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Abstract

We have investigated the pharmacology of the functionally selective muscarinic M, receptor partial agonist, sabcomeline [SB-202026
(R-(2)-(+)-a-(methoxyamino)-1-azabicyclo[2.2.2] octane-3-acetonitrile)], in rat cortex and heart using radioligand binding and func-
tional studies. The Quinuclidinyl benzilate/Oxotremorine-M acetate ratio from radioligand binding studies suggested that sabcomeline
and xanomeline [3(3-hexyloxy-1,25-thiadiazol-4-yl)-1,2,5,6-tetrahydro-1-methylpyriding] are muscarinic receptor partial agonists in
cortical and heart membranes. In [*°S|GTPyS binding studies in rat cortex, carbachol stimulated binding via muscarinic M,/M,
receptors which could be blocked by sabcomeline with a pA, of 7.2. In rat heart membranes, carbachol also stimulated [SSS]GTPVS
binding studies through muscarinic M, receptors. Sabcomeline caused a small stimulation of basal [%S]GTPyS binding in both rat and
heart tissues. Sabcomeline did not stimulate phosphoinositide hydrolysis in rat cortical slices, but did block the muscarinic M,
receptor-mediated response caused by carbachol with apparent pK, of 6.9. Xanomeline and milameline aso had no effect on
phosphoinositide hydrolysis up to 100 wM. In adenylyl cyclase studies in rat atria, sabcomeline inhibited forskolin-stimulated adenylyl
cyclase activity to a similar extent to that of carbachol, xanomeline and milameline. The present study, using the techniques of
radioligand binding, supports previous publications which have claimed that sabcomeline is a muscarinic receptor partial agonist. As
expected, this study shows that the functional actions of this compound at muscarinic receptor subtypes and in different tissues will

depend on receptor reserve. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Muscarinic receptors mediate most of the inhibitory and
excitatory effects of acetylcholine on central neurons and
the mgjority of effects in the periphery (Buckley and
Caulfield, 1992). Currently, there are five muscarinic re-
ceptor subtypes, M,—M, that have been cloned and ex-
pressed in various cell lines (Bonner et a., 1987, 1988),
and have been pharmacologically characterised (Doods et
al., 1987; Bonner, 1989; Lazareno et al., 1990; Caulfield
and Birdsall, 1998). Distribution studies have shown that
the predominant, post-synaptic receptor sites in central
areas (cerebral cortex, hippocampus) are of the muscarinic
M ; receptor subtype (Levey et a., 1991; Flynn and Mash,
1993). Muscarinic M, receptors are more abundant in
cardiac tissue (Levey, 1993) and, along with M ; receptor
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sites, in gut tissue (Levey, 1993; Eglen et al., 1996; Ehlert
et al., 1997). Muscarinic M, and M. receptor sites are
found in both central and peripheral areas (Gross et al.,
1997; Caulfield and Birdsall, 1998; Purkerson and Potter,
1998).

The degeneration of cholinergic neurons found in the
human nervous system (CNS) is thought to be one of the
critical processes contributing to impaired cognition in
Alzheimer's Disease (Coyle et al., 1983), in particular,
those projecting from the basal forebrain to the hippocam-
pus and cortex (Bowen, 1983; Mash et al., 1985; L ehericy
et a., 1993). As described above, the muscarinic M,
receptor subtype is abundant in hippocampus and cerebral
cortex, suggesting that muscarinic M, receptor numbers
may be affected by the pathology of Alzheimer’'s Disease
(Wesnes and Warburton, 1984). Thus, biochemical studies
using receptor markers have shown severe depletion of
pre-synaptic muscarinic receptors in Alzheimer’s Disease
(Davies and Maloney, 1976,) whereas post-synaptic recep-
tor density has been reported as relatively normal (Davies
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and Verth, 1977). Therefore, it is reasonable to postulate
that stimulating post-synaptic receptors in the CNS with
muscarinic receptor agonists may compensate for the loss
of pre-synaptic cholinergic neurons and so may alleviate
impaired cognition in Alzheimer’s Disease patients. How-
ever, if these agonists are not functionally selective, they
may also have the ability to directly activate muscarinic
receptors in the periphery with the potential for adverse
side effects. A possible therapeutic target would, therefore,
be a muscarinic M, receptor agonist acting with the mini-
mal functional efficacy at CNS receptors required to allevi-
ate the symptoms of Alzheimer’s Disease but with little or
no efficacy at peripheral receptors.

Sabcomeline [SB-202026 (R-(Z)-(+ )-a-(methoxy-
amino)-1-azabicyclo[2.2.2] octane-3-acetonitrile)] is anovel
muscarinic receptor partial agonist with functional selectiv-
ity for muscarinic M, receptors (Clark et al., 1996; Loudon
et al., 1996, 1997). The purpose of this study was to
investigate the in vitro pharmacology of sabcomelinein rat
cortical and heart tissue using radioligand binding studies,
[*SIGTPyS binding studies, phosphoinositide turnover and
adenylyl cyclase assays. In each series of experiments, we
also investigated the responses to the non-selective mus-
carinic agonist, carbachol, the partial agonist, milameline
(C1-979/RU35926) (Sedman et al., 1995), and the mus-
carinic M -selective agonist, xanomeline [3(3-hexyloxy-
1,25-thiadiazol-4-yl)-1,2,5,6-tetrahydro-1-methylpyridine]
(Shannon et al., 1994).

2. Materials and methods

2.1. Radioligand binding assay in rat cortex

[*H]Oxotremorine-M acetate and [*H]Quinuclidiny!
benzilate binding assays were performed in rat cortex
following the method of Loudon et a. (1997). In brief,
cerebral cortices were homogenised in 50 mM Tris buffer,
pH 7.7, followed by centrifugation at 28,000 X g for 15
min at 4°C. This procedure was repeated twice more and
the homogenates were stored in 1 ml aliquots at —80°C
until required.

Radioligand binding studies using [*H]Oxotremorine-M
(final concentration of 1.88 nM) were performed in 50 mM
Tris, containing 2 mM MgCl,, pH 7.7 using 100 g
protein /well. Oxotremorine (10 wM) was used to define
non-specific binding. [*H]Quinuclidinyl benzilate (final
concentration 0.27 nM) binding studies were performed in
a similar manner except that MgCl, was omitted from the
incubation buffer and 8 p.g protein was added to each well.
Atropine (1 wM) was used to define non-specific binding.
Incubations with both radioligands were for 40 min at
37°C and were terminated by rapid filtration over What-
man GF/B glass fibre filters pre-soaked in 0.05% poly-
ethylenimine.

2.2. Radioligand binding assay in rat heart

Rat heart membranes were prepared according to the
method of Ehlert et al. (1989) with modifications. Whole
rat heart was cut into small pieces and homogenised using
a polytron tissue homogeniser, in 20 volumes of ice-cold
30 mM NaHEPES containing 0.5 mM EGTA, 100 mM
NaCl, pH 7.5. The homogenate was filtered through Milli-
pore nylon net filters (pore size 180 wM) and subsequently
centrifuged for 10 min at 30,000 X g. The resultant pellet
was re-suspended in the above buffer, containing 1 mM
dithiothreitol, pH 7.5 and stored in 1 ml aliquots (ap-
proximately 5 mg protein) at —80°C until required.

Radioligand binding assays were performed as de-
scribed for rat cortex with modifications. Tissue protein
(100 p.g) was incubated in 0.5 ml of 30 mM HEPES, 100
mM NaCl, 0.5 mM dithiothreitol, 0.5 mM EGTA, pH 7.5
with 3 nM [*H]OxotremorineM or 0.5 nM [*H]Quinuc-
lidinyl benzilate for 40 min at 25°C or 37°C, respectively.
For [*H]Oxotremorine-M binding, 10 mM MgCl, was
present in the incubation buffer.

2.3. [®*JGTPyS binding assay in rat cortex

Cerebral cortex from male Sprague—Dawley rats was
dissected and homogenised in 10 volumes of ice-cold 50
mM Tris—HCI containing 1 mM dithiothreitol and 1 mM
EGTA, pH 7.4. The homogenate was centrifuged at 1000
x g for 5 min at 4°C and the resultant supernatant (S1)
was removed and stored on ice. The pellet was resus-
pended in buffer, homogenised and centrifuged as before.
The supernatant was combined with S1 and centrifuged at
11,000 x g for 20 min at 4°C. The resultant pellet was
resuspended in 20 volumes of buffer and centrifuged at
27,000 X g for 20 min at 4°C. The final membrane pellet
was resuspended in the same buffer in 1 ml aliquots
(approximately 4 mg protein) and stored at —80°C until
required.

Cortical membranes (10 p.g protein in afinal volume of
500 1) were pre-incubated for 30 min at 30°C in 50 mM
Tris—HCI containing 1 mM dithiothreitol, 1 mM MgCl,, 1
mM EGTA, 100 mM NaCl and 100 wM GDP with or
without test drugs. The reaction was started by the addition
of 50 ul of [®SIGTPyS (fina concentration 0.25 nM)
followed by a further 30 min incubation at 30°C. The
reaction was stopped by rapid filtration over Whatman
GF /B grade filters followed by five washes with ice-cold
50 mM Tris—HCI with 1 mM MgCl,, pH 7.4. Radioactiv-
ity on filters was determined by liquid scintillation spec-
trometry. Non-specific binding was determined by 50 uM
unlabelled GTPyS.

2.4. [*9 GTPyS binding assay in rat heart

Rat heart membranes were prepared following the
method of Hilf and Jakobs (1989) with modifications.
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Whole heart was dissected into small pieces and ho-
mogenised, using a polytron tissue homogeniser, in 20
volumes of 20 mM Tris—HCI containing 1 mM EDTA, 1
mM dithiothreitol, 1 mM phenylmethylsulphonylfluoride,
pH 8. The homogenate was centrifuged for 15 min at
400 X g, 4°C and the supernatant filtered through Milli-
pore, nylon net filters (pore size 180 u.M). The supernatant
was centrifuged for 30 min at 40,000 X g, 4°C and the
resultant pellet resuspended in the above buffer and stored
at —80°C until required.

Rat heart membranes (20 g protein in a final volume
of 500 wl) were pre-incubated for 30 min at 30°C in 50
mM Tris—HCI, pH 7.5, containing 1 mM dithiothreitol, 5
mM MgCl,, 1 mM EDTA, 150 mM NaCl and 10 pM
GDP with or without test drugs. The reaction was started
by the addition of 50 wl of [®S|GTPyS (final concentra-
tion 0.25 nM) followed by a 30-min incubation at 30°C.
The reaction was stopped by rapid filtration over Whatman
GF /B grade filters followed by five washes with ice-cold
50 mM Tris—HCI with 5 mM MgCl,, pH 7.5. Radioactiv-
ity on filters was determined by liquid scintillation spec-
trometry. Non-specific binding was determined by 50 wM
unlabelled GTPyS.

2.5. Phosphoinositide hydrolysis in rat cortex

The assay procedure used was adapted from Freedman
et a. (1988), with modifications. Cross-chopped cerebral
cortices (350 X 350 pwm) were prepared from male
Sprague—Dawley rats (250-300 g) and washed three times
in ice-cold Krebs buffer (118 mM NaCl, 4.7 mM KCI, 1.3
mM CaCl,, 1.2 mM KH,PO,, 1.2 mM MgSO,, 25 mM
NaHCO,; and 11.7 mM glucose) saturated with 95%
0,/5% CO,. Following pre-incubation for 15 min at
37°C, the tissue dlices were washed with warm Krebs
and subsequently incubated in Krebs containing 50 w.Ci
[*H]myo-2-inositol for 45 min at 37°C. Continuous gassing
was maintained throughout. Pre-labelled tissue was then
washed three times with warm Krebs and alowed to
sediment. An amount of 50 ! of packed tissue was added
to Krebs (final volume 300 wl) containing 10 mM LiCl,
with or without test drug. Samples were gassed regularly,
capped and incubated for 50 min at 37°C. The reaction was
terminated by the addition of 600 wl of 9% perchloric acid

Table 1

solution and the samples placed on ice for 30 min. Follow-
ing subsequent addition of a 1:1 mixture of trioctyl-
amine/trichlorotrifluoroethane (1.3 ml) and vigorous mix-
ing, the aqueous layer was separated by centrifugation at
1000 x g for 5 min.

Separation of radiolabelled inositol phosphates was per-
formed using columns containing 2 ml of Dowex resin.
The aqueous samples were passed down primed columns
(by addition of 20 ml H,0), followed by a washing
procedure of 2 ml H,O and then 10 ml 60 mM sodium
formate/5 mM borax to remove free [*HJinositol. Radiola-
belled inositol phosphates were eluted with 5 ml 1 M
ammonium formate/0.1 M formic acid into scintillation
vials and counted in aliquid scintillation counter. Columns
were washed with 2 M ammonium formate/0.1 M formic
acid and stored in 5% ammonium formate.

2.6. Adenylyl cyclase studies in rat atria

Atria tissue was dissected from male Sprague—Dawley
rats (300—350 g) and prepared according to the method by
Baumgold and Drobnick (1989). Adenylyl cyclase activity
was determined by adding 50-100 g of membrane pro-
tein to a reaction mixture, with or without test compound,
containing a final concentration of 50 mM triethanolamine
hydrochloride (pH 7.4), 50 mM MgSO,, 100 uM ATP, 1
mM cAMP, 1 mM isobutylmethylxanthine, 100 uM GTP,
0.5 mM EGTA, 0.5 mM dithiothreitol, 240 mM sucrose,
0.5% bovine serum albumin, 5 mM creatine phosphate, 0.7
mg,/ml creatine phosphokinase, 10 wM forskolin and 2
nCi [®PIATP. The mixture was incubated at 37°C for 10
min. The reaction was stopped by addition of 100 wl of 0.5
M HCI containing 10 mM cAMP and 40 mM ATP.
Adenylyl cyclase activity was assessed by the production
of [®*PIcAMP which was isolated using poly-prep column
chromatography according to Salomon (1979) and counted
in aliquid scintillation counter.

2.7. Materials

Sabcomeline  (R-(Z)-(+)-a-(methoxyamino)-1-azabi-
cyclo[2.2.2] octane-3-acetonitrile), xanomeline [3(3-
hexyloxy- 1,25 -thiadiazol -4-yl)-1,2,5,6 - tetrahydro-1-me-
thylpyridine] and milameline (CI-979 /RU35926) were syn-

Affinities and ratios for selected muscarinic agonists in rat cortex using [*H]Oxotremorine-M and [*H]Quinuclidinyl benzilate

Compound plCg Quinuclidinyl benzilate/
[*H]Oxotremorine-M [*H]Quinuclidinyl benzilate Oxotremorine-M ratio

Carbachol 6.8+0.1 35+0.3 1995

Sabcomeline 77+01 6.4+0.1 20

Milameline 70+01 46+0.1 251

Xanomeline 75401 6.3+ 0.2 16

Data represent mean value + S.E.M. from three to five individua experiments each performed in duplicate. Quinuclidinyl benzilate/Oxotremorine-M ratio
is calculated using the mean ICy, values.
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Quinuclidinyl benzilate/

[3H]Qui nuclidinyl benzilate

Oxotremorine-M ratio

316
32
50

Table 2
Affinities and ratios for selected muscarinic agonists in rat heart using [*H]Oxotremorine-M and [*H]Quinuclidinyl benzilate
Compound pICsy
[*H]Oxotremorine-M
Carbachol 6.8+ 0.2 43402
Sabcomeline 80+0.2 65+0.2
Milameline 70+01 53+01
Xanomeline 80101 69+0.1

13

Data represent mean value + S.E.M. from three to five individua experiments each performed in duplicate. Quinuclidinyl benzilate/Oxotremorine-M ratio

is calculated using the mean I1Cy, values.

thesised by SmithKline Beecham Pharmaceuticals. Other
drugs and reagents were purchased from Sigma (Poole,
UK), Calbiochem (Nottingham, UK), Bio-Rad (Hemel
Hempstead, UK), Fisons Scientific Equipment (L oughbor-
ough, UK), Research Biochemicals Internationa (Poole,
UK) and GibcoBRL (Paisley, UK). [*H]Oxotremorine-M
acetate, [*H]Quinuclidinyl benzilate, [*PIATP, [*H]myo-
2-inositol were obtained from NEN DuPont (Hounslow,
UK). [*SIGTPyS was supplied by Amersham Interna-
tional (Little Chalfont, UK).

2.8. Data analysis

Data from radioligand binding studies, [®SIGTPyS
binding, phosphoinositide and adenylyl cyclase studies
were fitted by a four-parameter logistic equation using
GRAFIT (Erithacus Software, Staines, UK) to yield values
for maximum activity and 1Cg, /EC,. Antagonist activity
of compounds was quantified by calculating their apparent
pK, value according to the Gaddum equation: apparent
pK, = logl(EC,, in the presence of antagonist divided by
the EC., in its absence) — 1] — log of the molar concentra-
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Fig. 1. [®*S|GTPyS binding to rat cortical membranes. Membranes were
incubated in the presence or absence of increasing concentrations of
carbachol, sabcomeline, xanomeline or milameline. Data represent mean
+ S.E.M. of five individua experiments.

tion of antagonist, or pA, values determined by Schild
analysis. For phosphoinositide and adenylyl cyclase stud-
ies, the inhibition curve design was used to estimate
apparent pK,, for antagonists and is described by Lazareno
and Birdsall (1993a).

3. Results
3.1. Radioligand binding studies

Sabcomeline and xanomeline showed high affinity for
muscarinic receptors in rat cortex, whereas carbachol and
milameline were a half to three log units less potent at
displacing binding, depending on the radioligand used
(Table 1). Similar results were obtained in rat heart where
both sabcomeline and xanomeline showed higher affinity
for muscarinic receptors than carbachol and milameline
(Table 2). It has previously been reported that the ratio of
the binding affinities obtained using [*H]Oxotremorine-M
and [*H]-N-methylscopolamine can predict whether a com-
pound will show agonist or antagonist properties at mus-
carinic receptors (Freedman et a., 1988). This has been
supported by studies on a range of muscarinic compounds
using the radioligands employed in this study (Brown et
al., 1988; Loudon et a., 1997) where it was reported that a
ratio close to unity would predict antagonism and those
> 100, full agonism. Intermediate ratios suggest varying
degrees of partial agonism.

In rat cortex, the ratio of [*H]Quinuclidinyl benzi-
late*H]Oxotremorine-M  binding for sabcomeline and

Table 3
Effect of muscarinic agonists on basal [®S]GTPyS binding in rat cortex
and heart

pPECs, Percentage
Cortex Heart of stimulation
Cortex Heart
Carbachol 48+0.1 49+0.1 85+5 35+5
Sabcomeline 6.840.2 6.8+0.2 945 10+4
Milameline 56+0.1 6.0+0.2 22+4 24+5
Xanomeline 564+0.1 7.2+0.2 59+6 15+5

Data represent mean value+ S.E.M. from four to five individual experi-
ments each performed in duplicate.
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xanomeline was approximately 20, suggesting that these
compounds act as partial agonists in this tissue, whereas
the ratio for carbachol and milameline was indicative of
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Fig. 3. [®S|GTPyS binding to rat heart membranes. Membranes were
incubated in the presence of increasing concentrations of carbachol,
sabcomeline, xanomeline or milameline (panel a). Panel (b) shows the
response to carbachol aone and in the presence of 100 nM of piren-
zepine, himbacine or pindolol. Data represent mean+ SE.M. of three
individual experiments, each performed in duplicate.

full agonist activity (Table 1). Similar results were seen in
rat heart, with the exception of milameline, which gave a
[*H]Quinuclidinyl benzilate*H]Oxotremorine-M ratio in-
dicative of partial agonism (Table 2).

3.2. [**9 GTPyS binding studies
3.2.1. Rat cortex

In rat cortex, carbachol stimulated [*S]GTPyS binding
with a pECg, of 4.8 and a maximum response of 85%

Fig. 2. Inhibition of carbachol-induced stimulation of [®*S]GTPyS bind-
ing to rat cortical membranes by muscarinic ligands. Panel (a) shows the
response to carbachol alone and in the presence of 10 nM, 30 nM and 100
nM himbacine. Panel (b) shows the response to carbachol alone and in
the presence of 300 nM, 1 uM and 3 wM pirenzepine. Panel (c) shows
the response to carbachol alone and in the presence of 300 nM, 1 .M and
3 wM sabcomeline. Data represent a single experiment, typica of five
giving similar results.
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Fig. 4. Measurement of inositol phosphate accumulation in rat cortical
slices. Panel (@) shows the response to increasing concentrations of
carbachol, xanomeline, sabcomeline and milameline. Panel (b) shows the
response to increasing concentration of pirenzepine, sabcomeline or
xanomeline in the presence of 1 mM carbachol. Data represent mean +
S.E.M. of four to five individual experiments, each performed in dupli-
cate.

above basal (Fig. 1; Table 3). Xanomeline and milameline
also stimulated basal binding with an equivalent pEC, of
5.6, whereas sabcomeline produced a small stimulation
(9%) of basal binding with pEC,, of 6.8. The carbachol
response was dose-dependently inhibited by the muscarinic
M, /M ,-selective receptor antagonist, himbacine, with a
pA, of 8.2+ 0.1 and the muscarinic M ,-selective receptor
antagonist, pirenzepine, with a pA, of 6.9+ 0.2 (Fig. 2a
and b). Sabcomeline aso attenuated the carbachol-induced
stimulation of [*S]JGTPyS binding, with a pA, of 7.2 +
0.2 (Fig. 20).

3.2.2. Rat heart

In rat heart, carbachol stimulated basal binding to a
lesser extent than that seen in the cortex, but with a similar
potency (Table 3; Fig. 3a). Sabcomeline produced a small

Table 4

Inhibition of carbachol-induced phosphoinositide hydrolysis in rat cortex
Compound pICs Apparent pK,
Sabcomeline 6.2+0.1 6.9+0.2

Xanomeline 56+0.1 59402

Pirenzepine 6.74+0.2 7.74+0.2

Data represent mean value+ S.E.M. from four to five individua experi-
ments each performed in duplicate. pICg, vaues determined from in-
creasing concentration of test compound in the presence of 1 mM
carbachol and used to calculate apparent pK,, using the Gaddum equa-
tion.

stimulation of [*S|GTPyS binding (10% above basal) with
a peECg of 6.8. Similar results were obtained with
xanomeline (pECg, 7.2, 15% stimulation above basal).
Carbachol-induced stimulation of [®*S]|GTPyS binding was
inhibited by himbacine with apparent pK, of 7.5+ 0.1
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Fig. 5. Adenylyl cyclase studies in rat heart membranes. In al studies,
membranes were incubated in the presence of 10 wM forskolin to
stimulate adenylyl cyclase activity. Panel (@) shows the inhibition of
forskolin-stimulated adenylyl cyclase activity by carbachol, sabcomeline,
xanomeline and milameline. Panel (b) shows the response to increasing
concentration of himbacine in the presence of sabcomeline (100 wM),
carbachol (10 mM) and xanomeline (100 wM). Data represent mean+
S.E.M. of four individual experiments, each performed in duplicate.
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(Fig. 3b). Pirenzepine (100 nM) and the B-adrenoreceptor
antagonist, pindolol (100 nM), had no significant effect on
the carbachol response.

3.3. Phosphoinositide hydrolysis in rat cortex

Carbachol increased basal [*HJinositol phosphate accu-
mulation with pEC, of 3.8 + 0.1 and a maximum stimula-
tion of 195 + 14% (Fig. 4a). Sabcomeline, xanomeline and
milameline had no effect up to 100 wM. To investigate
antagonist potencies in this assay system, we used the
inhibition curve design which involved the assessment of
the effects of increasing concentration of antagonist in the
presence of a maximal concentration of carbachol (1 mM).
plCs, values were calculated which were converted into an
estimated pK, value using the Gaddum equation. The
muscarinic M ,-selective receptor antagonist, pirenzepine,
inhibited carbachol-induced accumulation of inositol phos-
phates with an apparent pK, of 7.7 (Fig. 4b; Table 4).
Sabcomeline and xanomeline produced an apparent pK,
of 6.9 and 5.9, respectively.

3.4. Adenylyl cyclase studies in rat atrial membranes

Forskolin (10 wM) stimulated basal adenylyl cyclase
activity by 8-10-fold in rat atrial membranes. This re-
sponse was concentration-dependently inhibited by sab-
comeline, carbachol, xanomeline and milameline with dif-
ferent potencies but by a similar maximum inhibition of
approximately 20% (Fig. 5a; Table 5), which was not
significantly different from each other (student's t-test:
p < 0.05). Muscarinic M, /M, receptors are reported to be
negatively linked to adenylyl cyclase (Peralta et ., 1988;
Novotny and Brann, 1989). Therefore, to determine
whether the above compounds were acting through these
receptor subtypes, we investigated the effect of increasing
concentration of himbacine in the presence of maximal
concentrations of sabcomeline (100 wM), carbachol (10
mM) and xanomeline (100 wM). Himbacine fully attenu-
ated the carbachol-induced inhibition of forskolin-stimu-
lated adenylyl cyclase activity with an apparent pK, = 7.7
+ 0.1 (Fig. 5b). Sabcomeline- and xanomeline-induced

Table 5
Effect of muscarinic agonists on forskolin-stimulated adenylyl cyclase
activity in rat atria

Compound PECs, Percentage of inhibition
of forskolin-stimulated
adenylyl cyclase activity

Sabcomeline 6.44+0.2 1742

Carbachol 46+03 21+1

Xanomeline 6.14+0.3 1742

Milameline 52+0.1 16+2

Data represent mean value+ S.E.M. from four individual experiments
each performed in duplicate.

inhibition of forskolin-stimulated adenylyl cyclase activity
appeared to be attenuated by himbacine at higher concen-
trations of 10-100 wM (Fig. 5b).

4, Discussion

In this study, we have investigated the functional effects
of the muscarinic agonist, sabcomeline, in native rat tissue,
and compared its activity against other known muscarinic
agonists. In radioligand binding studies, sabcomeline
showed high affinity for muscarinic receptors in rat corti-
ca and heart membranes. The Quinuclidinyl benzilate/
Oxotremorine-M ratio for sabcomeline in each tissue was
comparable and predicted low intrinsic activity in agree-
ment with previous studies performed with these mus
carinic radioligands (Brown et al., 1988; Loudon et al.,
1997). Similar results were aso obtained with the mus-
carinic M ,-selective receptor agonist, xanomeline, where
the ratios predicted partia agonist activity in both rat
cortical and heart membranes but milameline appeared to
be a full agonist in cortex and a partial agonist in heart.
Although we have used the Quinuclidinyl benzilate/
Oxotremorine-M ratio as a simple way to predict the
intrinsic activity of these muscarinic agonists, it must be
noted that, in rat cortex, it is possible that different recep-
tor subtypes are labelled by [*H]Quinuclidinyl benzilate
and [*H]Oxotremorine-M. This may be a problem if the
agonists discriminate greatly between muscarinic receptor
subtypes but is not such a concern in rat heart as only the
muscarinic M, receptor predominates.

The functional effects of sabcomeline at muscarinic
receptors were investigated using [®SIGTPyS binding
which provides a measure of agonist-stimulated receptor
G-protein coupling. In rat cortex, sabcomeline produced a
small stimulation of basal [®S|GTPyS binding and attenu-
ated the carbachol response with a pA, of 7.2, which is
comparable with its binding affinity at muscarinic recep-
tors (Loudon et al., 1997). The sdlective muscarinic
M,/M, receptor antagonist, himbacine, blocked the re-
sponse to carbachol with ap A, of 8.2 which is consistent
with its affinity at these receptor subtypes (Dorje et al.,
1990; Lazareno et d., 1990; Lazareno and Birdsall, 1993b),
suggesting that carbachol stimulated [*S]GTPyS binding,
predominantly, via muscarinic M,/M, receptors. This
conclusion is further supported by antagonist studies using
pirenzepine, which inhibited the response to carbachol
with a potency intermediate to that of muscarinic M, and
M, receptors (Dorje et a., 1990; Pedder et al., 1991;
Lazareno and Birdsall, 1993b; Esqueda et al., 1996). These
data suggest that, in this model, sabcomeline, which is
selective for muscarinic receptors (Loudon et a., 1997),
has dlight intrinsic activity at muscarinic M, /M , receptors
and is acting as an antagonist at these receptors. Xanome-
line- and milameline-induced stimulation of [*S|GTPyS
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binding in rat cortex may also be attributed to activation of
muscarinic M, /M, receptors;, however, previous studies
have shown that the response to xanomelineis, in part, due
to activation of 5-HT,, receptors (Watson et al., 1998).

Studies in rat heart membranes showed that carbachol-
induced stimulation of [®S|GTPyS binding was also
blocked by himbacine with a potency comparable to its
binding affinity at muscarinic M, /M, receptors. The mus-
carinic M, receptor predominates in heart and so, assum-
ing this tissue is a model system for these receptors, the
results suggest that carbachol exerted its effect through
muscarinic M, receptors. Similar to results obtained in
rat cortex, sabcomeline produced a small stimulation of
[®SIGTPyS binding in rat heart. This response is most
likely due to activation of muscarinic M, receptors be-
cause, as mentioned, these receptors are predominant in
heart and it is unlikely that we could measure [*S|GTPyS
binding through muscarinic M, M5 or Mg receptors due
to reasons previously discussed (Watson et al., 1998).

This would suggest that, compared to carbachol, sab-
comeline has greater intrinsic activity at muscarinic M,
receptors in rat heart compared to rat cortex. This phe-
nomenon has previously been observed with other partial
agonists, e.g., pindolol which acts as a 5-HT,, agonist in
the dorsal raphe nucleus (Clifford et al., 1998) and an
antagonist at 5-HT,, receptors in hippocampus (Sharp et
al., 1993).

Phosphoinositide studies were also performed to inves-
tigate the functional activation of muscarinic receptors by
sabcomeline. In this study, we employed the use of rat
cortical slices as this tissue is abundant in muscarinic M,
receptors (Levey et al., 1991; Flynn and Mash, 1993)
which are linked to G, and phosphoinositide hydrolysis
(Brann et al., 1988; Perdta et a., 1988; Liao et al., 1989).
Carbachol produced a substantial stimulation of inositol
phosphate accumulation which was attenuated by piren-
zepine with apparent pK,, of 7.7, which is consistent with
its affinity a muscarinic M, receptors (Dorje et al., 1990;
Lazareno and Birdsall, 1993b). Sabcomeline, xanomeline
and milameline had no effect on inositol phosphate accu-
mulation up to 100 wM but sabcomeline and xanomeline
inhibited the response to 1 mM carbachol in a concentra
tion-related manner. The potency of sabcomeline in antag-
onising the effects of carbachol was comparable to its
binding affinity at muscarinic receptors, whereas that of
xanomeline was lower (Shannon et al., 1994). The lack of
intrinsic activity displayed by sabcomeline in this assay
system is likely to be due to insufficient muscarinic M,
receptor reserve, although sabcomeline could still bind to
and block muscarinic M, receptors.

It is known that muscarinic M,/M , receptors inhibit
adenylyl cyclase via G,/G, and that, in heart tissue, this
response is mediated via muscarinic M, receptors (Ehlert
et a., 1989; Wei and Wang, 1990). We therefore used this
system to further investigate the functional effects of sab-
comeline at muscarinic M, receptors.

In rat heart atria, sabcomeline produced a small inhibi-
tion of forskolin-stimulated adenylyl cyclase activity which
was less than but not significantly different from the
response caused by carbachol, xanomeline and milameline.
The response to carbachol was attenuated by himbacine
with an apparent pK,, of 7.7, suggesting that this response
is mediated via muscarinic M, receptors. However, we
could not estimate a potency value for sabcomeline- and
xanomeline-induced inhibition of forskolin-stimulated
adenylyl cyclase activity using this antagonist. Thus, it is
an open question as to whether sabcomeline and xanome-
line act at muscarinic M, receptors at high concentrations
(100 wM) in this assay system.

In summary, we have investigated the functional effects
of the muscarinic agonist, sabcomeline, in a series of
pharmacological assays in native rat tissue. Radioligand
binding assays suggested that sabcomeline is a muscarinic
partial agonist in rat cortex and heart membranes. Sab-
comeline did not display muscarinic M, receptor agonist
activity in phosphoinositide hydrolysis assays in rat cortex
but studies investigating muscarinic M, receptor function
did reveal sabcomeline to possess some muscarinic M,
receptor agonist activity. A similar profile was observed
for the other muscarinic agonists, xanomeline and milame-
line, evaluated in this study.

It is important to note that these results have been
obtained from in vitro experiments on a laboratory animal
tissue preparation and so the relationship to functional
effects at brain and cardiac muscarinic receptors in man
would depend on the degree of receptor reserve present, as
is commonly observed with partial receptor agonists.
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