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ABSTRACT  Two esters, N-['Cimethylpiperidyl acetate (("CIAMP) and N-["Clmeth-
ylpiperidyl propionate (["CJPMP), were synthesized in no-carrier-added forms and evalu-
ated as in vivo substrates for brain acetylcholinesterase (AChE). After peripheral injec-
tion in mice, each ester showed rapid penetration into the brain and a regional retention
of radioactivity (striatum > cortex, hippocampus > cerebellum) reflecting known levels
of AChE activity in the brain. Regional brain distributions after [X{C]PMP administration
showed better discrimination between regions of high, intermediate, and low AChE
activities. Chromatographic analysis of blood and brain tissue extracts showed rapid
and nearly complete hydrolysis of ['C]PMP within 10 min after injection. For both
[UCJAMP and ["CIPMP, retention of radioactivity in all regions was reduced by pretreat-
ment with diisopropylfluorophosphate (DFP), a specific irreversible AChE inhibitor. DFP
treatment also significantly increased the proportions of unhydrolyzed ester in both
blood and brain. Radioactivity localization in brain after peripheral injection was thus
dependent on AChE-catalyzed hydrolysis to the hydrophilic product N-["Clmethylpiperi-
dinol. PET imaging of ['"CIAMP or ['CIPMP distributions in monkey brain showed clear
accumulation of radioactivity in areas of highest AChE activity (striatum, cortex). These
esters are thus in vivo substrates for brain AChE, with potential applications as in vivo
imaging agents of enzyme action in the human brain. ["CJPMP, the ester with a slower
rate of hydrolysis, appears to be the better candidate radiotracer for further

development. © 1996 Wiley-Liss, Inc.

INTRODUCTION

Alzheimer’s disease (AD) has been proposed to result
in selective loss of cholinergic neurons in the cortical
regions of the human brain. This “cholinergic hypothe-
sis” is supported by in vitro studies in post-mortem AD
brains, where deficits of the enzymes choline acetyl-
transferase and acetylcholinesterase (E.C. 3.1.1.7) have
been reported (Bierer et al., 1995, and references
therein). A better understanding of the etiology and
progression of AD, however, will require the develop-
ment of methods to study the cholinergic system in
living human brain, particularly early in the course of
the disease. In recent years methods have been devel-
oped to image, using PET (positron emission tomogra-
phy) and SPECT (single photon emission computed to-
mography), the distributions of specific radioligands for
muscarinic cholinergic receptors (mAChR) (Dewey et
al., 1990; Eckelman et al., 1984; Frey et al., 1991, 1992;
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Koeppe et al., 1994; Mueller-Gartner et al., 1992, 1993;
Mulholland et al., 1992; Suhara et al., 1993; Varastet
et al., 1992; Wilson et al., 1991), acetylcholine vesicular
transporters (VAChT) (Kilbourn et al., 1990; Kuhl et
al., 1994; Rogers et al., 1994; Widen et al., 1993) and the
binding site of acetylcholinesterase (AChE) (Tavitian et
al., 1993). Applications of such methods to AD have
only recently begun to appear (Wyper et al.,, 1993;
Yoshida et al., 1995; Zubieta et al., 1994).

An alternative approach to the study of AChE would
be in vivo measurement of enzymatic activity, rather
than the number of binding sites for a radiolabeled
inhibitor such as ["Clphysostigmine. Recently, radiola-
beled N-methylpiperidyl esters have been proposed as
potential in vivo substrates of AChE; in the brain, these
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esters are cleaved to yield N-methylpiperidinol, a more
hydrophilic compound which is retained in the tissues
(Irie et al., 1994; Namba et al., 1994). Administration
of N-[*Clmethylpiperidyl esters to rats resulted in re-
gional brain distributions of radioactivity which corre-
lated with known distributions of AChE; similarly, PET
imaging of the brain distribution of N-["'Clmethyl-3-
piperidyl acetate ([!C]MP3A) in monkey brain also
showed a regional distribution consistent with AChE
enzymatic activity. In rats, the accumulation of radioac-
tivity in the frontal and parietal cortices after
[*CIMP3A administration was diminished (12-17%) by
a lesion of the nucleus basalis magnocellularis (NBM),
providing further support for an AChE-mediated local-
ization mechanism (Namba et al., 1994).

We have recently synthesized a short series of
N-["Clmethyl-4-piperidyl esters (acetate, propionate,
and benzoate esters) as potential in vivo imaging agents
for AChE activity in the brain (Bormans et al., submit-
ted for publication). Measurements of AChE activity
would complement our current efforts at characteriza-
tion of mAChR (Frey et al., 1992; Koeppe et al., 1994;
Zubieta et al., 1994) and vAChT (Kuhl et al., 1994)
in normal and diseased human brain; together, these
radiotracer methods might provide a more complete
description of the changes of the cholinergic system in
AD brain. We report here that ["C]PMP can be used
as a metabolic trapping agent for the detection of AChE
activity in the brain, and the regional rates of [*C]PMP
hydrolysis correlate well with both in vitro and in vivo
measures of the cholinergic system. [YCIPMP, in con-
junction with external imaging with PET, will thus
allow estimates of AChE activity in living primate and
human brain.

MATERIALS AND METHODS
Radiotracer preparation

N-["Clmethylpiperidyl acetate (["CIAMP) and
N-[''Clmethylpiperidyl propionate (("CJPMP) were syn-
thesized by N-["'Clmethylation of the 4-piperidiny! ace-
tate and 4-piperidinyl propionate, respectively (Bor-
mans et al., submitted for publication). Products were
purified by HPLC and obtained in high specific activity
(>500 Ci/mmol).

Regional in vivo mouse brain distributions:
General procedure

Female CD-1 mice (2025 g, Charles River) were an-
aesthetized with diethyl ester, and injected via the tail
vein with a saline solution of radiotracer (100-400 pnCi
of ["CIAMP or ["CIPMP). Animals were allowed to
awaken. After designated periods, animals were anaes-
thetized (ether) and decapitated, and the brain rapidly
removed and immediately dissected into striatum (right
and left striata combined), cortex (whole), hippocampus,
hypothalamic region, thalamus, and cerebellum (Glowi-
nski and Iversen, 1966). Tissue samples were counted
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for carbon-11 (automatic y-counter) and weighed. Data
were calculated as % injected dose/g tissue (%ID/g) and
% injected dose/brain.

Brain distribution after
diisopropylfluorophosphate (DFP)
pretreatments

Mice (female CD-1, 20-25 g) were injected with 3 mg/
kg i.p. DFP (Sigma Chemical Company, St. Louis, MO)
freshly prepared as a solution in saline (Smolen et al.,
1985, 1987). Three hours later, the regional brain distri-
butions of ['CIAMP and ["C]PMP were determined us-
ing the procedure described above.

In vivo metabolism studies: General method

Female CD-1 mice (20-25 g; N = 2 per data point)
were injected with 1-2 mCi of ['C]JPMP. Animals were
sacrificed at 10 min, and samples of blood and whole
brain rapidly removed and added to tubes containing
1 mL of absolute ethanol. Samples were homogenized
and centrifuged. Supernatants were spotted on glass-
backed silica gel plates (EM Science, Cherry Hill, NJ)
and developed with 10% methanol in dichloromethane,
with an ammonia atmosphere. Unlabeled standard
PMP (R; = 0.73) and N-methylpiperidinol (R; = 0.29)
were visualized with iodine. Radioactivity distribution
on the plates was quantified using a Berthold Auto-
matic TLC Linear Analyzer.

As a control experiment, [*'CIPMP was added to blood
samples obtained from separate animals, and the blood
subjected to the same chromatographic analysis as de-
scribed above.

Primate imaging with PET

Single imaging studies of [Y{CJAMP and [“C]PMP
were done in a female pigtail monkey (M. nemistrina,
4.6 kg). The animal was anaesthetized (15 mg/kg i.m.
ketamine, repeated as necessary) and positioned in a
TCC 4600A PET scanner (three-ring, five-slice tomo-
graph); this PET scanner had been recently modified
by addition of custom-fabricated lead collimators to pro-
vide improved spatial resolution (in-plane, 7.5 mm
FWHM). Cerebral blood flow studies usingi.v. injections
of 3-5 mCi of ¥O-labeled water were done prior to the
[UClester studies, to aid in the positioning of the animal.
Radiotracer (["CJAMP, 15.2 mCi; ["'CIPMP, 15.8 mCi)
was injected via the femoral vein, and sequentially im-
aged (30-s frames early, progressing to 10 min frames
at late times) for a total of 60 min.

Statistical methods
Significance of differences between groups of animals
(("CJAMP vs. [MCIPMP, and control vs. DFP-treated)
were assessed using an unpaired Student’s t-test. A
value of P < 0.05 was considered significant.
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TABLE 1. Time course of regional mouse brain radioactivity distributions after i.v. injections of ["'CIAMP
(top) and ["CIPMP (bottom)

MCIAMP, % ID/g

Brain region 2 min 10 min 30 min
Striatum 93916 11.3+29 7.80 * 0.87
Cortex 8.96 + 1.96 10.3 = 2.7* 755 + Q.52%
Hippocampus 848 * 1.76 9.66 * 2.6* 7.36 = 0.57*
Hypothalamus! 8.54 + 2.19 9.23 * 2.79* 6.18 = 0.38*
Cerebellum 7.38 +1.08 6.40 * 2.0* 4,03 + 0.28*
Thalamus 940 £ 1.8 10.8 * 3.6* 6.41 = 0.28*
Blood 3.41 = 0.46 1.86 = 0.21 1.16 = 0.04
STR/CTX 1.05 + 0.05 1.09 = 0.08* 1.03 + 0.14*
STR/CBL 1.26 = 0.03 1.79 * 0.14* 1.94 + 0.16*
%ID/brain 4.35 = 0.65 4.61 = 1.28 3.31 + 0.06*

['CIPMP, % ID/g
Brain region 2 min 10 min 20 min 30 min
Striatum 12.9 = 0.86 12.8 * 2.7 8.68 = 1.49 761 +1.3
Cortex 109 = 1.31 84+ 117 5.44 £ 0.65 5.13 = 0.66
Hippocampus 10.5 = 1.33 7.58 = 0.98 5.49 = 0.7 5.05 = 0.73
Hypothalamus 8.67 + 1.48 74*+09 5.58 = 0.85 4.7 % 0.55
Cerebellum 7.01 = 0.97 4.2 + 0.61 3.16 = 0.63 2.51 = 0.26
Thalamus 953+ 1.1 867 1.7 57=*112 441 *0.72
Blood 3.28 + 0.26 1.94 = 0.20 1.94 =+ 0.94 1.02 = 0.14
STR/CTX 1.18 = 0.15 1.51 £ 0.22 1.58 = 0.13 147 = 0.15
STR/CBL 1.87 = 0.34 3.04 * 0.42 2.78 = 0.27 2.86 = 0.23
% 1D/g brain 9.88 + 1.1 7.92 + 1.24 533 = 0.76 4,73 + 0.65

Each data point represents mean * SD for N = 4 animals.
'Hypothalamic region by gross dissection.
*P < 0.05 vs. ("CIPMP.

RESULTS
Regional mouse brain pharmacokinetics

Both [M"CJAMP and ["CIPMP show distinct patterns
of accumulation of radioactivity in the mouse brain,
with highest levels in the striatum (STR), cortex (CTX),
and hippocampus, with lower amounts in the cerebel-
lum (CBL). With the exception of the striatum, concen-
trations of radiocactivity in other brain regions and in
the brain as a whole were significantly higher after
['CJAMP (Table I). For both radiotracers, ratios of ra-
dioactivity between tissue regions did not change be-
tween 10 and 20 min. The STR/CBL and STR/CTX ra-
tios were, however, significantly smaller for [*CIAMP
as compared to [CIPMP.

DFP effects on regional brain distributions

Pretreatment of animals with DFP significantly al-
tered the regional brain radioactivity distributions of
both [MCIAMP and [UC]PMP (Table II). For both radio-
tracers, radioactivity in STR, CTX, HIP, and CBL, as
well as total brain radioactivity, were reduced from 35~
60% as compared to control animals. Except for the
STR/CTX ratio for [''CIAMP, all other tissue concentra-
tion ratios for the two radiotracers were also signifi-
cantly reduced.

Metabolite analyses

The total amounts of radioactivity and proportions
of authentic [M'CIJPMP and hydrophilic metabolite,
N-["Clmethylpiperidinol, in mouse blood at various
times after i.v. injection were determined by chromatog-

raphy. Blood levels of total radioactivity decrease from
2 to 30 min (Table I); TLC analysis of this radioactivity
showed that even as early as 2 min after injection the
radioactivity in the blood was predominantly the hydro-
lysis product (Fig. 1). By 30 min, radioactivity in blood
was nearly completed (>95%) metabolite, That radio-
tracer hydrolysis occurred in vivo, and not during the
tissue homogenization and extraction steps, was shown
by the control experiments, where only a minor amount
(<5%) of added ["CIPMP was hydrolyzed during these
procedures. Chromatographic analyses of brain radio-
activity extracts showed a similar pattern: at 10 min
the brain contained mostly the labeled metabolite with
a very small amount of unhydrolyzed ester (<5%), and
at 30 min the ester was barely detectable (<1%).

The distribution of radioactivity between unchanged
[(CIPMP and hydrolysis product was significantly al-
tered by pretreatment with DFP (Fig. 2). In both blood
and brain, there were large amounts of unhydrolyzed
ester present in the brain at 10 min. Total blood radioac-
tivity levels were not different (1.76 = 0.02 and
1.90 + 0.11% ID/g in control and DFP-treated mice, re-
spectively).

PET imaging of monkey brain
pharmacokinetics
Both radiotracers freely penetrated the blood-brain-
barrier, and at the later time periods (>15 min} there
was clearly higher retention of radioactivity in striatum
relative to cortex or cerebellum. In contrast to the previ-
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TABLE II. Regional mouse brain distributions of radioactivity determined 10 min after i.v.
injections of ["CIAMP and {"CIPMP

[MC]JAMP ['CJAMP + DFP [MC]PMP [“C]PMP + DFP
(N=9) (N=26) N=9) (N =5)
% ID/g
Striatum (STR) 104 + 2.3 5.78 = 0.6* 11.7 = 2.3 4.95 + 0.4*
Cortex (CTX) 943+ 1.9 5.16 = 0.6* 6.87 £ 1.4%** 4.34 + 0.6*
Hippocampus (HIP) 891+ 19 4.89 = 0.6* 6.57 = 1.2%** 4.34 + 0.7
Cerebellum (CBL) 579+ 14 3.89 * 0.5%* 4,34 + Q.7+ 3.15 = 0.5%
Tissue concentration ratios
STR/CTX 1.09 = 0.08 1.13 £ 0.11 1.71 % 0.19%%* 1.14 + 0.09*%
CTX/CBL 1.64 = 0.12 1.32 = 0.07* 1,79 * 0.15%4* 1.38 = 0.06*
STR/CBL 1.81 + 0.20 1.49 = 0.17%* 3.06 = 0.31%* 1.58 £ 0.17*
% Injected dose in whole brain 4.42 + 0.88 2.58 + 0.23* 3.43 + 0.56*+* 2.06 = 0.21*

Distributions were determined with and without pretreatment with 3 mg/kg i.p. DFP, 8 h prior. Data are presented as mean = SD.
*P < (.005; ¥*P < 0.05 as compared to controls; ***P < 0.05 as compared to control ["C]AMP.
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Fig. 1. Metabolite analysis of mouse blood at selected times after
i.v. administration of ["CIJPMP. Bars represent remaining authentic
[UCIPMP, as determined by thin layer chromatography. The zero time
point represents the in vitro radioactivity distribution in a sample of
control blood spiked with ['CIPMP. Each data point represents the
average of two determinations.

ous imaging of N-['Clmethylpiperidin-3-yl acetate
(Namba et al., 1994), we did not observe concentrations
of activity in a region which could be assigned as the
thalamus. For both [MCJAMP and [!C]PMP, regional
brain levels of radioactivity and tissue concentrations
ratios (STR/CTX) remained constant (corrected for de-
cay) after approximately 15 min (Fig. 3). Throughout
the imaging period, cerebellar radioactivity levels were
lower than those seen in the cortex (data not shown).
Significant differences were seen in both the shape of
the tissue time-activity curves, as well as the relative
amounts of radioactivity trapped in striatum and cor-
tex. ['"CIPMP showed a high initial uptake in both stria-
tum and cortex but a significant fraction of both striatal
and cortical radioactivity (approx. 15% and 50%, respec-
tively) washed out over the initial 15 min. In contrast,
[RCJAMP showed rapid tissue uptake but essentially
no egress from the striatum, and a lower level (approx.
25%) of radiotracer loss from the cortex after the maxi-
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Fig. 2. Metabolite analysis of blood and brain following i.v. adminis-
tration of ["CIPMP to control and DFP-treated mice. Bars represent
the average (N = 2) percentages of authentic ['CIPMP and labeled
metabolite, N-["'Clmethylpiperidinol, in tissues as determined by thin
layer chromatography.

mal uptake had occurred. Finally, as was seen in mice,
there is a significantly better regional distinction be-
tween striatum and cortex for ['C]PMP, with a maximal
STR/CTX ratio of 2.25 after 15 min. This ratio never
exceeded 1.8 after ["CJAMP administration.

DISCUSSION

N-Methyl-4-piperidinyl esters are metabolic sub-
strates for AChE, which upon hydrolysis form a metabo-
lite (N-methylpiperidin-4-ol) that is essentially trapped
within the brain tissues (Irie et al., 1994). Provided that
not every radiotracer molecule delivered to the tissues is
immediately and irreversibly hydrolyzed (which would
make the radiotracer distribution delivery dependent,
as discussed below), the tissue levels of metabolite
should reach a level which reflects the relative propor-
tion of active enzyme present. We believe one of our
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Fig. 3. Radioactivity time vs concentration curves for regions of interest placed over the striatum
(STR) and cortex (CTX) of monkey brain. Radioactivity concentrations were determined by PET imaging
following i.v. injections of ["CJAMP (15.2 mCi) and [M'CJPMP (15.8 mCi).

new radiotracers, [P'CIPMP, fulfills these requirements
for an in vivo tracer of regional AChE activity in the
brain.

Among the possible piperidinol esters which might
be labeled for in vivo use, we selected ["CJAMP and
[MCJPMP as representing substrates with very high
(AMP) and much lower (PMP) in vitro hydrolysis rates
(Irie et al., 1994). In previous studies we had determined
that the larger benzoate ester (chosen to provide an
option for fluorine-18 labeling) is not cleaved at all by
AChE in the brain., Labeling of PMP and AMP could
be accomplished by simple N-['C]methylation of the
piperidinyl esters, and as the products are non-chiral,
there was no need for resolution of the two isomers
which would result from synthesis of the corresponding
3-piperidinol analogs (such as N-[!Clmethylpiperidin-
3-yl acetate; Namba et al., 1994); the stereochemical
requirements for AChE hydrolysis of these esters has
not been previously addressed, but AChE does show
stereospecificity in the binding of competitive inhibitors
(Chen et al., 1992).

The regional brain time-radioactivity distributions of
["CJAMP and ["'C]PMP in mouse brain (Table I) were
essentially identical to that previously reported using
the carbon-14 labeled compounds (Irie et al., 1994). As
previously reported, at later time points after periph-
eral injection the predominant radiolabeled species in
mouse brain is the hydrolysis product (N-[“C]methyl-
piperidinol), and thus the differences in radioactivity
concentrations can be attributed to regional levels
of AChE hydrolytic activity. The major differences
between the two esters examined here were total
brain retention of radioactivity at later times
([“CJAMP > ["CIJPMP), and the uptake and retention
of radioactivity in the cortex, hippocampus, and cerebel-
lum, which show higher absolute levels for [“*C]AMP
(P < 0.05 vs. {"CIPMP at 30 min); striatal radioactivity

retention was essentially equivalent for both radiotrac-
ers. The lack of distinction between the striatum and
cortex for ["CJAMP (STR/CTX = 1.09 = 0.08) would be
consistent with the greater in vitro hydrolysis rate for
the acetate ester, and also suggests that the [LCJAMP
distribution into one or both of these tissues might be
delivery limited. ["CIPMP, which demonstrates a
higher STR/CTX (1.79 *+ 0.15) as well as a higher STR/
CBL ratio (3.06 * 0.31), thus appears to be a better
candidate as an in vivo radiotracer for imaging.

To verify that the distributions of radioactivity in
the brain were indeed due to the actions of AChE, we
determined the regional radioactivity distributions in
mice pretreated with the potent irreversible AChE in-
hibitor, diisopropylfiuorophosphate (DFP). Regional
brain distributions were determined at 10 min, since
tissue ratios in control animals did not change after
that time point. For both [YCJAMP and ['C]PMP, the
injection of DFP (3 mg/kg i.p.) 3 h prior to radiotracer
administration significantly reduced whole brain con-
centrations of radioactivity by 40% (Table II). The resid-
ual radioactivity concentrations in the DFP-treated
mice could represent one or both of the following:
1) presence of N-[“'Clmethylpiperidinol due to con-
tinued ester hydrolysis by remaining AChE after incom-
plete enzyme inhibition in the brain, or 2) presence
of unhydrolyzed ester (“non-specific distribution”) as a
result of AChE inhibition. The continued accumulation
of N-[''Clmethylpiperidinol, due to incomplete blocking
of the enzyme, would be consistent with the reported
45-55% reductions of AChE activity determined ex vivo
in mouse brain following a single 3 mg/kgi.p. injection of
DFP (Smolen et al., 1985, 1987). The chromatographic
examination of radioactivity in DFP-treated mice (Fig.
2) showed that, for ["C]JPMP, the brain contains both
unhydrolyzed ester (87%) as well as the labeled hydroly-
sis product (13%); this suggests only partial blocking
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of the brain AChE activity by the DFP dose employed.
In DFP-treated mice it is also clear that the unchanged
radiotracer, ['CIPMP, persists in the blood for longer
periods after injection (Fig. 2) and thus the total
amounts of substrate delivered to the brain are also
likely to have been altered through DFP inhibition of
peripheral esterases. Whether a higher dose of DFP
would result in larger decreases in brain radiotracer
accumulation could not be tested, as animals given 5-6
mg/kg i.p. DFP did not survive; in addition, administra-
tion of 6.33 mg/kg i.p. DFP was found by Smolen et al.
(1985) to still not produce complete inhibition of AChE
in regions of mouse brain. It may not, in fact, be possible
to determine non-specific distribution of these esters
using complete AChE inhibition due to the lethal effects
of total blockade of this enzyme, a problem we have
noted before in attempts to utilize systemic administra-
tions of highly toxic blocking agents of the cholinergic
system (Kilbourn et al., 1990).

In contrast to radiotracer studies with radioligands
for receptors or transporters, where pharmacological
blockade of high affinity binding sites through peripher-
ally administered blocking agents is generally assumed
not to significantly change the non-specific distribution
of the radioligand, these studies with AChE substrates
and a systemic AChE inhibitor are more complicated
to interpret. The difference between control and DFP-
treated mice may not represent simply an estimate of
total AChE activity due to the presence of unhydrolyzed
ester in the brain of drug-treated animals (see above),
but rather indicates the radiotracer distribution differ-
ences between control and partially blocked states; from
the perspective of potential future applications for in
vivo studies of AChE losses in disease, this is exactly
what these radiotracers must be able to discriminate.
The highly reactive substrate [MCJAMP continues to
fail to show any differences between striatum and cortex
in the DFP-treated mice, and only a modest (—18%)
reduction in the STR/CBL ratio (Table II), even in the
partially blocked state. In contrast, [!!'CIPMP (with a
slower hydrolysis rate by AChE) demonstrates signifi-
cant reductions of both the STR/CTX (—34%) and STR/
CBL (—49%) ratios in the DFP-treated mice. Although
it was not possible to determine, on a regional basis, the
proportions of ester and hydrolysis product (insufficient
radioactivity for chromatographic analysis), these re-
sults suggest that radioactivity distributions after
[M'CJAMP injections may still be delivery-limited even
after significant reductions in the numbers of AChE
enzymes, and that ["C]JPMP will be better suited for
detecting differences in AChE activities in vivo. As there
was no unhydrolyzed ester observed in brain tissues of
control mice at later time points after injection, it is
also conceivable that the notion of “non-specific” distri-
bution as usually considered for receptor or transporter
radioligands would be irrelevant for these AChE sub-
strates when tissue distributions at such latter time
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points are used as the semiquantitative estimates of
ACHE activity. These studies also demonstrate that the
quantitative analysis of brain AChE enzymatic activity,
and determination of enzyme inhibition by competing
drugs, will require pharmacokinetic modeling ap-
proaches which account for the changes in the periph-
eral metabolism of these esters.

Acetylcholinesterase is but one component of the cho-
linergic system, and although a strict 1:1 regional corre-
spondence with other cholinergic indices (muscarinic
cholinergic receptors, vesicular acetylcholine trans-
porter, choline acetyltransferase) might not be ex-
pected, in general there are good correlations between
the regional brain distributions of these enzymes and
transporter in normal brain. For both [YCIAMP and
[MCIPMP, regional brain distributions of radioactivity
in mouse brain at 10 min correlate reasonably well
(correlation coefficients of 0.7 to 0.85 for ["CJAMP) or
quite well (coefficients > 0.95 for [''CIPMP) with litera-
ture values for AChE and ChAT enzymatic activities
(Gordon and Finch, 1984; Smolen et al., 1985, 1987),
in vivo and in vitro radioligand binding to vAChT (Jung
et al., 1990; Kilbourn et al., 1990), in vivo and in vitro
numbers of mAChR (Virgili) et al., 1991; Wilson et al.,
1991) and concentrations of ACh (Durkin et al., 1977).
However, these correlations are based on four to five
tissue regions (usually striatum, cortex, cerebellum, hy-
pothalamus and hippocampus) and they do not suffice
to demonstrate the most important differences between
[MCJAMP and [M'C]PMP, as the correlations are largely
dependent on the differences between the regions of
highest (STR) and lowest (CBL) AChE activity and are
not very sensitive to the values for intermediary tissues
such as cortex and hippocampus. More informative to
consider are the STR/CTX ratios: although the many
published in vitro and in vivo studies of AChE, ChAT,
vAChT, and mAChR report widely varying absolute
measures for these cholinergic functions (depending on
species or strains of animals, and assay methods), there
are consistently higher amounts of these cholinergic
indices in the striatum, with STR/CTX ratios ranging
from 1.6 to 10 in rodent brain. Using this ratio as the
discriminating measure, ['C]PMP (STR/CTX = 1.79)is
considerably better than [MC]JAMP, which shows very
little difference between these two tissues (STR/
CTX = 1.19). This is consistent with the proposed deliv-
ery dependence of ['"CJAMP distributions, such that
very similar amounts of this radiotracer are delivered
to the striatum and cortex (with similar blood flows)
and essentially all such tracer is immediately hy-
drolyzed and trapped in both tissues.

Based on these encouraging results in mice, we pro-
ceeded to investigate the regional brain kinetics of both
[MCJAMP and ["C1PMP in primate brain, using i.v. bolus
injections of radiotracer and PET imaging of radiocactiv-
ity distributions. A single imaging study was done for
each radiotracer, but using the same monkey and the
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same injected dose of carbon-11. The goal of these stud-
ies was threefold: 1) to demonstrate brain penetration
of these radiotracers in monkeys, sufficient for PET
imaging; 2) to verify that the tissue time-activity curves
would, at some point following injection, become essen-
tially flat due to complete hydrolysis of ester in both
the blood and brain; and 3) determine if there were
significant differences between the in vivo pharmacoki-
netics of ["C]JAMP and ["CJPMP. Both radiotracers
freely penetrated the blood-brain-barrier, and at the
later time periods (>15 min) there was clearly higher
retention of radioactivity in striatum relative to cortex
or cerebellum, consistent with the expected distribution
of AChE in primate brain (Mesulam et al., 1984). In
contrast to the previous imaging of N-['Clmethylpiper-
din-3-yl acetate (Namba et al. 1994), we did not observe
concentrations of activity in a region which could be
assigned as the thalamus. For both [MCJAMP and
[MCIPMP, regional brain levels of radioactivity and tis-
sue concentration ratios (STR/CTX) remained constant
(corrected for decay) after approximately 15 min (Fig.
2), consistent with tissue trapping of the hydrolysis
product. The flat tissue time-activity curves further-
more suggest, but do not prove, that there is not continu-
ous delivery of substrate to the brain via the blood-
stream. With the rapid in vivo hydrolysis of these esters
in the brain, and the very large amount of esterases
present in peripheral tissues, it is quite likely that mon-
key blood concentrations of these esters are very low
(if existing) at later times after injection, as was seen
in mice. In comparing the two radiotracers, significant
differences were seen in both the shape of the tissue
time-activity curves, as well as the relative amounts of
radicactivity trapped in striatum and cortex. Again,
consistent with the slower in vitro hydrolysis rate, the
pharmacokinetics of [M'C]JPMP show a high initial up-
take in both striatum and cortex but a significant frac-
tion of both striatal and cortical radioactivity washed
out over the initial 15 min. In contrast, ['CJAMP, which
has a very high in vitro hydrolysis rate by AChE, shows
rapid tissue uptake but essentially no egress from the
striatum, and a lower level of radiotracer loss from the
cortex after the maximal uptake has occurred. As was
seen in mice, there is a significantly better regional
distinction between striatum and cortex for [YC]PMP,
with a maximal STR/CIX ratio of 2.25 after 15 min.
Finally, there was significantly more radioactivity
trapped in the monkey brain following [!CIPMP injec-
tion; this would be consistent with the higher lipophilic-
ity of PMP and thus a greater brain extraction, but
without knowing the relative blood concentrations for
the two radiotracers, this difference in brain uptake
cannot be so simply explained. We have not as yet ap-
plied any quantitative pharmacokinetic models to the
PET data obtained with ["*CJAMP or [C]PMP; however,
if metabolite-corrected arterial blood samples can be
obtained such data could be analyzed using a pharmaco-
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kinetic model which calculates the irreversible blood-
to-brain transfer constant (influx constant, K;), as has
been previously done for the irreversible monoamine
oxidase inhibitor L-[!Cldeprenyl (Arnett et al., 1987).
Efforts in this area will be reported in the future.

Our results, combined with the previous in vitro and
in vivo investigations of these esters as AChE sub-
strates (Irie et al., 1994; Namba et al., 1994), suggest
that the development of in vivo imaging strategies for
quantification of AChE in the human brain may be
feasible. Of the two potential radiotracers examined
here, [UCIPMP is clearly superior, and can be used to
discriminate between regions of high, intermediate, and
low AChE activity. Considerable work remains to verify
that the in vivo distribution of radioactivity after
[MC]PMP administration is not affected by drugs for
other components of the cholinergic system, and that
the esteris not bound significantly to any other receptor,
enzyme, or transporter in the brain. Any in vivo binding
of the hydrolysis product (N-["'Clmethylpiperidin-4-ol)
would be inconsequential to the proposed imaging pur-
poses, as long as the rate of its production via AChE
hydrolysis remained rate-limiting. As these esters are
substrates for an enzyme, it will also be of considerable
interest to determine if the apparent in vivo rate of
hydrolysis is dependent on endogenous substrate levels;
in this regard, we have done experiments showing that
the in vivo hydrolysis of [UCIJPMP, as measured via
regional brain distributions at 10 min, is unaffected
(P > 0.5) by the specific activity of the injected radio-
tracer (100- and 1,000-fold dilutions of specific activity;
data not shown). This is consistent with the very high
catalytic rate for AChE, which has been described as
nearing the limits of the rate of diffusion of molecules
through the medium; with such a catalytic rate (esti-
mated at 25,000 molecules/s for acetylcholine; Hucho
et al., 1991), the residence time of substrates at the
active site is so short (40 ps) that competition of endoge-
nous ACh or added substrate for a radiotracer (such as
[MC]PMP) should be unlikely. Such a high rate of en-
zyme hydrolysis, however, presents new challenges to
pharmacokinetic modeling, as this rate becomes the
k; term in a conventional three-compartmental model,;
delivery dependency of a tracer is highly dependent on
the ratio of k; to k, (k; = rate of egress from the tissue)
(Koeppe et al., 1994). We feel ["C]JAMP is an example
of a tracer suffering from this delivery limitation due
to a very high k;, but that [YC|PMP with a lower rate
of hydrolysis may not be delivery limited in any brain
region; further studies will be needed to verify these
conclusions.

The use of these piperidyl esters in vivo represents
a new approach to measuring regional brain AChE ac-
tivity, but the concept is quite similar to the colorimetric
(Johnson and Russell, 1975) and radiometric (Thomsen
et al., 1989) methods for in vitro measurements of AChE
enzymatic activity. In all of these methods, the rate of
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hydrolysis of acetylcholine or an acetylcholine deriva-
tive is determined using methods to detect one of the
hydrolysis products. Both in vivo and in vitro methods
for measuring AChE activity are complementary to the
in vitro immunohistochemical methods for AChE (Mes-
ulam et al., 1984; Hammond and Brimijoin, 1988) or in
situ hybridization studies of AChE mRNA (Landwehr-
meyer et al., 1993; Hammond et al., 1994). In general,
it has been assumed that measures of AChE protein
and measures of AChE enzymatic activity are highly
correlated, and that has been found to be true using in
vitro assays of the two different measures in normal and
diseased human brain (Hammond and Brimijoin, 1988).

These carbon-11 labeled N-methylpiperidyl esters
should form a valuable new approach to the study of
the cholinergic system, providing estimates of AChE
activity which will be complementary to existing meth-
ods for in vivo imaging and quantification of the binding
of radioligands to muscarinic and nicotinic acetylcho-
line receptors, vesicular acetylcholine transporters, and
the AChE active site. It will now be of considerable
interest to study the possible parallel or differential
changes of these markers in animal models of neuronal
degeneration, and in human Alzheimer’s disease
brains.
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