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ABSTRACT

Interest in the potential use of cerebral SPECT and PET imaging for determination of the
density and activity of muscarinic-cholinergic receptors (mAChR) has been stimulated by the
changes in these receptors which occur in many neurological diseases. In addition, the important
involvement of mAChR in modulating negative inotropic cardiac activity suggests that such receptor
ligands may have important applications in evaluation of changes which may occur in cardiac
disease. In this paper, the properties of several key muscarinic receptor ligands being developed
or which have been used for clinical SPECT and PET are discussed. In addition, the ORNL
development of the new iodinated IQNP ligand based on QNB and the resuits of in vivo
biodistribution studies in rats, in vitro competitive binding studies and ex vivo autoradiographic
experiments are described. The use of radioiodinated IQNP may offer several advantages in
comparison to IQNB because of its easy and high yield preparation and high brain uptake and the
potential usefulness of the "partial' subtype selective IQNP isomers. We also describe the
development of new IQNP-type analogues which offer the opportunity for.radiolabeling with positron-

emitting radioisotopes (carbon-11, fluorine-18 and bromine-76) for potential use with PET.
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INTRODUCTION

Recent advances in better understanding the involvement of neurotransmitter pathways and
changes which occur in these pathways in various diseases have stimulated the development of
radiolabeled ligands which freely cross the intact blood-brain barrier and exhibit high specific binding
to neuroreceptors. Another important requirement is that only the unmetabolized ligand localizes
in the receptor-rich tissue so that results of external imaging primarily represent ligand-receptor
binding. The muscarinic acetyicholine receptor (mMAChR) has been extensively studied and four
distinct "subtypes" have been identified utilizing classical pharmacological techniques (M,-M,) (1-2).
While M, and M, are present in large amounts in the brain, M, is also found in the myocardium
(pacemaker tissue) and My is found in glandular tissue. More recently, the mAChR has been cloned
and five subtypes (m,-m;) have been identified (2-9). Although the mAChR literature is often
confusing, the relationships between the different subtypes has been suggested, where M, = m,,

m, and mg, M2 =m, and M3 =M,

An evaluation of the anatomical distribution of the muscarinic subtypes has identified loss of
cholinergic neurons in dementias, and autopsy studies of brains from patients with histologically
proven Alzheimer's disease have shown degeneration of cholinergic neurons in the nucleus basalis
of Meynert (2). In addition, receptor binding studies in brain homogenates from Alzheimer’s patients
have shown that the M, sites labeled by [H-3]-pirenzipine are increased in the striatum (10), while
sites labeled with [H-3]-QNB are increased in the cortex (11). Studies have also shown that the high |
affinity component of agonist (pirenzipne) binding is reduced in the frontal cortex (12) and sites

labeled with [H-3]-acetylcholine are decreased in the cortex (13). Collectively, these data suggest

a loss of agonist binding sites and up-reguiation of remaining antagonist binding sites in areas
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known to be affected by the dementia. An important observation from post mortem studies which may
have relevance to the development of radiolabeled ligands for imaging receptor density was the
observation that presynaptic M, receptors degenerate in the cholinergic nerve projections of the

- nucleus basalis in the cortex and postsynaptic M, receptors may even increase by upregulation (2).

For potential cardiac imaging, radiolabeled ligands which bind to the mAChR may have
applications in assessing physiological factors involved in myocardial infarction and "sudden death®,
since altered muscarinic receptor density may be invoived in cardiac arrhythmias. In addition to
heart muscle, both the sinoventricular and atrioventricular nodes also contain M, subtype of the
mAChR receptor (14-15). Since bradycardia and the decrease in cardiac contractility are mediated
by M, receptors, cardiac failure is associated by a dysfunction of cardiac muscarinic-cholinergic
receptor activity (2). The pharmacological effects and physiology of muscarinic antagonists and
agonists for both brain and heart have been described by Goyal (2). While a decrease in the cardiac
rate is inhibited by low (nanomolar) concentrations of acetylcholine by inhibition of the
hyperpolarization-activated current involved in generation of pacemaker activity, moderate
concentrations have an inhibitory effect, and decrease the strength and rate of contraction. In
contrast, high doses of the mAChR agonist carbachol increase the strength and rate of contraction
both in vitro and in vivo. These effects are translated into the observed changes of ion channels by

coupling with G proteins in modulating the activity of cyclic AMP levels.

In theory, muscarinic agonists and antagonists could play the same role as B-blockers, but
their use is limited because of low pharmacological specificity which illicits other unwanted side

effects. While release of catecholamines from sympathetic nerves are related to stimulation of 3-

adrenergic receptors which in turn affect a positive inotropic response, investigations suggest that
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release of acetylcholine from parasympathetic nerve endings has a physiological role in depressing
the contractile state (negative inotropic effect) enhanced by adrenergic stimulation (16-19). This
regulatory effect is illustrated by the well known antagonism of the positive inotropic effect of either
infused or neurally-released catecholamines by muscarinic agonists such as muscarine. In concert
with these phenomena, the muscarinic receptors are found in regions of the cardiac pacemaker node

(right ventricle) and the atrioventricular nodes.

The goals of this paper are to briefly review various radiolabeled ligands which bind to the
muscarinic-cholinergic receptors in vivo and to discuss the properties of a new class of ligands based
on the IQNP agents developed by McPherson, et al., which show promise for human studies with

SPECT and PET (20-26).

Halogenated Analogues of Dexetimide for SPECT and PET

Because of its potent antagonist activity‘, dexetimide (27) was identified as a candidate for
labeling with various radioisotopes for evaluation as candidates for SPECT or PET applications
(Figure 1). An added advantage of using radiolabeled dexetimide analogues is that use of the
radiolabeled biologically inactive isomer, lexetimide, may permit background correction techniques
for non-specific binding of radiolabeled dexetimide. Both isomers have been radiolabeled with
carbon-11 (28), but due to the relatively short physical half-life of carbon-11 (26 minutes), a series
of halogenated analogues was prepared and evaluated (29) for potential use with PET and SPECT.
The results of these studies demonstrated that the 4-fluoro-, 2-fluoro, 4-bromo- and 4-iododexetimide

analogues retain the binding affinity for mAChR exhibited the non-substituted dexetimide parent

compound. The 4-bromine-76-labeled analogues of both dexetimide and levetimide have been
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recently prepared by electrophilic bromodesilylation, and in vivo studies of mMAChR with these labeled
analogues are expected to be reported in the near future (30). The [F-18]-labeled 2- and 4-fluoro
analogues have also been prepared (31) and evaluated in mice, demonstrating better in vivo stability
compared to the 2-fluorodexetimide analogue. However, the low radiochemical yields and the long
time period required for preparation of these fluorinated analogues require improvement before these

analogues would be expected to be practical for routine use.

While both cerebral and peripheral uptake of [l-123]-iododexetimide is blocked by
scopolamine pre-treatment, only peripheral uptake is blocked by pirenzepine pre-treatment, since
this antagonist cannot pass through the intact blood/brain barrier (29). Pharmacokinetic studies
suggested that although heart imaging with iododexetimide could be conducted within 15-60 minutes
following intravenous administration, brain imaging would probably require an overnight waiting

period to permit vascular clearance (32).

A series of radioiodinated analogues of iododexetimide were initially prepared and evaluated
in mice by Wilson, et al. (29). From these studies 4-iododexetimide analogue was identified as the
best candidate for potential SPECT imaging and in vive and in vitro binding data demonstrated the
high affinity of this analogue for m-AChR (ICg, = 3.3 nM for muscarinic receptor). The resuits of
these and other initial promising animal studies with iodine-123-labeled dexetimide have progressed
to patient studies (32-34). In one recent study, the biodistribution of [I-123]-iododexetimide was
evaluated for SPECT imaging of muscarinic receptors in the heart and brain of healthy volunteers
(32). Both whole body scans and serial SPECT imaging with a three-headed camera permitted an

evaluation of the biodistribution and pharmacokinetics of the radioiodinated dexetimide (32).

Radioactivity in the myocardium reached a maximal value soon after injection and decreased slowly
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with time. Approximately 0.6% of the injected dose remained in the myocardium after 5 hours,
decreasing to 0.4% after 14 hours. Cerebral activity increased slowly following injection and reached
a maximum value of 1.9% of injected dose, permitting high quality SPECT images. However, due
to the high liver and lung uptake and non-specific binding, iododexetimide has not been considered
a suitable candidate for imaging of cardiac mAChR (35). Another expected disadvantage for the
routine use of iododexetimide to study receptor density is the apparent lack of receptor subtype

- specificity.
Radioiodinated IQNB

The preparation and evaluation of radiociodinated 3-quinuclidiny! 4-iodobenzilate (IQNB,
Figure 2) permitted in vivo gamma camera imaging of muscarinic-cholinergic receptors (36-41).
Various isomers of [I-123]-IQNB have also been evaluated in humans (38-39), but the literature data
are sometimes contradictory. Some studies report a differentiation between normal controls and
dementia patients, while other studies report no differences. These contrasting resuits could could
be due to the small number of patients studied, and differences in methodology and patient
selection. Nonetheless, because of the potential importance of measuring differences in muscarinic
receptor activity in dementias and other diseases, these types of studies should be expanded to
include larger groups of patients of well defined selection criteria. In addition, the two asymmetric
centers in IQNB result in the possibility of four different isomers which may have differential sub-type
affinities. From an analysis of data in the literature, practical disadvantages for the routine use of [I-
123]-R,R-IQNB include the relatively low radioiodination vyields (42) reported for the triazene

decomposition technique and modest cerebral uptake (< 1 per cent i.d.). In addition, vascular

clearance for IQNB may be slower than that for IQNP since an overnight waiting period is usually
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conducted before SPECT imaging is initiated in patients following intravenous administration of [I-
123]-IQNB (36). Although the in vitrro data suggest that both QNB and IQNB do not exhibit
muscarinic subtype selectivity, detailed autoradiographic studies have demonstrated that M,
selectivity is detected in vivo with QNB (43-45). These results illustrate the differences often observed
and the caution in comparing in vitro and in vivo data. While the use of iodine-exchange techniques
can substantially increase the radioiodination yields of IQNB, the specific activity is a priori reduced
- by this approach, which would be expected to reduce receptor-mediated localization because of
competition with unlabeled IQNB. Probably the highest yields would be obtained by an electrophilic
destannylation reaction, which would also produce high specific activity product. At the time of this
writing, the later approach is being pursued and has been shown to be a useful alternative (K. S.

Lee, V. K. Sood and B. Zeeberg, manuscript in preparation).

Radioiodinated IQNP Analogues

Other approaches have recently been initiated in attempts to simplify radiolabeling, increase
radioiodination yields, increase global brain uptake, and decrease blood levels permitting SPECT
imaging within a short time after injection. While radioiodine is attached in the para-position of one
of the phenyl rings in IQNB, McPherson, et al. recently designed a similar analogue (IQNP) in which
radioiodine is chemically attached as a terminal vinyl iodide (Figure 3) (20-24). The strategy for
development of this new ligand was two-fold, since high radioiodination yields are usually obtained
from iododestannylation of vinyl tributylstannanes (Figure 4), and the expected decrease in
lipophilicity of the ligand thus allowing high cerebral uptake and a shorter time required between

administration and imaging. The possibility of cis/trans isomerism in conjunction with isomerism at

the two asymmetric centers would also provide the opportunity to evaluate the effects of isomerism
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on the relative target/non target localization and possibility sub-type selectivity. The results of in vive
animal studies demonstrated that IQNP may have several advantages in comparison with IQNB

(20-23). Because of the relatively high expense of iodine-123 free of iodine-124 produced by proton
irradiation of enriched xenon-124 targets, it is important to have high radiochemical and
chromatographic yields in a relatively short time frame. Following radioiodination, HPLC purification
and formulation, radioiodinated IQNP is obtained in > 65 % yield, which is much higher than the
. traditional triazene decomposition route for preparation of IQNB, which is reported to proceed in
about 15 % yield (42). It also appears that vascular clearance of IQNP is more rapid, and more
importantly, that the global cerebral uptake of IQNP is about three times higher than that reported
for IQNB. Confirmation of the resuits from these initial studies will require dual-label studies in which

IQNB and IQNP are evaluated in the same animals.

Evaluation of the various isomers of IQNP by McPherson, et al., clearly demonstrated that a
combination of structural features, including the absolute configuration of the two asymmetric centers
in conjunction with isomerism of the vinyl iodide are important features which affect tissue uptake
and retention, and possibly subtype affinity (Figures 5-8) (22-23). While the E-(R,R)-isomer, for
instance, shows high uptake in the cortex and other cerebral regions (Figure 6), it also exhibits low
uptake and rapid washout from the heart (Figure 5) and cerebellum (Figure 8). In contrast, in
addition to high uptake in various cerebral regions, the Z-(R,R)-isomer also showed very high uptake
in the myocardium and cerebellum (Figures 5 and 8). These data suggest that the [I-123]-E-(R,R)-
IQNP isomer may have utility for brain imaging and that the [1-123]-Z-(R,R)-IQNP isomer may be
useful for imaging the heart. The in vivo subtype selectivity is more clearly assessed by evaluation
of autoradiographic studies in rats (Figure 10), which demonstrate that both the E- and Z-(R,R)

isomers label the thalamic nuciei to about the same degree. While the E-(R,R) isomer appears to
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label the pons to a lesser degree than the Z-(R,R) isomer, substantially less of the E-(R,R) isomer
localizes in the colliculi in comparisons to Z-(R,R)-IQNP. These data suggest that Z-(R,R)-IQNP is
probably "slightly" m2 selective or non-selective in vive, and that E-(R,R)-IQNP is probably non-
selective or very slightly m1/m4 selective in vivo. A slight in vivo m2 selectivity is also consistent with

competitive studies with IQNB (unpublished data).

The results of in vitro binding studies correlate well with the in vivo biodistribution studies
(Table 1) and show that the relative affinity of the Z-(R,R)-IQNP isomer is much higher for the M,-rich
regions in comparison with the E-(R,R)-IQNP isomer. The potential significance of this "partial" sub-
type selectivity has not yet been determined and will require further studies, especially in primates,
as a prelude to initial human evaluation. In other initial metabolic studies, analysis of lipid extracts
from brain and other rat tissues demonstrated that E-(R,R)-IQNP is the only radioactive species found
in brain extracts for up to 24 hours following intravenous administration of radioiodinated E-(R,R)-

IQNP (20,24).
Analogues of IQNB and IQNP for Potential PET Studies

Several analogues of QNB and other related compounds (Figures 2 and 9) have been
radiolabeled with positron-emitting radionuclides for PET studies (46-55). These include [“C]—(+)-
2a-tropanyl benzilate (11C-TRB) (48) and [11C]-methylscopolamine (49-51). The presence of the
tertiary nitrogen atom of the heterocyclic quinuclidinol riﬁg system in QNB and QNP also affords an
opportunity for simple quaternization of the ring nitrogen with [“C]-methyl iodide (Figures 2 and 9)

and evaluation of the heart uptake of these analogues, since such charged species will not cross the

blood-brain barrier. The good heart uptake of [C-11]-methiodide of QNB evaluated in humans by
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PET (52-53) demonstrates that this agent has potential for cardiac PET. At least initial cardiac uptake
may reflect the well established myocardial extraction of monovalent cations, with subsequent
receptor binding. Preliminary studies performed with the methiodide of IQNP, however, did not
demonstrate similar high cardiac uptake. This type of modification in the IQNP series thus appears
to decreases receptor binding affinity.

The corresponding methyl QNP analogues (Figure 3) have not yet been prepared énd
evaluated, but may offer an opportunity to evaluate the effects of lipophilicity and bulk on recept‘or-\.\,,__
affinity of these analogues. The propyl analogue is shown in Figure 3 as an example, but
introduction of shorter, longer or branched alkyl chains would represent a series of new compounds.
However, because of widespread availability from production in medical cyclotrons and a long half-
life, fluorine-18 would be expected to be the radioisotope of choice for PET studies of QNB and QNP
analogues. Several para-fluoroalkyl-substituted analogues in the QNB series have been prepared
and show receptor binding affinity in vitro (54-55), and presumably further studies with these new

compounds will be pursued.

In addition to the vinyl iodide analogues, the vinylbromide and fluoroalkyl analogues of IQNP
(Figure 3) have also been recently reported by Luo, et al. (25-26). In a similar manner as stabilization
of radioiodide as a vinyl iodide, to increase stability and minimize possible facile in vivo loss,
radiobromine is usually attached to radiopharmaceuticals as either a vinyl bromide or on a phenyl
ring. Since the fluorine-carbon bond is stronger and vinyl fluorides are difficult to prepare,
stabilization of fluorine as a vinyl fluoride is not required and for this reason the simple alkyl fluorides

can be prepared. The racemic vinyl bromide analogue, BrQNP, has been prepared and its ability

to block localization of radioiodinated IQNP has been evaluated in rats (25). These studies consist
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of pre-treatment of animals with a dose of approximately 3 mg BrQNP/kg one hour prior to
administration of radioiodinated IQNP. If the BrQNP has high affinity for the receptor sites,
pretreatment should significantly reduce uptake of the radioiodinated ligand. The results of the such
studies are shown in Table 1, and clearly demonstrate that BrQNP "blocks" uptake of the
radioiodinafed ligand (25). Bromine-76 is accelerator-produced and is one of the limited number of
bromine radioisotopes practical for in vive imaging. Bromine-76-labeled BrQNP has been prepared

and is currently being evaluated in animals (Maziere, ez al., personal communication).

Because of the opportunity for production of large amounts in medical cyclotrons, fluorine-18
is the radioisotope of choice for PET imaging of receptor activity and recent studies by Luo, et al.
(26), have resulted in the synthesis, characterization and first blocking studies with "FQNE" and
"FQNPE", which are two new fluorinated analogues of IQNP (Figures 11-12). Because of unexpected
ring closure of the fluoropropyl- and fluorobuty! analogues by participation of the tertiary hydroxyl
group to form the cyclic furan and pyran cyclic ethers, the fluoroethy! ("FQNE") and fluoropentyl
("FQNPe") analogues were identified as the target compounds. The synthesis of FQNPe is shown
in Figure 12 and this is expected to be the best analogue amendable for fluorine-18-labeling. Both
of this new analogues were also evaluated by pre-blocking prior to the intravenous administration
of [I-125]-Z-(R,R)-IQNP to rats, and the data (Tables 2 _and 3) clearly demonstrate significant blocking,
as strong evidence of receptor affinity, and similar in vitro confirmed the results of the in vivo studies
(Table 1). Pre-blocking studies at a concentration of about 3 mg/kg demonstrated that FQNPe
blocked localization of [I-131]-Z-(R,R)-IQNP in muscarinic receptor-rich tissues, indicating that the [F-

18]-labeled FQNPe analogue is an attractive candidate for further evaluation as a potential PET

imaging agent. These data are illustrated in Figure 13.
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SUMMARY

In this paper the development and use of radiolabeled ligands for ir vivo evaluation of mMAChR
activity in the brain and heart have been briefly discussed. The potential use of M,-subtype selective
ligands for the monitoring of muscarinic neuron activity in Alzheimer’s patients would be an important
contribution. Agents with "partial" selectivity such as Z-(R,R)-IQNP should be further evaluated,
however, since use of such agents may offer some important clinical capabilities for the evaluation

of changes in muscarinic-cholinergic neuronal activity which changes in many diseases.

ACKNOWLEDGEMENTS

Research at ORNL supported by the Office of Health and Environmental Research (OHER), U.S.
Department of Energy (DOE), under contract DE—ACOS-84OR21400- with the Martin Marietta
Energy Systems, Inc. Research at George Washington University Medical Center supported by
NIH grant #NS-22215 and DOE grant #DE FGO0S588ER60649. Dr. Huimin Luo gratefully
acknowiedges support from the Alexander Hollaender Distinguished Postdoctoral Fellowship
Program sponsored by the DOE, Office of Health and Environmental Research (OHER). The
authors also thank Drs. V. K. Sood, R. C. McRee, S. D. Boulay and M. Rayeq at the George

‘Washington University Medical Center for performing the in virro studies, and Mr. A. L. Beets and

Ms. C. R. Lambert at ORNL for preparation and in vivo evaluation of the various IQNP analogues.v




10.

11.

12.

14

REFERENCES

BIRDSALL NJ, HULME EC: "Characterization of Muscarinic Acetyicholine Receptors and Their
Subtypes,” ISI Atlas Sci.: Pharmacol. 1, 98-100 (1987).

BONNER TI, BUCKLEY NJ, YOUNG AC, BRANN MR: "Identification of a Family of Muscarinic
Acetylcholine Receptor Genes," Science, 237, 527-532 (1987).

BONNER Tl, YOUNG AC, BRANN MR, BUCKLEY NJ: "Cloning and Expression of the Human
and Rat mg Muscarinic Acetylcholine Receptor Genes," Neuron. 7, 403-410 (1988).

BRAUN T, SCHOFIELD PH, SHIVERS BD, PRITCHETT DB, SEEBURG PH: "A Novel Subtype
of Muscarinic Receptor Identified by Homology Screening," Biochem. Biophys. Res. Commun.
149, 125-132 (1987).

HULME EC, BIRDSALL NJM, BUCKLEY NJ: "Muscarinic Receptor Subtypes,” Annu. Rev.
Pharmacol. Toxicol. 30, 633-673 (1990).

KUBO T, MAEDA A, SUGIMOTO K, AKIBA |, MIKAMI A, TAKAHASHI H, HAGA T, HAGA A,
ICHIYAMA A, KANGAWA K, MATSUO H, HIROSE T, NUMA S: "Primary Structure of Porcine
Cardiac Muscarinic Acetylcholine Receptor Deduced from the cDNA Sequence," FEBS Lett.
209, 367-372 (1986).

LEVEY AL: "Immunological Localization of m1-m5 Muscarinic Receptors in Peripheral Tissues
and Brain," Life Sci. 52, 441-448 (1993).

MUTSCHLER E, MOSER U, WESS J, LAMBRECHT G: "Muscarinic Receptor Subtypes:
Agonists and Antagonists,” Progress in Pharmacology and Clinical Pharmacology; Stuttgart:
New York, Gustav Fischer Verlag, Vol, 7/1 13-31 (1989).

GOYAL RK, "Muscarinic Receptor Subtypes," New Engl. J. Med., 1022-1029 (1989).

AUBERT L, AURAUJO DM, CECYRE D, ROBITAILLE Y, GAUTHIER S, QUIRION R:
"Comparative Alterations of Nicotinic and Muscarinic Binding Sites in Alzheimer's and
Parkinson’s Disease," J. Neurochem., 58, 529-541 (1992).

SVENSSON AL, ALAFUZOFF |, NORDBERG A: "Characterization of Muscarinic Receptor
Subtypes in Alzheimer and Control Brain Cortexes by Selective Muscarinic Antagonists," Brain
Res., 596, 142 (1992).

FLYNN DD, WEINSTEIN DA, MASH DC: "Loss of High-Affinity Antagonist Binding to M,
Muscarinic Receptors in Alzheimer's Disease. Implication for the Failure of Cholinergic
Replacement Therapies," Ann. Neurol. 29. 256 (1991).




13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

15

NORDBERG A, ALAGUZOFF |, WINBLAD B: "Nicotinic and Muscarinic Subtypes in the Human
Brain: Changes with Aging and Dementia," J. Neurosci., Research, 31, 103-111 (1992).

PERALTA EG, ASHKENAZI A, WINSLOW Jw, SMITH DH, RAMACHANDRAN J, CARPON DJ:

- "Distinct Primary Structures, Ligand-Binding Properties and Tissue-Specific Expression of Four

Human Muscarinic Acetylcholine Receptors," Embro. J, 6, 3923-3929 (1987).

KUBO T, FUKUDA K, MIKAMI A, ET AL: Cloning, Sequencing and Expression of
Complementary DNA Encoding the Muscarinic Acetylcholine Receptor," Nature, 323, 411-416
(1986).

STULL JT, MAYET SE: Chapter 21, "Biochemical Mechanisms of Adrenergic and Cholinergic
Regulation of Myocardial Contractility," pp 741-774, In: Handbook of Physiology, Section 2:
The Cardiovascular System, Volume 1, The Heart, R. M. Berne, N. Speriekakis and S. R.
Geiger, editors. American Physiological Society, Bethesda, Maryland, 1979.

DUCCHENE-MARULLAZ P; "Effets de I'innervation cholinergique sur le coeur de mammifere.
Le tonus cardiomoderateur," J. Physiol. Paris, 66, 373-397 (1973).

HESS ME, SHANFELD J, HAUGAARD N: "The Role of the Autonomic Nervous System in the
Reguiation of Heart Phosphorylase in the Open Chest Dog," J. Pharmacol Exptl Therap, 135,
191-196 (1962).

LEVY MN: "Parasympathetic Control of the Heart," In: Neural Regulation of the Heart, W. C.
Randall, editor. Oxford University Press, New York, 1977, pp. 97-129.

MCPHERSON DW, LAMBERT CR, KNAPP, F F Jr: "In Vivo Metabolic Studies of the Trans-(R,R)
Isomer of Radioiodinated IQNP: A New Ligand with High Affinity for the M, Muscarinic-
Cholinergic Receptor,” Eur. J. Nucl. Med., 66, 1293-1297 (1994).

MCPHERSON DW, DEHAVEN-HUDKINS D, CALLAHAN AP, KNAPP FF Jr: "Synthesis and
Biodistribution of lodine-125-Labeled-Azabicyclo[2.2.2]oct-3-yl-a-Hydroxy-a-(1-iodo-
1-propen-3-yl)-a-phenylacetate. A New Ligand for the Potential Imaging of Muscarinic
Receptors by SPECT," J. Med. Chem., 36, 848-854 (1993).

MCPHERSON DW, LAMBERT CR, JAHN J, SOOD V, MCREE RC, ZEEBERG B, REBA RC,
KNAPP F F JR: "Resolution and Initial In Vivo Evaluation of Isomers of lodine-125-Labeled 1-
Azabicyclo[2.2.2]oct-3-yl- a-(1-iodo-1-propen-3-yl)-a-phenylacetate (IQNP). A High Affinity
Ligand for The Muscarinic Receptor,” J. Med. Chem., in press.

MCPHERSON D W., LUO H, KNAPP FF Jr: "Development of Radiohalogenated Muscarinic
Ligands for the In Vivo Imaging of m-AChR by Nuclear Medicine Techniques," Proceeding of
Symposium of Radioisotopes, American Chemical Society Annual Meeting, San Diegaq,
California, March 11-16, 1994, Plenum Press, in press.




24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

16

MCPHERSON D W, LAMBERT C R, and KNAPP FF Jr: "In Vivo Metabolic Evaluation of lodine-
125-Labeled E-(R,R)-IQNP, A High Affinity Muscarinic Ligand," World Federation of Nuclear
Medicine and Biology Congress, Sydney, Australia, October 23-28, 1994, European Journal

- of Nuclear Medicine, 21, S45 (1994).

LUO H, McPHERSON DW, KNAPP FF Jr: "'The Brominated Analogue of IQNP Effectively
Blocks Muscarinic-Cholinergic Receptor (m-AChR) Uptake of Radioiodinated IQNP," Annual
Meeting, American Chemical Society, Washington, D.C., August 21-25, 1994,

LUO H, HASAN A, SOOD V, McREE RC, ZEEBERG B, REBA RC, MCPHERSON D W, KNAPP
F F JR: "Synthesis and Initial Evaluation of New Fluorinated Analogues Which Block Uptake of
Radioiodinated "IQNP" in Muscarinic Receptor-Rich Regions of Rat Brain," J. Med. Chem.,
submitted.

JANSEN PA, NIEMEGEERS CJ, SCHELLEKENS KH, et al: Arziem Forsch, 21, 1365 (1971).

DANNALS RF, LANGSTROM B, RAVERT HT, WILSON AA and WAGNER HN Jr: Appl. Radiat.
isot. Int. J. Appl. Instrum. Part A 39, 291 (1988).

WILSON AA, DANNALS RF RAVERT HT FROST JJ, WAGNER HN JR: "Synthesis and
Biological Evaluation of [ l] and [ ]-4 -lododexetimide, a Potent Muscarinic Cholinergic
Receptor Antagonist," J.Med. Chem. 32:1057 (1989).

KASSIOU M, LOCH C, STRIJCKMANS V, KATSIFS A, LAMBRECHT RM, MAZIERE M,
MAZIERE B: "Synthesis of [ Br]-4-Bromodexet|mide and [ Br]-4-BromoIexet:mxde
Radiotracers for Studying Muscarinic Cholinergic Receptors Using PET," J. Label. Cmpds.
Radiopharm., XXXV1,259-266 (1995)

HWANG DR, DENCE CS, McKINNON ZA, MATHAIS CJ WELCH MJ: "Position of Labeled
Muscarinic Acetylcholine Receptor Antagonist: 2- and 4[ F]fluorodexetlmlde Synthesis and
biodistribution," Nucl. Med. Biol., 18, 247-252 (1991).

DUBOIS EA, SOMSEN GA, BORM JJJ, JANSSEN AGM, BUSEMANN-SOKOLE E, DE BRUIN
K, PFAFFENDORF M, VAN ZWIETEN PA, VAN ROYEN EA: "Biodistribution of [123l]-
lododexetimide For The Imaging of Muscarinic Receptors in the Human Heart and Brain,”
Eur. J. Nucl. Med,, 43, S13, (1994).

MULLER-GARTNER HW, WILSON AA, DANNALS RF, STATHIS M, RAVERT HT, WAGNER HN
JR: Life Sciences 12: 562 (1992).

MULLER-GARTNER HW, MAYBERG HS, FISHER RS, LESSER RP, WILSON AA, RAVERT HT,
DANNALS RF, WAGNER HR JR, UEMATSU S, FROST JJ: Ann Neurol. 34: 235 (1993).

MATSUMURA K, UNO 'Y, SCHEFFEL U, WILSON AA, DANNALS RF, WAGNER HN JR: "In Vitro
and In Vivo Characterization of 4-[125l]-lododexetimide Binding to Muscarinic Cholinergic
Receptors in the Rat Heart," J. Nucl. Med., 32, 76-80 (1991).




36.

37.
38.

39.
40.
41.

42.

43,
44,

45,

46,

47.

17

ECKELMAN WC, REBA RC, RZESZOTARSKI WJ, GIBSON RE, HILL T, HOLMAN BL,
BUDINGER T, CONKIN JJ, ENG R, GRISSOM MP: Science .223:291 (1984).

HOLMAN BL, GIBSON RE, HILL TC, ECKELMAN WC, ALBERT M, REBA RC: "Muscarinic
Acetylcholine Receptors in Alzheimer’s Disease. In Vivo imaging with iodine 123-labeled- 3-
quinuclidinyl-4-iodobenzilate and emission tomography,” JAMA, 254, 3063-3066 (1985).

OWENS J, MURRAY T, McCULLOCH J, WYPER W: "Synthesis of (R,R),,3-QNB, a SPECT
Imaging Agent for Cerebral Muscarinic Acetylcholine Receptors In Vivo, . Label. Cmpd.
Radiopharm. 31, 45-60 (1992).

WEINGURGER DR, GIBSON R, COPPOLA R, JONES DW, MOLCHAN S, SUNDERLAND T,
BERMAN KF, REBA RC: "The Distribution of Cerebral Muscarinic Acetylcholine Receptors
In Vivo in Patients with Dementia. A Controlled Study with ,3IQNB and Single Photon Emission
Computed Tomography," Arch. Neurol., 48, 169-176 (1991).

WEINBERGER DR, GIBSON RC, COPPOLA R, JONES DW, BRAUN AR, MANN U, BERMAN
KF, SUNDERLAND T, CHASE TN, REBA RC: J. Cereb. Blood Flow Metab. 9, S537 (1989).

WYPER J, BROWN D, PATTERSON J, OWENS J, HUNTER R, TEASDALE E, MCCULLOCH J:
"Deficits in lodine-labeled 3-quinuclidinyl Benzilate Binding in Relation to Cerebral Blood Flow
in Patients with Alzheimer’s Disease," Eur. J. Nuc. Med._20, 379-386 (1993).

RZESZOTARSKI WJ, ECKERMAN WC, FRANCIS BE, SIMMS DA, GIBSON RE, JAGODA EM,
GRISSOM MP, ENG RR, CONKLIN JJ, REBA RC: "Synthesis and Evaluation of Radioiodinated
Derivatives of 1-Azabicyclo[2.2.2]oct-3-yl-hydroxy-(4-iodophenyl) phenylacetate as Potential
Radiopharmaceuticals,” J. Med. Chem., 27, 156-159 (1984).

GITLER M, BOULAY SF, SOOD VK, McPHERSON DW, KNAPP JR FF, ZEEBERG B, REBA RC:
"Characterization of In Vivo Brain Muscarinic Acetylcholine Receptor Subtype Selectivity by
Competition Studies Against (R,R)-[I-125]-IQNP," Brain Research, in press.

McREE RC, BOULAY SF, SOO0D VK, COHEN ED, COHEN VI, GITLER M, ZEEBERG B, GIBSON
RA, REBA RC: "Autoradiographic Evidence that QNB displays In Vivo Selectivity for the m,
Subtype," Neuroimage, in press.

GITLER M, Zeeberg B, Reba RC: "[H-3]-QNB Dlsplays In Vivo Selectivity for the m2 Subtype,"
Life Sci, 55, 1493-1508 (1994).

SYROTA A, COMAR D, PAILLOTIN G, DAVEY JM, AUMONT MC, STULZAFT O, MAZIERE B:
"Muscarinic Cholinergic Receptor in the Human Heart Evidenced Under Physiological
Conditions by Positron Emission Tomography," Proc. Natl. Acad. Sci, USA, 62, 584-588 (1985).

WEINBURGER DR, JONES D, REBA RC, MANN U, COPPOLA R, GIBSON R, GOREY J,
BRAUN SA, CHASE TN: "A Comparison of FDG PET and IQNB SPECT in Normal Subjects and
In Patients With Dementias," J. Neuropsychiatry Clinical Neursci, 4, 239-248 (1992).




48.

49.

50.

51.

52.

53.

54,

55.

18

MULHOLLAND GK, OTTO CA, JEWETT DM, KILBOURN MR, KOEPPE RA, SHERMAN PS,
PETRY NA, CAREY JA, ATKINSON ER, ARCHER S, FREY KA, KUHL DE: "Synthesis, Rodent

. Biodistribution, Dosimetry, Metabolism and Monkey Images of Carbon-11-Labeled (+)-2-a-

Tropanyl benzilate: A Central Muscarinic Receptor Imaging Agent," J. Nucl. Med. 33: 423-430
(1992).

MULHOLLAND GK, JEWETT DM, TOORONGIAN SA: 'Routine Synthesis of N- 'c-
Methyl]Scopolamine by Phosphite Mediated Reductive Methylation with [ C] Formaldehyde,"
Appl. Radiat. Isot 39: 373-379 (1988).

MULHOLAND GK, JEWETT DM, TOORONGIAN SA: Appl. Radiat. Isot. Int. J. Appl. Instrum. Part
A 39,: 372 (1988).

FREY KA, KOEPPE RA, MULHOLLAND GK, JEWETT D, HICHWA R, EHRENKAUFER RLE,
CAREY JE, WIELAND DM, KUHL DE AGRANOFF BW: "In Vivo Muscarinic Cholingeric
Receptor Imaging in Human Brain with [ C]Scopolamlne and Positron Emission Tomography,"
J. Cereb. Blood Flow Metab.12:147-154 (1992).

PRENANT C, BARRE L, CROUZEL C: "Synthesis of [C-11]-3-quinuclidinyl benzilate (QNB)," J.
Labelled Comp. Radiopharm. 27: 1257 (1987)

DEFORGE J, LE GULUDEC D, SYROTA A, BENDRIEM B, CROUZEL C, SLAMA M, MERLET
P: " Quantification of Myocardial Muscarinic Receptors with PET in Humans," J. Nucl. Med 34
981-991 (1993).

KIESEWETTER DO, SILVERTON JV, ECKELMAN WC: "Steroselective Synthesis of [R,R]IQNB
and Fluoroalkyl Analogs of QNB," J. Lab. comp. Radiopharm.419, 35, 419 (1994).

KIESEWETTER DO, LEE JT, LIXIN L, PARK SG, PAIK CH, ECKELMAN WC: "Preparation of °F-
Labeled Muscarinic Agonist with M2 Selectively," J. Med. Chem 38, pp 5-8 (1995).




€9'E

Sv'o

8dND4

8'c9

S/S¢l

66v'}

dNO’d

090 €v°0 A 44 96 020 cu

o

€20 €10 €89 €8€'0 ¢E’ fw

Sd)-2) |4z (SH-3 @d3 8N

|

C

61

(W) Py - senBoreuy dNDI Jo senjeA Anuyyy Buipuig o4iq uf uesyy L 9|qe]




‘dnoib lad sjes Jauysi4 sjews} anl4 .

200+ 0c0+ 600+ 80°0F 610+ PLOF Sl o+

910 8L°0 91’0 0) At ¢c Ggeo /9'0  3IND4
G000+ ov'0+ AN RS 020+ 800+ 610+ 12’0+

810 86’1 ev'0 0.0 290 €L0 02'L ohuo)d
pooig yesHy wnjjegeien suo SNAes0ddiH wmems XopoD)

» (B3/Bw £-2) IND4 Pajegelun UM J8le] INoH auQ
pajeallald siey pue sjey |0ju0D) Ul ANDI-(H'H)-Z-[1EL-1] JO uonelsIupyY SNOUSARIU|
Bumojjo4 sinoH eaiyj Ananoeolpey Jo ('Q'S F wn/asoq pelosiul ua) Jad) s|eas euoibay g ajqel




‘dnoub Jad syes 1aysly ojewa} oAl

%

¥0'0+
8L0
€0°0+
820

100+ G000+
((AY 900
G9°0+ 910+
¥8'L Sv°0
vesH WN)agaia)

€00+
T
be0+F
0L

(2]
Cl
O

Y00+ 010+

ve'o atlo

a0+ 610+

L el
sndwesoddiH wnjeig

SO0+
8€°0

e 0+
ee’l

Xa1107)

8dNO4

[ou0D

1c

»'(B3/Bw €-2) odND4 Pajsge|un Yl J8iues 1noH aup

pejeelald siey pue siey jolluo) Ul dNOI-(H'H)-Z-[Le1-1] Jo uonensiuiwpy snousaenu
Buimolio4 sinoH saiyt Auanoeolpey Jo ('qQ's F wo/esoq pajosiuf Jue) 1ad) sjeas jeuoibay ‘g ajqel




Figure 1.

Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

22

FIGURE LEGENDS

Examples of radiolabeled dexetimide analogues for imaging muscarinic-cholinergic
receptors in vivo.

Radiolabeled QNB Analogues

Examples of new radiolabeled IQNP analogues for SPECT and PET.

Chemical synthesis of substrate and radioiodination of INQP isomers.

Comparison of the heart uptake and retention of radioiodinated IQNP isomers.
Comparison of rat cortical uptake and retention of [I-125]-IQNP isomers.
Comparison of rat striatal uptake and retention of [I-125]-IQNP isomers.
Comparison of rat cerebellar uptake and retention of [I-125]-IQNP isomers.
Examples of other quaternized [11CH3]-IabeIed compounds for imaging muscarinic

receptors.

Autoradiographs of cross sections of rat brains following intravenous administration
of 200 .Ci of iodine-131-labeled E-(R,R)-IQNP (left panel) with sacrifice at 2 hours. In
the right panel, are shown similar data following administration of 200 4Ci of the
Z-(R,R)-IQNP isomer with a 4 hour sacrifice.

Chemical Synthesis of new FQNE analogue.

Chemical Synthesis of new FQNPe analogue.

Exampile of blocking of muscarinic receptor localization of [I-131]-Z-(R,R)-IQNP by pre-
treatment of rats with FQNPe (appox. 3 mg/kg) one hour prior to administration of the
radioiodinated ligand. The rats were sacrificed three hours later.
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Examples of radiolabeled dexetimide analogues for imaging muscarinic-cholinergic
receptors in vivo.
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Figure 2. Radiolabeled analogues of IQNB for SPECT and PET.
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Figure 10.
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Autoradiograph of cross section of rat brain following intravenous administration of
iodine-131-labeled E-(R,R)-IQNP (left panel) and Z-(R,R)-IQNP (right panel). Each
image was individually scaled for display purposes, although the relative radioactivity
concentrations can be compared, the absolute per cent injected dose/gram of tissue
values cannot be discerned. Coronal slices were taken through the anteroventral
thalamic nucleus (Top Panels; Slice #24 from "The Rat Brain Stereotaxic Coordinates,"
G. Paxinos and C. Watson), hippocampus (Middle Panels; SLice #34) and pons
(Lower Panels; SLice #47). Anatomical regions are identified as follows: RSG,
retrosplenial granular cortex; RSA, retrosplenial agranular cortex; AVVL, Ventrolateral
subnucleus of the ateroventral thalamic nucleus; AVDM, dorsomedial subnucleus of
the anteroventral thalamic nucleus; Rt, reticular thalamic nucleus; VL, ventrolateral
thalamic nucleus; AD, anterodorsal thalamic nucleus; AM, ateromedial thalamic
nucleus; PVA, paraventricular thalamic nucleus, anterior; DG, dentate gyrus; CPU,
caudate putamen; GP, globus pallidus; ic, internal capsule; CA1, field CA1 of
Ammon;s horn; CA2, field CA2 of Ammon’s horn; CA3, field CA3 of Ammon’s horn;
CA4, field CA4 of Ammon’s horn; Pn, Pontine nucleus.
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Figure 11. Chemical Synthesis of new FQNE analogue.
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Figure 12. Chemical Synthesis of new FQNPe analogue.
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