British Journal of Pharmacology (1999) 126, 1620-1624

© 1999 Stockton Press Al rights reserved 0007 -1188/99 $12.00

http://www.stockton-press.co.uk/bjp

Functional comparison of muscarinic partial agonists at muscarinic
receptor subtypes hM;, hM,, hM3;, hM, and hM5 using

microphysiometry

*!Martyn D. Wood, 'Karen L. Murkitt, 'Michael Ho, 'Jeannette M. Watson, 'Frank Brown,

'A Jacqueline Hunter & '"Derek N. Middlemiss

"Neuroscience Research, SmithKline Beecham Pharmaceuticals, New Frontiers Science Park, Third Avenue, Harlow, Essex,

CM19 5AW

1 This study describes the pharmacological comparison of the muscarinic partial agonists
sabcomeline, xanomeline and milameline at human cloned muscarinic receptor subtypes (hM;_s).
2 Radioligand binding studies at the hM,_s muscarinic receptor subtypes were compared with
functional studies using microphysiometry using carbachol as the standard full agonist.

3 In binding assays none of the compounds studied displayed preferential affinity for the M, ;4 or
M; subtypes although carbachol was less potent at hM,; than hM; 4.

4 In functional studies, all of the compounds studied displayed similar levels of efficacy across the
muscarinic receptors with the exception of Mj, where there was a large apparent receptor reserve
and the compounds behaved essentially as full agonists.

5 Sabcomeline was the most potent agonist in functional studies but also showed the lowest
efficacy. In terms of potency, xanomeline showed some selectivity for M, over M, receptors and
milameline showed some selectivity for M, over M, receptors.

6 These results show the value of microphysiometry in being able to compare receptor
pharmacology across subtypes irrespective of the signal transduction pathway.

7 None of the partial agonists showed functional selectivity for M, receptors, or indeed any

muscarinic receptor, in the present study.
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Abbreviations: CNS, central nervous system; DMEM, Dulbecco’s modification of Eagle’s medium; mAChR, muscarinic
acetylcholine receptor; QNB, quinuclidinyl benzilate

Introduction

Muscarinic acetylcholine receptors (mAChR) are members of
the G protein receptor superfamily and are widely distributed
throughout the periphery and the central nervous system
(CNS) (Caulfield, 1993). Genes encoding five receptor subtypes
have been identified with distinct amino acid sequence and
ligand binding properties (Bonner, 1989). This receptor
diversity together with their differential distribution in the
CNS has led to the search for selective agents with therapeutic
utility, notably in Alzheimer’s disease (Ehlert et al., 1994).
Although the five muscarinic receptors (M, —Mj;) all couple to
G proteins, stimulation of the M;, Mj;, and Ms; mAChR
subtypes leads to activation of phospholipase C whereas
stimulation of the M, and M, subtypes leads to inhibition of
adenylyl cyclase (Bonner, 1989). Although some studies have
reported a differential potency for agonists at the mAChR
subtypes, no comparison has been made between all five
subtypes in the same response system due to the differing
functional coupling.

The Cytosensor microphysiometer (Molecular Devices,
Sunnyvale, CA, U.S.A.) measures the extracellular acidifica-
tion rate as a result of the production of acid metabolites and
has proved to be a useful tool to measure the integrated
functional response to receptor activation in recombinant
systems (Baxter et al., 1994). As such, microphysiometry can
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be used to determine receptor activation independent of the
intracellular signal transduction pathway. Pharmacological
properties such as agonist potency and agonist efficacy can
vary at the same receptor expressed in different cell lines.
Comparisons of such properties at different mAChRs has been
confused by the use of different cell lines e.g. CHO, BHK and
A9L (Shannon et al., 1994), Sf9 (Kukkonen et al., 1996) and by
the use of different functional models e.g. phosphoinositide
hydrolysis in intact cells and [**S]-GTP-y-S binding in
membranes (Lazareno & Birdsall, 1993). Such comparisons
have led to reports of subtype selectivity for some agonists
such as xanomeline (Shannon et al., 1994).

The aim of this study, therefore, was to compare the
pharmacological profile of a series of muscarinic agonists at all
five human mAChR subtypes expressed in the same cell line
(CHO) using the same functional model (microphysiometry) in
an attempt to circumvent the above issues. Further, the
functional potency and selectivity of the agonists were
compared with their radioligand binding affinity at the cloned
muscarinic receptors in the same cell lines. The agonists
studied have been claimed to show functional selectivity in in
vitro and in vivo models for the M, receptor, such as
xanomeline (Shannon et al., 1994), milameline (Toja et al.,
1991) and sabcomeline (SB 202026, Loudon et al., 1997). It
was therefore important to determine whether this functional
selectivity was reflected in selectivity for cloned muscarinic
receptor subtypes.
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Methods
Cells

CHO cells stably expressing human mAChRs M, —M; were
obtained from National Institute of Mental Health (Bethesda,
MD, U.S.A.; see Bonner, 1989). Cells were maintained in o-
minimum essential medium (Gibco, Paisley, Scotland) contain-
ing 10% foetal bovine serum (Gibco, North American) at 37°C
under 5% CO,/ 95% O,. Cells were grown to confluence and
harvested by scraping in fresh medium.

For microphysiometry, cells were seeded into cytosensor
cell capsules 24 h prior to experiments at a density of 300,000
cells per well. M, and M, cells were exposed to sodium
butyrate to improve the response by synchronizing the cell
cycle through arresting cell division and therefore allowing
optimum protein/receptor expression. For butyrate treatment,
cells were incubated with 5 mM sodium butyrate (sterilized by
filtration) for 24 h on seeding into cytosensor capsules in
medium containing 10% foetal bovine serum. For radioligand
binding, cells were grown in 175 cm® flasks and harvested by
dispersal in calcium-free saline.

Radioligand binding

The binding of [PH]-Quinuclidinyl benzilate (QNB) to the
muscarinic cloned receptors was performed as described
elsewhere (Loudon et al., 1997). Briefly cells were harvested
and homogenized in ice-cold Tris buffer (50 mm Tris-HCI,
pH 7.4 at 37°C) and membranes obtained by centrifugation
(24,000 x g for 15 min). The membranes were washed twice by
resuspension and centrifugation and then stored at —70°C in
1 ml aliquots at ¢ 2 x 10® cells ml—".

Concentration-inhibition curves were constructed and
analysed as above to obtain ICs, values and the K; determined
using the Cheng-Prusoff equation where K;=1Cs,/(1 +[L]/Kp)
(Cheng & Prusoff, 1973). Data were expressed as pK; (—logj,
(K;)) +standard error of the mean (s.e.m).

Microphysiometry

Changes in extracellular acidification were determined using
the Cytosensor microphysiometer (Molecular Devices). Cells
were perfused with media via a peristaltic pump, during which
the pH of the microenvironment surrounding the sensor was
kept constant. The removal of acid from the cells by the
perfusate was periodically halted (pump turned off), allowing a
build up of acid metabolites and, therefore, a change in
chamber pH (acidification rate). This on—off cycle was
repeated throughout the experiment and the effect of
compounds determined by adding the compound to the
chamber through a valve. An on—off cycle of 1 min on and
30 s pump off was employed for most of these experiments.
Acidification rate measurements were optimized for the
agonist exposure time, agonist addition time (within the cycle)
and the time during the pump-off cycle when measurements
were taken. Assay conditions were optimized for each
individual cell line, CHO cells transfected with hM;, hM,,
hM;, hM, or hM;s receptor subtype, using carbachol as a
control agonist. Cells were perfused at a flow rate of
100 ul min~' with a low buffered, sterile filtered DMEM
medium (bicarbonate-free DMEM, Gibco 52100-021), gluta-
mine (2 mM), NaCl (44 mm), pH 7.4.

Concentration-effect curves were obtained by exposing the
cells sequentially to increasing concentrations of agonist for
periods of up to 1 min (as detailed in Results) at intervals of

21 min. No desensitization to administration of carbachol
(100 pm) was observed using a 21 min cycle and no change in
agonist potency or efficacy was seen using a longer interval of
30 min. The response was taken as the peak increase in
acidification rate upon addition of agonist over basal taken
immediately prior to agonist challenge. Data was normalized
as a mean response to a maximal concentration (100%) of
carbachol (100 um) carried out at the start and end of the
agonist concentration-effect curve. For antagonist studies, a
control concentration-response curve to carbachol was
conducted and the cells were then exposed to atropine for at
least 42 min prior to construction of a further carbachol
concentration-effect curve in the presence of atropine. Each
chamber therefore acted as its own control. Drug additions
were performed using the Cytosampler autosampler (Mole-
cular Devices) from deep well blocks. Concentration-effect
curves were constructed as the peak acidification response seen
at increasing concentrations of the agonist and analysed using
a 4-parameter logistic equation to give ECs, slope, minimum
and maximum (Bowen & Jerman, 1995). The ECs, values were
then expressed as pECs, (—logio(ECs)). Antagonist data were
analysed as the ability of the antagonist to shift the agonist
concentration-effect curve and defined as Kp [antagonist].M/
concentration ratio~!, where concentration ratio is the ECs,
obtained in the presence of the antagonist divided by that
obtained in the absence of the antagonist (Arunlakshana &
Schild, 1959). Data were expressed as pKg (—logio(Kp)).
Experiments were repeated and data expressed as the mean +
s.e.mean.

Drugs and solutions

All cell culture chemicals were from Gibco (Paisley, Scotland).
Carbachol was from R.B.I. (Semat, U.K.), atropine from
Sigma (Poole, U.K.) and xanomeline, milameline and
sabcomeline were synthesized at SmithKline Beecham. [*H]-
[QNB], 49 Ci mmol~', was purchased from DuPont N.E.N.

Results
Radioligand binding

The potencies of the various agonists to inhibit [PH]-QNB
binding to cloned M,, M3, M, and M5 muscarinic receptors is
shown in Table 1. The level of specific [’H]-QNB binding to
membranes from hM, expressing cells was too low to obtain
quantifiable estimates of inhibitory potency. In the other cell
lines, maximal [*H]-QNB binding (B,,.x, pmole mg~' protein)
was hM,; 5.81, hM; 5.42, hM, 0.92, hM; 0.92 with K (nM)
values for [P’H]-QNB of 0.61, 0.57, 0.20 and 0.26 respectively
(values are the mean of two separate determinations).

Table 1 Binding profile of muscarinic agonists at human
cloned muscarinic receptor subtypes

pK; [H]-ONB binding

Compound hM,; hM; hM 4 hM s

Sabcomeline 6.72+0.04 7.03+0.11 7.23+0.05 7.14+0.07
Milameline  4.804+0.02 5.144+0.04 5.5440.04 5.41+0.10
Xanomeline 6.68+0.02 7.21+0.06 7.38+0.08 7.09+0.19
Carbachol 3.1740.05 4.00+0.14 4.9340.10 4.92+0.13

Results are mean+s.e.m. inhibitory affinity constant (pK;)
to inhibit specific [’H]-QNB binding (0.27 nM) to membranes
prepared from cells expressing human cloned muscarinic
receptor subtypes from three separate determinations.
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Microphysiometry optimization

Acidification rate measurements and agonist exposure times
were optimized as: M, —pump cycle time was 1 min 30 s, pump
on 1 min 13s with a 32 s exposure to test compounds,
commencing 15 s prior to pump off and data collection for 13 s
commencing 2 s after pump off; M, and M;—pump cycle time
was 1 min 30 s, pump on 1 min with a 1 min 30 s exposure to
test compound, data collection for 20 s commencing 8 s after
pump off ; My and Ms—pump cycle time 1 min 30 s, pump on
1 min with a 45 s exposure to test compound commencing 15 s
prior to pump off, data collection for 20 s commencing 8 s
after pump off. With longer agonist exposure times, a reduced
functional response was seen presumably reflecting desensitiza-
tion.

Acidification rate optimization was complex at the M,
receptor where the response to carbachol was rapid, large and
associated with a non-linear increase in acidification rate
(Figure 1). The acidification rate measurement was taken
during the initial rapid phase (first 13 s) and with a reduced
carbachol exposure time otherwise a reduced functional
potency and efficacy to carbachol was seen. Thus the
acidification rate to a sub-maximal concentration of carbachol
(10 um) was typically 476 +32 pvolts s~' (n=4) (correspond-
ing to the initial phase seen in Figure 1) using an initial 13 s
acidification rate measurement during a 17 s pump off cycle,
compared with 138 +5 uvolts s (n=4) (corresponding to the
second phase in Figure 1) using a 20 s acidification rate
measurement during a 30 s pump off cycle.

Microphysiometry optimisation

In non-transfected cells, none of the agonists at concentrations
up to 100 uM, had any significant effect on acidification rates.
In transfected cells, all of the agonists induced concentration-
dependent increases in acidification rates at the cloned
muscarinic receptors. Typically basal acidification rates were
100 pvolts s~! and this was increased by maximal concentra-
tion of carbachol to 880, 220, and 210 uvolts s~ at hM,, hM,
and hM; receptors respectively. Acidification responses at hM,
and hM, receptor were too small to quantify in normal cells
but increased with butyrate treatment (data shown from
butyrate treated cells) such that typical response rates at hM,
and hM, to carbachol were 150 and 180 uvolts s~' respec-
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Figure 1 Biphasic change in acidification seen with carbachol at
hM; receptor. Shown are typical traces from two individual chambers
where carbachol (10 um) was introduced to the chambers 30 s prior
to pump off and was present throughout the 30 s pump off cycle
prior to wash out on resumption of perfusion. Time (s) is from start
of experiment.

tively. At the hM; receptor, sabcomeline was more potent than
milameline and carbachol, but also had the lowest efficacy
(Emax). Milameline and xanomeline were also partial agonists
(Table 2 and Figure 2). Comparable results were seen at the
hM, and hM; receptor (Table 2). A similar trend was seen at
the hM; receptor, where sabcomeline was the most potent and
had the lowest efficacy, but here xanomeline and milameline
were full agonists with respect to carbachol (Figure 3). At the
hM, receptor, xanomeline appeared to be a full agonist whilst
milameline and sabcomeline were partial agonists (Table 2). In
general, sabcomeline was the most potent agonist, xanomeline
showed some selectivity for hM; over hM, whereas milameline
showed functional selectivity for hM, over hM,. Carbachol
was markedly less potent at hM, receptors than the other
mAChR subtypes. The functional efficacy for carbachol at the
muscarinic receptors was expressed as the ratio between
concentration of carbachol producing half-maximal respon-
se(ECsp) and that needed for half maximal receptor occupancy
(K;), which gives an indication of receptor reserve (Kenakin,
1993) and which was 40 at hM,, 290 at hM3, 2 at hM, and 20 at
hM;.

Atropine (10 nM) was a potent antagonist of the carbachol
induced acidification response at M, M3, M, and M; receptors
shifting the curve to the right in a competitive manner.
Reliable shift data could not be generated at the M, receptor
because of the low level of the response. Affinity estimates
(pKp) for atropine at M;, M;, My and M; receptors were
9.174+0.04 (8),9.70+0.04 (7), 9.29 +0.09 (8) and 8.99 +0.02(8)
respectively (results are mean+s.e.m. from n separate
chambers).

Table 2 Functional profile of muscarinic agonists at human
cloned muscarinic receptor subtypes using microphysiometry

PEC50 S[(’I’e E/nux

hM,; CHO

Sabcomeline  7.2040.09 (4) 1.3240.22 (4) 20.3+1.1 (4)

Milameline 5.50+0.04 (4) 0.94+0.03 (4) 60.7+1.0 (4)

Xanomeline 6.82+0.04 (4) 1714025 (@4) 41.7+12 (4)

Carbachol 52040.06 (12) 1.46+0.07 (12) 93.6+3.5 (12)
hM, CHO

Sabcomeline  7.454+0.06 (3) 0.89+0.21 (3) 57.4+4.2 (3)

Milameline 6.34£0.20 (4) 1.16+0.27 (4) 65.5+2.4 (4)

Xanomeline 5.49+40.06 (4) 3.08+0.52 (4) 419+13 (4)

Carbachol 6.20+0.19 (3) 0.91+0.08 (3) 104.3+4.5 (3)
hM; CHO

Sabcomeline  7.3940.22 (5) 1.094+0.22 (5) 70.4+48 (5)

Milameline 6.66+0.06 (4) 0.86+0.01 (4) 95.8+4.5 (4)

Xanomeline 6.82+0.39 (4) 099402 (4) 97.5+8.6 (4

Carbachol 6.96+0.04 (5) 1.414£0.15(5) 91.0+5.6 (5

hMy CHO

Sabcomeline  7.8140.22 (10) 1.0240.30 (10) 38.4+6.6 (10)
Milameline 5.9340.07 (6) 1.04+0.18 (6) 62.5+9.9 (6)

Xanomeline 6.16+0.41 (9) 1.06+0.22 (9) 137+41 (9)

Carbachol 5.464+0.23 (10) 0.7940.15 (10) 122+19 (10)
hMs CHO

Sabcomeline  8.154+0.08 (5) 1.34+0.2 (5) 21.743.4 (5

Milameline 6.13+0.09 (6) 0.69+0.03 (6) 49.1+4.5 (6)

Xanomeline 576+0.03 (6) 1.64+0.12 (6) 61.7+3.8 (6)

Carbachol 6.65+0.15 (6) 1.094£0.04 (4) 97.5+5.0 (6)

Values are the mean +s.e.m. from (n) separate experiments.
Values were obtained from curve fitting to the 4-parameter
logistic equation with data and fitted E,,., values expressed

as a percentage of the maximal response to

carbachol.

100 v
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Figure 2 Stimulation of extracellular acidification in CHO cells
stably expressing the hM; receptor by muscarinic agonists. Data
points with error bars represent the mean+s.e.m. of three separate
experiments.
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Figure 3 Stimulation of extracellular acidification in CHO cells
stably expressing the hMj receptor by muscarinic agonists. Data
points with error bars represent the mean+s.e.m. of three separate
experiments.

Discussion

The present study is the first to compare the functional
properties of a series of muscarinic receptor agonists at all five
human muscarinic receptor subtypes in the same assay system.
Previous studies have compared the pharmacology at selected
muscarinic receptors, usually as a result of differences in the
intracellular signalling pathways employed by the muscarinic
receptors. Thus M;, M; and Mj; preferentially couple to
phospholipase C while M, and M, preferentially couple to
inhibition of adenylyl cyclase. By using the Cytosensor
microphysiometer, we have been able to measure activation
of the muscarinic receptors irrespective of the signal
transduction mechanism. The acidification response seen at
the hM, and hM, receptors was small and the cells required
pre-treatment with butyrate in order to increase this response
(see Kassis et al., 1984). At all receptors prolonged carbachol
exposure times resulted in a reduced functional response,
requiring optimization of agonist exposure times. This
desensitization was particularly marked at the hM; such that
carbachol exposure time was kept to 32 s.

The marked increase in functional potency compared to
binding affinity for carbachol at the muscarinic receptor
subtypes (with the exception of the hM, receptor) suggests
the presence of receptor reserve. This is particularly so at the
hM; receptor, suggesting a large receptor reserve, which may
explain why milameline and xanomeline appear as full agonists

and sabcomeline as an almost full agonist at this receptor.
Differential increases in functional potency compared to
binding potency may also reflect differences in amplification
factors (see Kenakin, 1993). This is unlikely to be the case in
the present experiments as previous studies have found that
different functional models (phosphoinositide hydrolysis and
intracellular calcium mobilization) give similar potency
estimates to microphysiometry at hM1 and hM; receptors
and, further, show that microphysiometry functional potency
estimates vary with receptor density (Baxter et al., 1994). The
study of Baxter et al. (1994) also suggests that promiscuous
signalling is unlikely to be responsible for this difference
between functional potency and binding affinity, in that similar
potency estimates were obtained using different functional
models at different levels of receptor expression e.g.
intracellular calcium mobilisation which would reflect G,
activation and microphysiometry which would reflect total
G-protein activation. The marked increase in functional
potency compared to binding affinity may also reflect signal
amplification processes as the events measured using micro-
physiometry are downstream of the initial binding event. Also,
for many G-protein coupled receptors, different agonist and
antagonist affinity states exist such that it is difficult to
correlate agonist binding affinity with functional potency (see
Richards, 1991).

Sabcomeline was the most potent agonist tested on function
but displayed similar binding affinities to xanomeline. For
sabcomeline, in general there was a good correlation between
functional potency and binding affinity. Sabcomeline was a
low efficacy partial agonist at all the muscarinic receptor
subtypes with the exception of the hM; where there was a large
apparent receptor reserve. This therefore confirms in vitro
studies (Loudon et al., 1997) and shows the partial agonist
activity of sabcomeline is retained at human mAChR subtypes.

Xanomeline was less potent on function using microphy-
siometry than on radioligand binding. Anomalous kinetics
have been observed with xanomeline, suggesting a slow off-rate
(Christopoulos & El-Fakahany, 1997), which may have a
differential effect on binding and function because of the
different agonist incubation times. In terms of functional
potency, xanomeline also showed some selectivity for the hM,
receptor compared to the hM, receptor. Due to low levels of
specific binding (presumably reflecting a lower receptor
density) binding data comparing hM, to hM, are not available
in this study and the effect of butyrate treatment on
radioligand binding was not investigated. This data does not
appear to be available in the literature, but binding studies to
homogenates from different rat brain regions (cortex, M, rich;
brain stem, M, rich) supports this separation (Shannon et al.,
1994).

Xanomeline had a higher intrinsic activity than sabcomeline
and was a full receptor agonist at hM; and hM, subtypes. In
this respect, milameline appeared to be similar to xanomeline
with the exception of a lower functional potency at hM,
receptors. In functional studies using the microphysiometer,
milameline therefore appeared to show selectivity for the hM,
receptor over the hM, receptor. It should be noted that all
results have compared efficacy values to carbachol assuming
that carbachol is a full agonist at all five receptors.

It has been reported that some of the receptor agonists
tested display functional selectivity for the hM, receptor (e.g.
sabcomeline, Loudon et al., 1997; xanomeline, Shannon et al.,
1994). This was based on functional selectivity in in vitro and in
vivo models rather than receptor subtype selectivity. In
radioligand binding studies, with the exception of carbachol
which shows a low affinity for the hM, receptor, all of the



1624 M.D. Wood et al

Partial agonists and human muscarinic receptors

agonists displayed similar affinities across the muscarinic
receptor subtypes, i.e. they did not demonstrate receptor
subtype binding selectivity.

The present study shows that the recently developed
muscarinic partial agonists sabcomeline, milameline and
xanomeline do not exhibit significant selectivity for muscarinic
receptor subtypes expressed in cell lines. They have similar
affinity across the muscarinic receptor subtypes and, in
general, they have similar efficacy across the muscarinic
receptor subtypes, although this is difficult to verify at the
hM; receptor due to the high level of receptor reserve. The
tissue response to an agonist is a function of different factors
including affinity, efficacy, receptor number and receptor-
response coupling (Ringdahl et al., 1987). Partial agonists may
therefore exhibit in vivo functional selectivity due to tissue
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