vesicles Rogers et al., 1993 . Specifically, y -vesamicol

Ž .was five times more potent than q -vesamicol while
Ž . Ž .y -5-aminobenzovesamicol, q -meta-iodobenzyltro-

Ž .zamicol and q -para-fluorobenzyltrozamicol were 8- to
16-fold more potent than their corresponding antipodes.
ŽThe apparent reversal of stereoselectivity associated with
MIBT and para-fluorobenzyltrozamicol has been reported

Ž .in previous studies Efange et al., 1993b, 1994a and is
associated with the introduction of a nitrogen atom into the

cyclohexyl moiety of vesamicol. Presumably, the absolute
configurations of the carbons bearing the critical amino

Ž .and hydroxyl groups of y -vesamicol and meta-iodo-
.benzyltrozamicol are the same. Consistent with previous

Ž . w3 xstudies of y - H vesamicol binding to Torpedo synaptic
Ž . Ž .vesicles, y -5-aminobenzovesamicol K s6.1"1.1 nMi

Ž . Ž .and q -meta-iodobenzyltrozamicol K s8.9"3.2 nMi
Ž . w125 xemerged as the most potent inhibitors of q - I MIBT

Ž . Ž .binding while y -vesamicol K s160"36 nM dis-i

played moderate potency. At concentrations as high as 200
Ž .mM, acetylcholine did not inhibit the binding of q -

w125 x ŽŽ .I MIBT. The resulting rank order of potency q -
Ž .meta-iodobenzyltrozamicols y -5-aminobenzovesami-

Ž . Ž .col) q -para-fluorobenzyltrozamicol) q -5-amino-
Ž . Ž .benzovesamicol) y -meta-iodobenzyltrozamicols y -
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Table 1
Pharmacology of vesamicol analogues and s receptor ligands in monkey
striatum

125 3w x w xCompetitor I MIBT H Vesamicol

Ž . Ž .K nM n K nM ni H i H

Vesamicol analogues
Ž .y -ABV 6.1"1.1 0.69 176.6"0.2 0.71
Ž .q -ABV 82.7"3.0 0.86 539.5"61.9 0.78
Ž .y -FBT 335.2"146.4 0.80 223.7"22.1 0.77
Ž .q -FBT 42.0"5.7 0.77 9.0"1.2 0.82
Ž .y -MIBT 146.9"15.0 0.79 474.7"30.0 0.73
Ž .q -MIBT 8.9"3.2 1.10 17.5"4.3 0.71
Ž .y -Vesamicol 154.6"35.8 0.72 53.1"16.3 0.92
Ž .q -Vesamicol 689.5"357.3 0.58 115.4"35.8 0.64

s ligands
Haloperidol 1022.0"295.6 0.74 207.7"6.7 0.53
Ž .y -Pentazocine 6562.6"1864.6 0.64 1471.4"489.4 0.86
Ž .q -Pentazocine 7026.6"3541.0 0.65 1824.3"492.9 0.84

The data shown are the mean"S.E. of 2–4 independent determinations
each performed in triplicate. Nonspecific binding was determined using 1

Ž .mM q -MIBT. The K values and Hill coefficients were determinedi
Ž .using EBDA DRUG rLIGAND.

Ž . Ž .vesamicolG y -para-fluorobenzyltrozamicolG q -
Ž . Ž .vesamicolGhaloperidol) y -pentazocines q -penta-

.zocine bears striking similarity to that obtained from the
w3 xŽ .inhibition of H y -vesamicol binding to purified Tor-

pedo synaptic vesicles.
A qualitatively similar pharmacological profile was

w3 xdemonstrated for the inhibition of H vesamicol binding
Ž .to primate striatal membranes Fig. 4B and Table 1 .

w3 xŽ .Competition binding for H y -vesamicol was con-
ducted at a concentration of 5 nM. Using the K and Bd max

w3 xŽ .values reported for H y -vesamicol binding to rat brain
Ž .membrane homogenates Meyer et al., 1993 , we have

calculated that at this concentration the high- and low-af-
finity sites accounted for 58% and 42% of the bound
w3 xŽ .H y -vesamicol, respectively. Due to the low specific

w3 xŽ .activity of H y -vesamicol, we were unable to use a
lower concentration of radioligand to selectively label the
high-affinity site. Nevertheless, we find that vesamicol
analogues emerged as the most potent inhibitors of
w3 xŽ .H y -vesamicol binding to striatal membranes. More-
over, the inhibition was characterized by a significant

Ž .degree of stereoselectivity: y -vesamicol was twice as
Ž . Ž .potent as q -vesamicol while y -5-aminobenzove-

Ž . Ž .samicol, q -meta-iodobenzyltrozamicol and q -para-
fluorobenzyltrozamicol were 3–27 times more potent than
the corresponding antipodes. However, qualitative differ-

Ž .ences were also evident. For example, y -5-aminoben-
zovesamicol, the most potent vesicular acetylcholine trans-

Ž .porter ligand reported in Torpedo Rogers et al., 1993 ,
w3 xwas found to be a weak inhibitor of H vesamicol binding

in monkey striatal membranes, while haloperidol, a nonse-
lective s ligand, displayed moderate potency against this
radioligand. Lastly, Hill coefficients for all compounds
used in the competition studies were significantly less than
unity.

Ž . w125 xFig. 5. Cold saturation analysis of q - I MIBT binding to occipital cortex. Membrane homogenates from the occipital cortex were incubated with
Ž . w125 x Ž . Ž .q - I MIBT 0.07 nM in the presence of increasing concentrations of unlabeled q -meta-iodobenzyltrozamicol for 1 h at 258C. Shown here is a

Ž .representative experiment assayed in triplicate. The data were analyzed with the EBDArLIGAND program for binding analysis. A Rosenthal plot with
Ž . Ž .the nonspecific binding defined using 10 mM " ABV demonstrates a single site with a K value of 2.9 nM and a B value of 25.4 pmolrg. Bd max

Ž .Rosenthal plot obtained when nonspecific binding was defined using 1 mM q -meta-iodobenzyltrozamicol. The K values were 4.6 and 74.9 nM for thed

high- and low-affinity binding sites, respectively. The corresponding B values were 46.4 and 82.8 pmolrg tissue, respectively. The mean affinity andmax

density values for 6 individual experiments are reported in the text.
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( ) [125 ]3.2. Characterization of q - I MIBT binding in pri-
[ 3 ]mate occipital cortex: comparison with H Õesamicol

binding

Ž . w125 xSaturation plots of q - I MIBT binding to primate
occipital cortex are shown in Fig. 5. As observed with
striatal membranes, the shape of the Rosenthal plot was
dependent on the vesamicol analogue that was used to
define the nonspecific binding. When the latter was de-

Ž .fined with 10 mM " -5-aminobenzovesamicol, a linear
Rosenthal plot was obtained, suggesting a single high-af-

Ž .finity binding site Fig. 5A . The associated mean K andd

B values obtained from six independent determinationsmax

were 4.6"1.1 nM and 32"7.0 pmolrg tissue, respec-
tively. However, when the nonspecific binding component

was determined with 1 mM meta-iodobenzyltrozamicol,
Ž .the Rosenthal plot was curvilinear Fig. 5B , thereby re-

Ž . Žvealing a high- K s3.3"1.0 nM and low-affinity Kd d
.s114"59 nM site. The densities associated with these

two sites were 30"12 and 97"12 pmolrg, respectively
Ž .ns6; p-0.01 .

Ž .Pharmacological characterization of the binding of q -
w125 xI MIBT to occipital cortex membranes is illustrated in
Fig. 6A and summarized in Table 2. Over 90% of the

Ž . w125 xbound q - I MIBT occupied the high-affinity site,
while less than 10% occupied the low-affinity site in the
primate occipital cortex. The most potent inhibitors of
Ž . w125 xq - I MIBT binding were vesamicol analogues. For
Ž . Ž .q -meta-iodobenzyltrozamicol and q -para-fluoroben-

Ž .zyltrozamicol, the K values for inhibition of q -i

Ž . Ž . w125 x Ž . w3 xFig. 6. Pharmacological characterization of A q - I MIBT and B H vesamicol binding to occipital cortex. Drugs known to label the vesicular
Ž . w125 x Ž . w3 x Ž .acetylcholine transporter or s receptor ligands were used to compete for q - I MIBT 0.07 nM or H vesamicol 4 nM binding sites in membrane

Ž .homogenates from the occipital cortex. Nonspecific binding was defined using 1 mM q -meta-iodobenzyltrozamicol. Each curve shown is the average of
Ž .2–4 independent experiments each performed in triplicate. Note the significant decrease in the inhibitory potency of y -ABV.
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Table 2
Pharmacology of vesamicol analogues and s receptor ligands in monkey
occipital cortex

125 3w x w xCompetitor I MIBT H Vesamicol

Ž . Ž .K nM nH K nM ni i H

Vesamicol analogues
Ž .y -ABV 806.3"290.6 0.80 286.4"55.0 0.80
Ž .q -ABV 1607.1"735.1 0.85 964.8"304.3 0.84
Ž .y -FBT 262.4"116.7 0.69 30.3"1.3 0.73
Ž .q -FBT 30.8"9.5 0.87 12.3"2.1 0.81
Ž .y -MIBT 87.0"24.7 0.77 58.0"27.7 0.67
Ž .q -MIBT 9.4"3.5 0.87 41.4"11.9 0.61
Ž .y -Vesamicol 202.6"52.1 0.82 91.3"28.4 0.90
Ž .q -Vesamicol 135.4"26.5 0.68 58.6"14.8 0.74

s ligands
Haloperidol 948.6"355.9 0.83 9.6"5.7 0.50
Ž .y -pentazocine 1676.0"540.6 0.70 588.9"388.9 0.80
Ž .q -pentazocine 3396.8"492.0 0.52 835.6"158.3 0.71

The data shown are the mean"S.E. of 2–4 independent determinations
each performed in triplicate. Nonspecific binding was determined using 1

Ž .mM q -MIBT. The K values and Hill coefficients were determinedi
Ž .using EBDA DRUG rLIGAND.

w125 xI MIBT binding were 9.4"3.5 and 31"10 nM, re-
Ž .spectively Table 2 . In contrast, the corresponding an-

tipodes displayed 9-fold lower potency at this site. How-
ever, the rank order of potencies observed in the occipital
cortex differed in many respects from that derived from
the striatum, particularly with respect to stereoselectivity

Ž .and the potency of y -5-aminobenzovesamicol. The latter
compound, surprisingly, was among the weakest inhibitors

Ž . w125 xof q - I MIBT binding, along with the s receptor
Ž . Ž .ligands haloperidol, q - and y -pentazocine. In addi-

tion, there was little evidence of stereoselectivity in the
interaction of 5-aminobenzovesamicol and vesamicol with
the high-affinity site in the occipital cortex.

w3 xThe pharmacology of H vesamicol binding was as-
Ž .sessed in a similar manner in the occipital cortex Fig. 6B .

In contrast to the striatum, the rank orders of potencies
obtained for these two radiotracers in the occipital cortex

w3 xwere completely discordant. For the inhibition of H
Ž . Ž .y -vesamicol, q -para-fluorobenzyltrozamicol and
haloperidol emerged as the most potent compounds, while
Ž . Ž . Ž .q -5-aminobenzovesamicol and q and y -penta-
zocine displayed the lowest potency. Furthermore, the

w3 xŽ .interaction of test compounds with H y -vesamicol was
not characterized by stereoselectivity. Finally, all Hill co-
efficients were less than unity as observed in the striatum.

4. Discussion

Ž .q -meta-Iodobenzyltrozamicol is a potent vesicular
Ž .acetylcholine transporter ligand Efange et al., 1993a,b . In

Torpedo synaptic vesicles, the binding of this ligand ex-
Ž Ž .hibits a high degree of stereoselectivity K : q -meta-i

Ž .iodobenzyltrozamicol, 0.06"0.01 nM; y -meta-iodo-
.benzyltrozamicol, 8.0"3.2 nM; Efange et al., 1994b . In

contrast to its subnanomolar affinity for the vesicular
acetylcholine transporter in Torpedo, meta-iodobenzyltro-
zamicol exhibits relatively low affinity at s sites in the rat

Ž .brain Efange et al., 1995 . Moreover, the distribution of
this ligand in vivo corresponds to known patterns of

Ž .central cholinergic innervation Efange et al., 1993b , sug-
gesting that radiolabeled meta-iodobenzyltrozamicol is po-
tentially useful for mapping cholinergic innervation in
vitro or in vivo. On the basis of these encouraging prelimi-
nary studies, further characterization of this ligand was
undertaken in the primate brain in vitro. To fully assess the

Ž . w125 xpotential utility of q - I MIBT, the pharmacological
Ž .profile of this radioligand was compared to that of y -

w3 xH vesamicol, the prototypical ligand for the vesicular
acetylcholine transporter.

Ž .In the present study, we find that the binding of q -
w125 xI MIBT to primate striatum and occipital cortex is
saturable and reversible. Association and dissociation of
this ligand are both rapid and biphasic. In saturation

Ž . w125 xbinding studies, q - I MIBT labels a single high-affin-
Žity site in the striatum K s4.4"0.7 nM, B s41"7d max

. Ž . Ž .pmolrg when " -5-aminobenzovesamicol 10 mM is
used to define the background. In contrast, two classes of

Žbinding sites, one high- K s3.9"0.5 nM, B s38"d max
. Ž11 pmolrg and one low-affinity K s160"70 nM,d

.B s160"20 pmolrg , are revealed when the nonspe-max
Žcific binding is defined with 1 m M meta-

.iodobenzyl trozamicol. This difference suggests that 10
Ž .mM " -5-aminobenzovesamicol blocks only one of two

meta-iodobenzyltrozamicol binding sites. Saturation of
Ž . w125 xmembranes from the occipital cortex by q - I MIBT

exhibits a similar dependence on the compound used to
determine nonspecific binding.

Ž . w125 xCompetition studies with q - I MIBT in striatum
primarily monitored the high-affinity binding site. A dis-
tinctive feature of the rank order of potencies obtained
from these studies is that vesamicol and its analogues are
more effective in competing for this high-affinity site than
are the s ligands haloperidol and pentazocine. Further-
more, the vesamicol analogues exhibit a high degree of
stereoselectivity similar to that observed for the inhibition

Ž . w3 xof y - H vesamicol binding to the vesicular acetyl-
choline transporter in Torpedo synaptic vesicles. Taken

Ž .together, the foregoing suggest that the high-affinity q -
w125 xI MIBT binding site is localized on the vesicular acetyl-
choline transporter.

Ž .Although low concentrations of q -meta-iodoben-
zyltrozamicol appear to bind primarily to the vesicular
acetylcholine transporter in striatal membranes, we note
that the dissociation constant obtained from the present
study is approximately 70-fold higher than that obtained

Ž . w3 xfrom competition assays with y - H vesamicol in Tor-
pedo synaptic vesicles. Since comparable K values ford
Ž . w3 xy - H vesamicol have been obtained from the cloned
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Ž . Žhuman Varoqui and Erickson, 1996 and Torpedo Rogers
.et al., 1993 vesicular acetylcholine transporter, we suggest

Ž . w125 xthat the higher K obtained for q - I MIBT in thed

present study probably reflects differences in tissue prepa-
ration. While highly purified synaptic vesicles have been

Ž .used to obtain dissociation constants for q -meta-iodo-
Ž .benzyltrozamicol and y -vesamicol in Torpedo, the pre-

sent study utilized a membrane homogenate.
Ž . w125 xCompetition studies with q - I MIBT in the occipi-

tal cortex revealed some parallels with the striatum. Specif-
ically, vesamicol analogues were found to be the most

Ž . w125 xpotent inhibitors of q - I MIBT binding while the s

ligands were the least potent. In addition, the binding of
meta-iodobenzyltrozamicol and para-fluorobenzyl-
trozamicol was characterized by a high degree of stereose-
lectivity similar to that observed in the monkey striatum
and Torpedo synaptic vesicles. However, the rank order of
potencies obtained in the occipital cortex was significantly
different from that observed in the striatum. Notable among
these differences was the 100-fold drop in the potency of
Ž .y -5-aminobenzovesamicol, one of the most potent
vesicular acetylcholine transporter ligands ever reported.
Another important difference was the loss of stereoselec-
tivity in the interaction of this site with 5-aminobenzove-
samicol and vesamicol.

The relative amounts of vesicular acetylcholine trans-
porter in rat striatum and cortex have been estimated
immunochemically by Western blot. Although the ratio
was not quantitated, as estimated visually the amount of
vesicular acetylcholine transporter in striatal membranes is
about 10-fold greater than the amount in cortical mem-

Ž .branes Gilmor et al., 1996 . Staining for vesicular acetyl-
choline transporter protein and mRNA in cell bodies,
puncta and fibers of rat brain sections supports this esti-

Žmate Schafer et al., 1994; Erickson et al., 1994; Roghani
.et al., 1994; Gilmor et al., 1996; Weihe et al., 1996 . Rat

and monkey cortex contain similar amounts of vesicular
Žacetylcholine transporter immunoreactivity Schafer et al.,

.1995 . In addition, comparable estimates have been ob-
tained for choline acetyltransferase activity in human
Ž . ŽAraujo et al., 1988 and rat Stavinoha et al., 1974;

.Kuczenski et al., 1975 brain. Using the 10:1 ratio and
Ž .assuming that all of the high-affinity binding of q -

w125 xI MIBT in monkey striatum is to the vesicular acetyl-
choline transporter, we can estimate that the stained vesic-
ular acetylcholine transporter accounts for no more than 5
pmolrg of monkey cortex of the estimated 25–46 pmolrg
tissue associated with high-affinity binding in cortex. Thus,

Ž .there must be two high-affinity binding sites for q -
w125 xI MIBT in the occipital cortex.

While this analysis suggests that only 10–20% of the
Ž . w125 xhigh-affinity binding of q - I MIBT in cortical mem-

branes could be due to immunostained vesicular acetyl-
Ž .choline transporter, Efange et al. 1997 have recently

demonstrated that Alzheimer’s patients suffer about a 50%
Ž . w125 xloss of q - I MIBT binding to cortical membranes

relative to age-matched controls. The large discrepancy
between the latter number and the 5–10% loss of cortical

Ž . w125 xbinding of q - I MIBT predicted for a 50% loss of
Ž Ž .cholinergic terminals assuming that the major q -bind-

.ing site is noncholinergic could be due the existence of
vesicular acetylcholine transporter isoforms. Recent cloning
of mammalian vesicular acetylcholine transporter cDNAs
has revealed a single gene encoding the vesicular acetyl-

Žcholine transporter Erickson et al., 1994; Bejanin et al.,
.1994; Roghani et al., 1994 . However, while the coding

sequence for the gene is continuous, at least 4 types of
Žvesicular acetylcholine transporter mRNAs V1a, V1b, V2,

.V3 , which are presumed to result from differential pro-
moter regulation of transcription of the vesicular acetyl-

Žcholine transporter gene have been reported Bejanin et al.,
.1994; Cervini et al., 1995 . Moreover, there is little infor-

mation available about the structure of the protein itself
and its immunogenic homogeneity. This leaves open the
possibility that multiple forms of the vesicular acetyl-
choline transporter exist that display different drug binding
characteristics, and that the atypical pharmacological pro-

Ž .file associated with the high-affinity binding of q -
w125 xI MIBT in the occipital cortex may represent a variant
of the vesicular acetylcholine transporter distinct from that
associated with cholinergic interneurons of the striatum.
Such differences may not be altogether surprising since the
cholinergic neurons in the striatum are intrinsic to this
structure, while the majority of cholinergic innervation to
the cortex originates from the basal forebrain nucleus
Ž .Mesulam et al., 1983 and is therefore extrinsic.

Ž . w3 xy - H Vesamicol was studied in parallel competition
experiments using membranes from striatum and occipital
cortex. Significant binding to low-affinity sites probably
occurred in both cases because a relatively high reduced

Žconcentration concentration divided by the dissociation
. Ž . w3 xconstant of y - H vesamicol was used. This was re-

quired because of the lower specific radioactivity of 3H
compared to that of 125I. The labelling of both high and

Ž . w3 xlow-affinity sites by y - H vesamicol may be sufficient
to alter the pharmacological profile. The apparent K i

Ž .values obtained for y -vesamicol in monkey striatum and
occipital cortex were 53 nM and 91 nM, respectively.
These values are threefold lower than those obtained by

Ž .Meyer et al. 1993 in rat brain. In the monkey striatum,
the pharmacological profile of the high-affinity binding

Ž . w3 xsite for y - H vesamicol bears a strong resemblance to
that of the vesicular acetylcholine transporter in Torpedo
synaptic vesicles. However, there are some notable differ-

Ž .ences. While y -5-aminobenzovesamicol is 150 times
Ž .more potent than y -vesamicol in Torpedo synaptic vesi-

Ž . Ž .cles Rogers et al., 1993 , in the current study y -
Ž .vesamicol appears to be threefold more potent than y -

5-aminobenzovesamicol. Moreover, haloperidol, a potent
Ž .s receptor ligand, appears to be equipotent with y -5-

aminobenzovesamicol. In contrast to the striatum, competi-
w3 xtion studies with H vesamicol in occipital cortex yielded
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little evidence of stereoselectivity with vesamicol ana-
logues and an inappropriate rank order of potencies. More-
over, haloperidol, a potent s receptor ligand, was found to

w3 xbe the most potent inhibitor of H vesamicol binding in
the cortex. Consequently, we conclude that the binding of
w3 xH vesamicol in the monkey striatum reflects both the
vesicular acetylcholine transporter and s receptors; how-
ever, in the cortex, this radioligand binds primarily to s

receptors. This conclusion is consistent with previous re-
Ž .ports showing that haloperidol can displace y -

w3 x ŽH vesamicol from Torpedo synaptic vesicles Kaufman
. Ž .et al., 1989 , rat brain slices Altar and Marien, 1988 and

Ž .human cerebral cortex Efange et al., 1992 . Moreover,
these results are consistent with the marginal selectivity of
Ž .y -vesamicol for the vesicular acetylcholine transporter

Ž .relative to the s receptor Efange et al., 1994b . Taken
Ž .together, the foregoing strongly suggests that q -

w125 x Ž . w3 xI MIBT is superior to y - H vesamicol.
In summary, meta-iodobenzyltrozamicol is a reliable

probe for the vesicular acetylcholine transporter in monkey
striatum, but its binding behavior in monkey cortex cannot
be fully explained by a single vesicular acetylcholine
transporter isoform. In view of our limited knowledge of
this transporter, a more complete characterization of possi-
ble regional differences in vesicular acetylcholine trans-
porter structure is clearly desirable. Since the existence of
multiple forms of vesicular acetylcholine transporter in the
mammalian cortex would complicate the interpretation of
radioligand binding studies of vesicular acetylcholine
transporter ligands, thorough in vitro characterization of
new vesicular acetylcholine transporter ligands prior to
their use as imaging agents in the study of central choliner-
gic function is strongly indicated.
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