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SUMMARY

We have carried out an extensive pharmacological characteriza-
tion of muscarinic binding sites in rabbit lung and chicken heart
in parallel with M, M., and M; sites. [*H]Pirenzepine, a selective
antagonist at M, receptors, bound saturably and reversibly to
membranes from chicken heart and rabbit lung. These binding
sites were not M, receptors, however, because the cardioselec-
tive antagonist himbacine had 10-fold higher affinity at these
sites than at [°H]pirenzepine sites in rat and rabbit cortex (true
M, sites). We measured the inhibitory potency of 28 antagonists
at [*H]N-methyiscopolamine-labeled sites in chicken heart, rabbit
lung, rat heart (M. sites), and rat submandibular gland (M; sites)
and at M, sites in rat cortex. The sites in rabbit lung were
different from M, M., and M; sites, because they had moderate
to high affinity for M,-selective compounds (pirenzepine and
telenzepine), M;-selective compounds (himbacine and methoc-
tramine), and Ms-selective compounds (hexahydrosiladifenidol
and 4-diphenylacetoxy-N-methyipiperidine methiodide). The sites

in chicken heart resembled most those in rabbit lung, with similar
high affinity for secoverine, but they were not the same because
tropicamide, diphenylacetoxybutynyl dimethylamine, and [*H}-N-
methylscopolamine were more potent in rabbit lung. In a further
series of experiments, we compared the affinity of six of the
most discriminating antagonists in membranes from rabbit lung
and NG108-15 cells, a neuroblastoma-glioma cell line reported
to express the muscarinic m4 receptor gene. The antagonists
had very similar affinities in the two tissues, the largest discrep-
ancy being that pirenzepine was twice as potent in rabbit lung
as in NG108-15 cells. Northern blots using probes designed to
discriminate between five species of muscarinic receptor RNA
detected only m4 mRNA in rabbit lung. We conclude that rabbit
lung contains a muscarinic M, binding site with a quite distinctive
pharmacology and that chicken heart contains a receptor with
similarities to the M, sites. This is the first report to characterize
native M, binding sites in a nonneuronal mammalian tissue.

At least five structurally distinct subtypes of muscarinic
receptor are expressed in mammalian tissue (1-4). The m1, m2,
and m3 genes probably encode the pharmacologically defined
M,, M,, and M; receptors (2, 5-8). The receptor encoded by the
m4 gene may have pharmacological similarities to both M, and
M: receptors; muscarinic binding sites in oocytes or Chinese
hamster ovary cells transfected with the m4 gene have a rela-
tively high affinity for PRZ, the antagonist that pharmacolog-
ically defines M, receptors (9, 10), and the m4 receptor has
greatest homology with the m2 receptor found in mammalian
heart (1, 2). Like the m2 receptor, and unlike the m1 and m3
receptors, the m4 receptor mediates an inhibition of adenylyl
cyclase when expressed in transformed fibroblasts (11). We
wondered whether some of the ‘atypical’ M, receptors already
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described in the literature might be M, receptors. Chick heart
contains receptors with relatively high affinity for PRZ but
that mediate inhibition of adenylyl cyclase (12), and rabbit
peripheral lung contains ‘M,’ binding sites with a somewhat
higher affinity for the cardioselective antagonist AF-DX116
than that of M, sites in cortex (13). The available pharmaco-
logical data concerning the m4 receptor (10) do not provide any
firm criteria for testing the hypothesis that one or both of these
atypical sites are M, sites. We have, therefore, characterized
the muscarinic binding sites in chicken heart and rabbit pe-
ripheral lung, together with M,, M;, and M; sites, using a wide
range of antagonists. We identified six compounds that clearly
distinguish between rabbit lung and the other tissues, and we
used these compounds to compare the sites in rabbit lung with
those in NG108-15 cells, a mouse-rat neuroblastoma-glioma
cell line (14) reported to express only the m4 receptor (2). In
addition, we have used Northern blot analysis to detect the
muscarinic receptor transcripts expressed in rabbit lung. We

ABBREVIATIONS: PRZ, pirenzepine; NMS, N-methyiscopolamine; HSD, hexahydrosiladifenidol; 4-DAMP, 4-diphenylacetoxy-N-methyipiperidine
methiodide; DABDMA, diphenylacetoxybutynyl dimethylamine HBr; PrBCh, propyl benzilyl choline; HEPES, 4-(2-hydroxyethyi)-1-piperazineethane-
sulfonic acid; Gpp(NH)p, guanyl-5’-yl imidodiphosphate; m1-m5, structurally defined muscarinic receptors; M,-M,, pharmacologically defined

muscarinic receptors; SDS, sodium dodecyl sulfate; kb, kilobases.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

806 Lazareno et al.

RABBIT
PERIPHERAL
CHICKEN HEART LUNG
160 1
§ §
$ s S
i : ?
g £ %

0o 5
Free *H-PRZ (nM)

10 1§ 20 25 0O 5§ 10 16 20 2§
Free *H-PRZ (nM)

TABLE 1
[*HINMS saturation data
Membranes were incubated with [PHJNMS for 2 hr. Nonspecific binding was
measured in the presence of 1 uM atropine. The specific binding was analyzed by
the program LIGAND according to a one-site model.

Rat heart (My)  Rat gland (M) Chicken heart  Rabbit ung

n 5 5 16 22
Ky (p™) 20619 672 198+12 625
Brex (Pmol/g of weight) 7.8 +04 74+06 35+2 4704

conclude that rabbit lung contains M, sites with a distinctive
pharmacology that is similar, but not identical, to that of
chicken heart sites.

Materials and Methods

Cell culture. NG108-15 cells were obtained from Prof. D. Brown,
University College (London). They were grown at 37.56° in T'175 Nuclon
tissue culture flasks as a monolayer, under an atmosphere of humidified
5% CO; in air. The growth medium was Dulbecco’s modified Eagle’s
medium containing 10% fetal calf serum, 100 uM hypoxanthine, 1 uM
aminopterin, and 16 uM thymidine. The cells were seeded at a density
of 10° cells/175 cm?, grown until 60-90% confluent (usually 3-4 days),
and reseeded at the same density. They were harvested by replacement

TABLE 2
Kinetic parameters of [*H]PRZ and [*H]NMS

RABBIT CORTEX

1600 -
1400 -
Fig. 1. [PHJPRZ saturation curves in
1200 + chicken heart, rabbit peripheral lung, and
rabbit cortex membranes. Membranes
1000+ were incubated with ["H]JPRZ for 2 hr and
collected by filtration. Specific binding ()
8004 is the difference between binding ob-
600 - tained in the absence (O) and presence
(®) of 1 um atropine. The data are from a

400+ single experiment conducted in triplicate.

200

0O 5§ 10 15 20 25
Free *H-PRZ (nM)

of the medium with phosphate-buffered saline, followed 15 min later
by centrifugation at 1000 X g for 5 min.

Membrane preparation. Cerebral cortex, heart (mainly ventri-
cles), and submandibular gland were obtained from male Lister Hooded
rats. Heart ventricles were obtained from 6-12-week-old White Leg-
horn/Rhode Island Red chickens. Lungs and cerebral cortex were
removed from New Zealand White rabbits. The edges of the lungs were
cut to a depth of 1-2 cm and the parenchyma from the surface of the
remainder of the lungs was trimmed to a depth of about 3 mm, the
remaining lung tissue containing large airways was discarded. The
tissues were dissected on ice and cut into small pieces. All the tissues
were homogenized in 10-20 volumes of iced homogenizing buffer (20
mM Na-HEPES, 10 mM Na,EDTA, pH 7.2), using three to five 5-sec
bursts with an UltraTurrax homogenizer. The peripheral tissues were
filtered through a course nylon mesh and all the homogenates were
centrifuged at 40,000 X g for 12 min, resuspended in assay buffer (20
mM Na-HEPES, 100 mM NaCl, 0.5 mM Na,EDTA, pH 7.4) at a
concentration of 200 mg of wet weight/ml, and frozen in 1-ml aliquots
at =70°.

Binding assays. Frozen membranes were resuspended in assay
buffer with the following tissue concentrations (mg of wet weight/ml):
cortex, 1.6; rat heart, 2; rat gland, 1.2; chicken heart, 1; and rabbit lung,
2.3. Three milliliters of membranes were incubated with antagonists
and radioligand at 22° for 2 hr or as stated. The membranes were

Association and dissociation experiments were conducted as described in Materials and Methods and were analyzed using the method of Bennett (57). K-, (the
dissociation rate constant) is the slope of the regression line of the plot in (B,/8,), where B, is specific binding before addition of excess atropine and B, is the specific
binding t min after atropine addition. ¢, is the time for 50% association or dissociation, derived from t,, = In (2)/K. K., (the association rate constant) was derived from

the equation K,, =

(Kowe = K-4)/L], where [L] is the radioligand concentration and K. is the siope of the regression line of IN(Bu/(Beq — B:)), where B, is specific binding

at equilibrium and B, is specific binding t min after the addition of membranes to radioligand. K, (the dissociation constant) = K_,/K., X 1000.

. . il i
boentssue n K, tw n tw Kay Ky
min~' x 107 min min min~' X nM* X 1072 [:T]
[*H]PRZ
Rat cortex 3 43+1 16.2+ 0.2
Rabbit cortex 2 27+ 3 258+ 2.8
Rabbit lung 3 59+ 3 1.8+ 04
Chicken heart 2 96 + 20 75+15
[PHINMS
Rat heart 7 272 £ 20 2702 1 1.6 25 1270
Rat gland 3 16+1 43+ 2 2 12+ 4 12+5 175+ 76
Chicken heart 4 135+ 10 52+04 3 34105 29+7 542 + 110
Rabbit lung 6 40+2 18+ 1 3 59+0.7 37+1 108+ 5
NG108-15 3 2+ 2 32+3 3 46+ 08 62+4 35+3
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Fig. 2. Association (a) and dissociation (b)
of [*H]JNMS (0.2 nm) in membranes from
chicken heart (), rabbit lung (A), and
NG108-15 cells (O). For association
curves, the membranes were incubated
with [*H]NMS for the indicated times be-
fore filtration. For dissociation curves, the
membranes were incubated with [*H]
NMS for 60 min (chicken heart) or 90 min
and filtered at the indicated times after
addition of 1 um atropine. In all cases,
some tubes contained 1 um atropine from
the outset, and this nonspecific binding
(about 100 dpm) has been subtracted
from the rest of the data to yield specific
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Chicken heart

binding. The lines for the association data
and for the dissociation data from chicken
heart and rabbit lung show the fit to a
single exponential function. The dissocia-
tion data from NG108-15 membranes
have been fitted to a two-component ex-
ponential function. /Insets,

transformation of the data, using In(Be/
(Beq — B)) for association curves and in(8,/
By) for dissociation curves, where B, is
the binding at time t, B, is the binding at
equilibrium, and B, is the binding at the
start of the dissociation; B,, and B, were
derived from the curve-fitting procedure.
The data were obtained in a single exper-
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Rabbit lung iment conducted in triplicate.
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i 2 2 Fig. 3. Inhibition by carbachol of total [°H]
40004 3 NMS (0.2 nw) binding to chicken heart
z S 2000+ and rabbit lung membranes in the pres-
g i & ence of no additons (O), 0.1 mm
Gpp(NH)p (@), 10 mm MgCL (A), or
2000- Gpp(NH)p and MgCl; (A). The data are
1000+ from a single experiment conducted in
i duplicate, which was repeated with al-
most identical results.
o] T T T T T o T T T T T
10°* 107 10°* 10* 10 10°* 1077 10* 10* 107
Carbachol (M) Carbacho! (M)

collected by filtration and washed with 2 X 3 ml of 0.9% iced saline,
using a Brandel cell harvester and Whatman GF/B glass fiber filter
strips previously soaked in 0.1% polyethylenimine and dried before use,
and were counted for radioactivity at an efficiency of about 40%.
Nonspecific binding was measured in the presence of 1 uM atropine.

In competition studies, fixed concentrations of 0.1-0.2 nM [*TH]NMS
or 0.6-1 nM [°H)PRZ were used, except in experiments involving [*H]
PRZ and rabbit lung or chicken heart, in which case fixed [*H]PRZ
concentrations of 1.3 or 5 nM were used. Saturation studies usually
contained nine radioligand concentrations spanning a 200-fold concen-
tration range. Association experiments with [PH]NMS were conducted
by incubating membranes with 0.2-0.4 nM radioligand for various times
before filtration. Dissociation experiments were conducted by incubat-
ing membranes with radioligand for 60-90 min. At that time, 10-30 ul
of atropine were added to each tube to give a final atropine concentra-
tion of 1 uM, and the incubation mixture was filtered at various times
thereafter. A 1-ml incubation volume was used in dissociation experi-
ments with [*H]PRZ. Experiments with [P H]NMS were conducted in
duplicate and those with [PH]PRZ were conducted in duplicate or
triplicate.

At one stage in the experiments, the K, of [FH]NMS in rabbit lung
decreased to about 60% of its previous value when a new batch of [*H]
NMS was used. This may be related to the racemization reported to
occur with [PHJNMS (15). This change should not affect pK; values,
because ICy, values were usually transformed using the K, value ob-
tained in the same experiment. Most K, estimates with chicken heart
and rabbit lung used the first batch of [PTH]NMS; the second batch was
used for M;, M;, and NG108-15 and paired rabbit lung K, estimates.
Some inhibition assays in rat heart contained 3 mm MgCl, and 0.1 mM
guanosine triphosphate; the inclusion of these agents had no effect on
the affinity of the antagonists.

Northern blot analysis. Samples of rabbit lung were rapidly dis-
sected, frozen in liquid nitrogen, and stored at —70° for up to 2 months
before RNA extraction. Frozen tissue was powdered in a slurry of liquid
N. and total cellular RNA was extracted (16). Purity was assessed by
Azeo/A2s0 measurements and 15-ug samples were applied to 1% dena-
turing agarose gels (containing 2% formalin), electrophoresed, and
electroblotted onto Genescreen (NEN). Blots were prehybridized over-
night at 37° in buffer containing 4x standard saline-phosphate-EDTA
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Fig. 4. Inhibition by himbacine of [*H]JPRZ binding to
membranes from chicken heart (l, rabbit lung (O), and
rat cortex (®). Membranes were incubated for 2 hr with
1.3 nm [*HJPRZ and various concentrations of himba-
cine. Nonspecific binding was measured in the presence
of 1 um atropine. The data were obtained in a single
experiment conducted in triplicate.
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Himbacine (M)

(150 mM NaCl, 10 mM NaH,PO,, 1 mM EDTA), 5xX Denhardt’s, 260
ug/ml yeast tRNA, 500 ug/ml denatured salmon sperm DNA, and 0.1%
SDS). **P-tailed oligonucleotide probes were then added (2 x 10° dpm/
ml) and hybridization was carried out at 37° overnight. Blots were
washed (4 X 15 min) in 1X standard saline-phosphate-EDTA contain-
ing 0.1% SDS, at 55°, before apposition to Kodak XAR-5 film for 10
days. After exposure, blots were stripped in boiling 1% SDS before
subsequent rehybridizations.

Oligonucleotide probe labeling. Probes consisted of an equimolar
mixture of three antisense oligonucleotides (45- or 48-mers) corre-
sponding to N-terminal, i3 cytoplasmic loop, and C-terminal domains
of the rat m1—m5 muscarinic receptors. Probes were designed that
shared minimum sequence identity among different receptor subtypes
but that shared maximum homology with human cognate sequences.
Sequences are taken from (Refs. 1, 3, and 17) and correspond to bases
31-79, 1056-1104, and 1299-1347 (m1); 49-97, 886-934, and 1076-1124
(m2); 1-48, 968-1016, and 1696-1744 (m3); 10-58, 866-914, and 1139-
1187 (m4); and 641-689, 1164-1212, and 1265-1313 (m5). The degree
of mismatch with human sequences varied between 0 and 4 bases. This
design rationale was aimed at optimizing recognition of interspecies
cognate sequences.

Probes were 3’-tailed with [**P]dATP (111 TBq/mmol; NEN) using
terminal deoxynucleotidyl transferase (BRL). A molar ratio of 1:10
oligonucleotides/[**P]dATP was used to generate probes with a specific
activity of approximately 4 X 10° dpm/ug of DNA, corresponding to a
mean tail length of about 10 bases.

Data analysis. Kinetic experiments were analyzed as described in
the legend to Table 2 and with a nonlinear fitting procedure in the RS1
package (BBN Software Products Corp.). Saturation curves were ana-
lyzed with the program LIGAND (18). In some saturation experiments
with [*H]NMS, nonspecific binding was estimated by the program.
Saturation data were always best fitted by a one-site model. Inhibition
curves were analyzed by the logistic curve-fitting program ALLFIT
(19), to yield ICs and slope values. K; (M) values obtained from ICs
values (20)are the best estimates of the concentration of antagonist
that would have occupied 50% of the sites had the radioligand not been
present. They can only be considered as affinity estimates when the
slopes of the inhibition curves are unity. The values are expressed
as pK; (—log K).

Statistics. Models in the curve-fitting procedures were compared
with the ‘extra sum of squares’ F test (18). Parameters are reported as
arithmetic means and standard errors. When the number of observa-
tions (n) = 2, the standard error is equal to the range/2. Due to the
large number of possible comparisons in this study, we have only
performed statistical tests for particular comparisons of interest. The
significant differences we report were derived from ¢ tests, paired or

unpaired (assuming equal variances) as appropriate, and taking p <
0.05 as the criterion for statistical significance.

Materials. The following compounds were purchased: [*H]NMS
(72-85 Ci/mmol) from Amersham; [*H]PRZ (85-87 Ci/mmol) from
New England Nuclear; carbachol, guanosine triphosphate, Gpp(NH)p,
atropine, eucatropine, homatropine, orphenadrine, piperidolate, PRZ,
and scopolamine from Sigma; and methoctramine from Semat. We are
grateful for the following gifts: 4-DAMP and DABDMA (Dr. R. Barlow,
University of Bristol); himbacine (Prof. W. Taylor, University of New
South Wales); HSD (Prof. R. Tacke, University of Karlsruhe); PrBCh
(Dr. N. Birdsall, NIMR, London); aprophen (Dr. P. Chiang, Walter
Reed); secoverine (Duphar); benzhexol (Lederle); benztropine (MSD);
biperiden (Knoll); botiacrine (Siegfried); BTM1086 (Maruko); cyclo-
pentolate (Smith & Nephew); dicyclomine (Merrel Dow); oxybutinin
(Marion Laboratories); procyclidine (Wellcome); telenzepine (Byk
Gulden); and tropicamide (Smith & Nephew). CCI19234 (5-[(4-methyl-
1-piperazinyl)acetyl]-5,10-dihydro-11H-dibenzo[b,e][1,4]diazepin-11-
one), a pirenzepine analogue (21), and ipratropium were synthesized in
our laboratories.

Saturation studies. [°'H]PRZ bound to membranes from
rabbit cortex, rabbit lung, and chicken heart. Within the con-
centration range used of 0.2-25 nM, the atropine-specific com-
ponent of [*H]PRZ binding was apparently saturable (Fig. 1)
[*H)PRZ had similar pK, values in chicken heart (7.4 + 0.3, n
= 2) and rabbit lung (7.4 + 0.2, n = 2) and was about 3-fold
more potent in rabbit cortex (pK,; = 8.1, n = 1). The apparent
density of [*'H]PRZ sites in rabbit lung (4 + 1 pmol/g of weight)
was less than one tenth the density in chicken heart (52 + 13
pmol/g of weight) or rabbit cortex (79 pmol/g of weight). A
very small amount of atropine-displaceable [’H]JPRZ binding
was found in NG108-15 cell membranes (20% of total binding
at 20 nM; none at concentrations of <17 nM), which was not
characterized further.

[*HINMS bound specifically and saturably to an apparently
homogeneous population of sites in all the tissues studied.
Nonspecific binding was 10% or less of total binding. The K,
of [PH]NMS was similar in rat and chicken heart and 3- to 10-
fold less in rat gland, rabbit lung, and NG108-15 membranes
(Table 1; see also Table 5). The density of [FH]NMS sites in
rabbit lung and chicken heart was similar to the values found
with [*H]PRZ, described above.
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Mean pK, £ standard error and slope * standard error values at five muscarinic binding sites

M, sites were labeled in rat cortex with [*H]PRZ; ["H]JNMS labeled the other sites (M, sites in rat heart, M, sites in rat submandibular giand). Inhibition curves obtained in
the presence of 0.5 nm [PH]PRZ or 0.1-0.2 nm ["H]NMS were analyzed by the program ALLFIT. IC,, values at M, sites are assumed to be K, values. ICq, values at [*H]
NMS-labeled sites were converted to K, values using the equation of Cheng and Prusoff (20).

- pK,/siope values
M, M. My Chicken heart Rabbit ung
PRZ 8.02 + 0.08 6.48 + 0.01 7.09 £ 0.05 7.60 £ 0.03 7.47 £ 0.04
0.96 + 0.02 0.91 + 0.03 0.89 + 0.01 0.89 + 0.06 0.91 +£ 0.04
Himbacine 7.16 £ 0.04 8.34 + 0.02 7.09 + 0.02 8.20 + 0.07 8.21 £ 0.05
0.84 + 0.03 1.00 £ 0.03 0.96 + 0.02 1.05 £ 0.04 0.85 + 0.02
Methoctramine 7.60 £ 0.14 8.34 + 0.09 6.88 + 0.06 7.86 + 0.05 7.81 £ 0.01
0.79 +£ 0.03 0.99 +£ 0.04 0.96 + 0.05 0.99 + 0.04 0.84 £ 0.03
DABDMA 7.87 £ 0.02 6.65 + 0.01 8.00 + 0.01 6.93 + 0.04 7.70 £ 0.14
0.93 + 0.03 1.01 £ 0.06 0.95 + 0.03 0.89 +£0.10 0.94 + 0.02
Secoverine 8.85 + 0.02 8.86 + 0.05 8.28 + 0.04 9.44 + 0.05 9.31 £ 0.02
1.05 £ 0.05 1.09 £ 0.09 0.97 + 0.03 1.07 £ 0.03 1.04 + 0.03
Tropicamide 7.18 £ 0.04 7.30 £ 0.05 7.42 + 0.05 717 £ 0.04 7.85 + 0.07
0.88 + 0.04 0.97 + 0.06 0.96 + 0.02 1.05 + 0.02 0.94 + 0.01
Aprophen 9.07 + 0.01 8.31 + 0.07 8.47 + 0.09 8.26 + 0.03 8.42 +£ 0.09
1.09 £ 0.15 0.94 + 0.04 0.91 +0.09 0.96 + 0.02 0.96 + 0.04
Atropine 9.55 +0.10 9.01 £ 0.04 9.51 +£ 0.06 9.15 + 0.07 9.56 + 0.09
1.04 £ 0.06 1.04 + 0.02 0.95 + 0.04 0.97 £ 0.03 1.07 £ 0.03
Benzhexol 9.13+0.14 7.86 + 0.05 8.53 + 0.06 8.71 £ 0.04 8.71 £ 0.07
0.95 + 0.11 0.94 + 0.02 0.92 + 0.05 1.02 £ 0.03 0.89 + 0.04
Benztropine 9.60 + 0.01* 8.42 + 0.00 9.15+ 0.1 8.68 + 0.07 9.05 + 0.04
1.03 £ 0.08 1.19 £ 0.07 1.02 + 0.1 1.07 £ 0.06 1.05+£0.10
Biperiden 9.27 +£ 0.06 7.97 £ 0.08 8.73 £ 0.11 8.77 +£ 0.08 8.69 £ 0.10
1.08 + 0.00 1.00 £ 0.02 0.89 + 0.08 0.96 + 0.03 0.92 + 0.02
Botiacrine 8.52 + 0.04 7.97 £ 0.02 7.78 £ 0.09 8.37 £ 0.07 8.29 +£0.10
0.96 + 0.04 0.90 + 0.06 0.88 + 0.04 1.03 £ 0.02 0.91 £ 0.05
BTM1086 9.54 + 0.11* 8.31 £ 0.04 9.06 + 0.05* 8.69 + 0.02 9.00 + 0.04
1.18 £ 0.13 0.97 + 0.04 0.96 + 0.04 0.98 + 0.02 0.99 £ 0.03
CClI19234 8.89 + 0.04 7.47 £ 0.04 8.01 £ 0.09 848 + 0.11 8.41 + 0.05°
1.18 £ 0.03 0.88 + 0.05 0.96 + 0.04 1.03 £ 0.01 1.02 +£ 0.11
Cyclopentolate 8.79 + 0.02 7.56 + 0.01 8.58 + 0.01 8.33 + 0.05* 8.59 + 0.04*
0.94 + 0.02 0.96 + 0.03 0.96 + 0.01 1.00 + 0.03 0.93 +£0.12
4-DAMP 8.99 + 0.16 8.15 £ 0.03 9.23 + 0.06 8.32 £ 0.07 8.85 + 0.06
0.82 + 0.03 1.02 + 0.02 0.97 £ 0.06 1.05 £ 0.05 0.95 + 0.03
Dicyclomine 9.21 £ 0.07 7.49 + 0.04 8.75 + 0.05 8.26 + 0.15 8.82 +0.11
1.08 + 0.07 0.94 + 0.05 0.97 £ 0.02 1.05 + 0.02 0.90 + 0.06
Eucatropine 7.04 +0.02 6.49 + 0.02 6.36 + 0.05 6.37 + 0.09 6.67 + 0.09
0.95 + 0.02 1.00 +£ 0.04 0.93 + 0.01 0.98 + 0.03 1.02 £ 0.02
HSD 8.14 + 0.05 6.92 + 0.04 8.40 + 0.03 7.61 £ 0.01 7.97 £ 0.05
1.04 £ 0.07 0.95 + 0.02 0.96 + 0.03 1.03 + 0.01 0.88 + 0.04
Homatropine 7.38 +0.04 6.78 + 0.04 7.23+0.03 7.14 £ 0.05 7.60 + 0.01
0.98 + 0.01 0.89 + 0.02 0.94 + 0.04 1.00 +£ 0.04 0.94 + 0.02
Ipratropium 9.15 + 0.07 9.44 + 0.02 9.43 + 0.04 9.67 £ 0.09 9.89 +0.10
0.83 + 0.05 0.94 + 0.02 0.95 + 0.05 0.98 + 0.01 0.98 + 0.04
Orphenadrine 7.39 £ 0.02 6.85 + 0.02 7.01 £0.08 6.67 £ 0.09 7.09+0.10
0.94 + 0.04 0.95 + 0.04 0.95 + 0.00 0.97 + 0.01 0.96 + 0.04
Oxybutinin 9.19 + 0.04 8.50 + 0.05 9.20 + 0.07 8.57 + 0.04 9.35 + 0.06
114 £0.10 0.92 + 0.02 1.03 + 0.08 1.02 + 0.04 0.92 + 0.04
Piperidolate 7.19 £ 0.04 6.85 + 0.04 6.81 + 0.02 7.44 £ 0.03 7.19 £ 0.01
0.97 +£ 0.03 0.95 + 0.04 0.96 + 0.02 1.02+£0.03 0.95 + 0.01
Procyciidine 8.35 + 0.06 7.37 £ 0.03 8.14 £ 0.06 8.22 + 0.08 832+ 0.11
1.05 + 0.04 0.94 + 0.03 0.97 + 0.01 0.93 £ 0.04 0.95 + 0.01
PrBCh 8.15 +£ 0.07* 8.38 £ 0.14 8.09 + 0.14 8.63 + 0.04 8.23 + 0.05
0.88 + 0.07 0.98 + 0.06 1.02 £ 0.03 1.01 £ 0.01 1.03 + 0.05
Scopolamine 9.73 + 0.05* 8.85 + 0.02* 9.74 + 0.02* 9.03 + 0.07 9.65 + 0.02
1.08 + 0.06 0.87 +£ 0.06 1.01 £ 0.01 1.00 +£ 0.02 0.94 + 0.04
Telenzepine 8.89 + 0.05 7.77 £ 0.00 8.12+0.09 8.61 £ 0.05 8.58 + 0.09
1.21 £ 0.14 0.97 + 0.01 1.00 + 0.01 1.04 + 0.05 0.95 + 0.03

* Mean and range/2 of two experiments; all other results are mean and standard error of n = 3 experiments.

Kinetic studies. Kinetic parameters for [’ H]NMS and [*H]
PRZ are shown in Table 2. [PH]PRZ dissociated relatively
slowly in all tissues studied, and dissociation was slower in
rabbit cortex than in rat cortex. Dissociation rates in rabbit
lung and chicken heart were similar to each other and more
rapid than in cortex. At radioligand concentrations less than
the K, such as those practically feasible with [*H]PRZ, the

observed association rate constant, K, approximates the dis-
sociation rate constant, so no attempt was made to measure
the true association rate constants for [*H]PRZ.

The dissociation rate constants for [’H]NMS roughly paral-
leled its K, values in the tissues studied, with t,, values ranging
from 2.5 min in rat heart to 43 min in rat gland. The dissocia-
tion rate in rabbit lung was one third the rate in chicken heart
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TABLE 4
Selectivity of antagonists at five muscarinic binding sites

The antagonists’ selectivity at each pair of sites is the ratio of the larger K, to the smaller; where the first K, in the comparison is the larger (i.e., the antagonist has lower
affinity at the first site), the ratio is preceded by a minus sign. The sites are [*HJPRZ in the rat cortex (M,), PH]NMS in rat heart (M,), [PHJNMS in rat submandibular giand
(Ms), [*HINMS in chicken heart (CH), and [*H]JNMS in rabbit peripheral lung (RL). The K; or [PHINMS K, values are derived from Tables 1 and 3.

Selectivity ratio

o RL vs. M, RL v8. Mg RLvs. My RL vs.CH CHvs. M, CHvs. M, CHvs. My M, vs. My M, vs. My M; vs. My
[PHINMS 4 1 3 1 -3 -3
PRZ -4 10 2 -1 -3 13 3 35 9 -4
Himbacine 1 -1 13 1 1 -1 13 -15 1 18
Methoctramine 2 -3 9 -1 2 -3 10 -5 5 29
DABDMA -1 1" -2 6 -9 2 -12 17 -1 -22
Secoverine 3 3 1 -1 4 4 14 -1 4 4
Tropicamide 5 4 3 5 -1 -1 -2 -1 -2 -1
Aprophen -4 1 -1 1 -6 -1 -2 6 4 -1
Atropine 1 4 1 3 -3 1 -2 3 1 -3
Benzhexol -3 7 2 0 -3 7 2 19 4 -5
Benztropine -4 4 -1 2 -8 2 -3 15 3 -5
Biperiden -4 5 -1 -1 -3 6 1 20 3 -6
Botiacrine -2 2 3 -1 -1 3 4 4 5 2
BTM1086 -3 5 -1 2 -7 2 -2 17 3 -6
CCi19234 -3 9 3 -1 -3 10 3 26 8 -3
Cyclopentolate -2 1 1 2 -3 6 -2 17 2 -10
4-DAMP -1 5 -2 3 -5 1 -8 7 -2 -12
Dicyciomine -2 21 1 4 -9 6 -3 52 3 -18
Eucatropine -2 2 2 2 -5 -1 1 4 5 1
HSD -1 1 -3 2 -3 5 -6 17 -2 -30
Homatropine 2 7 2 3 -2 2 -1 4 1 -3
Ipratropium 5 3 3 2 3 2 2 -2 -2 1
Orphenadrine -2 2 1 3 -5 -2 -2 3 2 -1
Oxybutinin 1 7 1 6 -4 1 -4 5 -1 -5
Piperidolate 0 2 2 -2 2 4 4 2 2 1
Procyclidine -1 9 2 1 -1 7 1 10 2 -6
PrBCh 1 -1 1 -3 3 2 3 -2 1 2
Scopolamine -1 6 -1 4 -5 2 -5 8 -1 -8
Telenzepine -2 6 3 -1 -2 7 3 13 6 -2

and twice the rate in NG108-15 cells (Fig. 2). The [*"H]NMS
dissociation rate of each tissue was significantly different from
that of every other tissue (p < 0.05). The kinetically derived K,
estimates are in good agreement with those derived from satu-
ration analysis, except for rat and chicken heart, in which the
association rate constant estimates were probably inacurate
because the radioligand concentration was similar to the K,
and, therefore, too low for accurate estimates.

The dissociation of [P(H]NMS from NG108-15 membranes
appeared to contain a rapid component (Fig. 2), and these
curves were analyzed further with a nonlinear procedure. A
two-component model provided a much better fit than a one-
component model (p < 0.05 to p < 0.001, K, = 0.46 + 0.13
min~?}, K, = 0.021 = 0.001 min™’, n = 3), with the fast compo-
nent comprising 21 + 5% of the bound sites.

Agonist inhibition studies. The ability of magnesium and
a guanine nucleotide to modulate agonist binding to chicken
heart and rabbit lung is shown in Fig. 3. In the absence of
magnesium, Gpp(NH)p increased the slope and IC,, for car-
bachol in chicken heart but had no effect in rabbit lung.
Magnesium alone decreased the slope and ICq, for carbachol in
both tissues, and the addition of Gpp(NH)p increased the slope
and ICy to the values observed with Gpp(NH)p alone. Mag-
nesium and Gpp(NH)p had no effect on [PH]NMS saturation
parameters (data not shown).

Antagonist inhibition studies. [°H]JPRZ binding in
chicken heart and rabbit lung was inhibited by himbacine and
PRZ with pK; values very similar to those found when [°*H]

NMS was used as the label. PRZ had pK; values very similar
to the pK; values measured in saturation studies and was about
3-fold weaker against [*H]JPRZ in chicken heart and rabbit
lung than in rabbit cortex (pK; 7.4, 7.6, and 8.1, respectively).
Himbacine, in contrast, inhibited [*H]PRZ binding with 10-
fold greater potency in chicken heart and rabbit lung than in
rat cortex (Fig. 4) (pK; in chicken heart, 8.1 + 0.1, n = 2; rabbit
lung, 8.1 + 0.1, n = 2; rat cortex, 7.1). Himbacine had a similar
pK; at [’H)PRZ sites in rabbit cortex (7.1) and in rat cortex.
The pK; and slope values for a number of antagonists against
[*H]PRZ in rat cortex and [PH]JNMS in rat heart, rat gland,
chicken heart, and rabbit lung are shown in Table 3. In rabbit
lung, most drugs had slope factors of about unity, but himbacine
and methoctramine had somewhat shallow slopes, suggesting
that rabbit lung may contain a small component of M; sites.
All compounds had slopes of about unity in chicken heart.
Table 4 shows the ratio of K; values for each drug at each pair
of sites. Most compounds did not differentiate between the
various sites, but a number of compounds showed about 10-
fold selectivity between the sites in rabbit lung and at least one
of the other sites. Himbacine was weaker at M, sites, and PRZ
and DABDMA were weaker at M, sites, as were cyclopentolate,
dicyclomine, HSD, and procyclidine; himbacine, methoctra-
mine, and secoverine were weaker at M; sites. Few compounds
distinguished between chicken heart and rabbit lung, but
DABDMA, tropicamide, and oxybutinin were about §-fold more
potent in rabbit lung. Fig. 5 shows occupancy curves for secov-
erine and tropicamide in the five tissues. Fig. 6 shows the pK;
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Fig. 5. Occupancy curves of secoverine and tropicamide in five tissues.
Membranes from rat cortex were incubated with 0.6 nm [*H]PRZ (M,
sites) (O), and membranes from rat heart (M. sites) (M), rat gland (M,
sites) (A), chicken heart (@), and rabbit lung (O) were incubated with 0.1
nm [PHINMS in the presence of various concentrations of secoverine (a)
or topicamide (b). Nonspecific binding was measured in the presence of
1 um atropine. The influence of the fixed [*H]JNMS concentration has
been accounted for by adjusting the antagonist concentrations used with
a particular tissue according to the equation [A’] = [AJ/([L}/Ks + 1),
where [A] is the actual concentration of antagonist, [L] is the fixed
concentration of [PHINMS, K, is the K, of [*H]NMS in the tissue, and [A’]
is the adjusted antagonist concentration plotted in the graphs. The data
for each antagonist were obtained in a single experiment conducted in
duplicate.

values of six of the most discriminating compounds, PRZ,
himbacine, methoctramine, DABDMA, secoverine, and tropi-
camide, at the non-lung sites, compared with their pK; values
at rabbit lung sites. It is apparent that rabbit lung is more
similar to chicken heart than to any other site.

In a further series of experiments, this set of six discriminat-
ing compounds was studied in parallel in rabbit lung and
NG108-15 cell membranes (Table 5, Fig. 7). The [PH]NMS
sites in rabbit lung were almost identical to those in NG108-15
cells, although the 2-fold lower affinity of PRZ for NG108-15
sites precludes the use of [PHJPRZ to label and characterize
these sites.

Northern blots. Results of Northern blot analysis are
shown in Fig. 8. A single 3-kb hybridizing transcript was
detected with the m4 oligonucleotide probes, whereas no signal
was seen with m1, m2, m3, or m5 probes.

Muscarinic Binding Sites in Chicken Heart and RabbitLung 811
Discussion

The first subdivision of muscarinic receptors based on a
selective competitive antagonist was made by Barlow et al. (22),
who described the functional selectivity of 4-DAMP for smooth
muscle compared with cardiac muscarinic receptors. The sub-
sequent development of the selective antagonists PRZ (23),
HSD (24), AF-DX116 (25), himbacine (26), and methoctramine
(27) has led to the subdivision of muscarinic receptors into M,,
M:; (cardiac), and M; (glandular or functional smooth muscle)
subtypes (28). Molecular biological studies have identified the
genes that probably generate these muscarinic receptor sub-
types, the m1, m2, and m3 genes (28). It is known, however,
that at least two other types of muscarinic receptor gene, the
m4 and m5 genes, are expressed in mammalian tissue (1-4),
and a number of muscarinic receptors, characterized pharma-
cologically in functional or binding studies, do not fit readily
into the M,, M;, and M; pharmacological classification. The
binding sites in chicken heart and rabbit lung are two such
atypical muscarinic receptors, and here we have attempted to
establish pharmacological criteria for determining whether one
or both of these sites represent the M, site. Using these criteria,
we found a close similarity between rabbit lung sites and
putative m4 sites in NG108-15 cells, and we have supported
the validity of the pharmacology by demonstrating a predomi-
nance of m4 mRNA in rabbit lung.

Muscarinic receptors in chick heart are similar to mamma-
lian heart (M;) receptors in supporting high affinity guanine
nucleotide-sensitive agonist binding (Ref. 29 and this study)
and mediating inhibition of adenylyl cyclase (12), but unlike
mammalian M, receptors they have high affinity for PRZ (Ref.
12 and this study). They mediate a negative inotropic response
(30, 31) and inhibition of acetylcholine release (30). Choo et al.
(31) measured the pA; or pK, values of a number of antagonists
for inhibition of the negative inotropic effect in chick atria.
Their values for secoverine, PRZ, and 4-DAMP were similar to
our binding values in chicken heart, but their values for atro-
pine, himbacine, and methoctramine were about 10-fold lower
than ours. Qur results are very similar to comparable binding
values reported recently (32).

There are species differences in the muscarinic binding char-
acteristics of mammalian lung parenchyma. PRZ has moderate
to low potency in rat and guinea pig lung and higher potency
in rabbit and human lung (Ref. 33-37 and this study). The
sites in rabbit lung can be distinguished from those in human
lung and from M, sites by their higher affinity for AF-DX116
(13, 34, 37) and himbacine (this study),® although the hetero-
geneity of sites in human lung precludes firm conclusions at
this time about their subtype composition. The location of the
binding sites within rabbit lung parenchyma is unknown but
they may not be on smooth muscle, because Bloom et al. (38)
found that PRZ had low affinity for agonist-contracted rabbit
bronchial rings. These authors also found that PRZ had high
potency in blocking vagally induced bronchoconstriction in the
rabbit, but this is disputed (39).

All the antagonists that we studied had relatively high affin-
ity for rabbit lung, including those considered to be M, selective
(PRZ and telenzepine), M, selective (himbacine and methoc-
tramine), and M; selective (HSD, 4-DAMP, and DABDMA).
Bloom et al. (33) found shallow slopes with PRZ in competition

3S. Lazareno, unpublished observations.
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TABLE 5 tramine was too small to quantify accurately. It is thought that

pK; values of selective antagonists in rabbit lung and NG108-15 cell
membranes

Each experiment contained a saturation curve for [PHJNMS and inhibition curves
for five antagonists in the presence of 0.1 nm [*H]JNMS in both rabbit lung and
NG108-15 membranes. The saturation curves were analyzed by the program
LIGAND according to a one-site model. Inhibition curves were analyzed with the
program ALLFIT and IC,, values were converted to K, values using the [PH]NMS
K, measured in the same experiment and the equation of Cheng and Prusoff (20).
The K, (pM) and Bmex (fmol/mg of protein) were, respectively, rabbit lung, 34 + 3
and 184 + 3; NG108-15 cels, 25 + 2 and 105 £+ 14;n = 4).

Rabbit ling NG108-15

pK Siope pK Slope

PRZ 3 7.55 £ 0.05 0.97 + 0.03 7.20 + 0.05 0.93 + 0.01
Himbacine 3 8.47 £ 0.05 0.85 + 0.02 8.53 + 0.02 0.92 + 0.03
Methoctramine 4 7.83 + 0.11 0.82 + 0.01 8.09 + 0.07 0.78 + 0.05

n

DABDMA 3 7.58 £0.09 1.00 £ 0.10 7.71 + 0.03 1.00 + 0.04
Secoverine 3 9.48 + 0.03 1.03 + 0.06 9.28 + 0.03 1.06 + 0.06
Tropicamide 2 8.00 + 0.05 0.97 + 0.01 8.08 + 0.03 0.99 + 0.02

with [*H]quinuclidinyl benzilate, and they concluded that high
affinity [*H]PRZ sites comprised about 80% of the total mus-
carinic population. In our studies, PRZ gave slope values ap-
proaching unity, and a possible contribution of M; sites to the
slightly shallow slopes observed with himbacine and methoc-

highly lipophilic radioligands such as [*H]quinuclidinyl benzi-
late can label a population of sites in membranes to which less
lipophilic ligands such as PRZ and [PH]NMS have limited
access (40), and this may have contributed to the small PRZ
slopes observed by Bloom et al. (33). The second messenger
coupling of muscarinic receptors in rabbit lung parenchyma
has not, to our knowledge, been reported, but, in contrast to
Bloom et al. (33), we found that agonist binding to these sites
was modified by guanine nucleotides.

There are three previous reports on selective antagonist
binding to NG108-15 cells. One study (41) found a portion of
the sites to bind [*H]PRZ with high affinity, whereas our results
agree with those of the others (42, 43) in finding that the pK;
of PRZ of about 7.2 was too low to allow readily detectable [*H]
PRZ binding. We found no evidence for a small population of
high affinity PRZ sites, either in displacement studies or in
direct binding studies with [*H]JPRZ. With regard to other
antagonists, the values reported by Michel et al. (43) in NG108-
15 membranes for PRZ, methoctramine, and 4-DAMP are
virtually identical to the values we obtained in NG108-15 and/
or rabbit lung membranes. Our values differ considerably, how-
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Fig. 7. Comparison between pK; values of PRZ (P), himbacine (H),

methoctramine (M), DABDMA (D), secoverine (S), and tropicamide (T) at

[*H]NMS sites in membranes from NG108-15 ceils and rabbit lung. The

two standard errors on each point are shown. The data are from Table

5.

Fig. 8. Northem biot analysis of total cellular rabbit lung RNA. Size
markers are provided by the 28 S and 18 S ribosomal bands correspond-

ing to 5.1 and 2.0 kb, respectively. Approximate size of the hybridizing
m4 transcript is 3 kb.

ever, from values observed by Michel et al. (44) at M,, M;, M,
and PC12 cell sites, although the latter cells were reported to
have an identical pharmacology to NG108-15 cells (43). This
discrepancy could be accounted for by the different buffers used

Muscarinic Binding Sites in Chicken Heart and RabbitLung 813

in the two studies of Michel et al.* Our results in NG108-15
cells are also consistent with results in m4-transfected cells (9,
10).

NG108-15 cells have been reported to express only m4 RNA
(2).° In kinetic experiments with these cells, however, we found
a rapidly dissociating component of [P H]NMS binding. We also
found that displacement curves with methoctramine in these
cells had shallow slopes, and there was a (nonsignificant) trend
for higher pK; values to correlate with lower slopes (r = 0.7, n
= 5). Although shallow slopes may relate to an allosteric effect
observed with methoctramine at concentrations above 1 uM
(45, 46),° this pattern of results is also consistent with the
presence of a population of M, sites together with M, sites in
our NG108-15 cells. The finding that methoctramine was the
only compound to give flat slopes in NG108-15 cells may be
explained by the fact that methoctramine was the only com-
pound to have higher potency at M, (rat heart) sites than at
NG108-15 sites, and its ability to discriminate an M, compo-
nent among the NG108-15 sites would be enhanced by the
opposite selectivity of the radioligand [PH]NMS (8).

In general, our results at M,, M,, and M; sites confirm and
extend those reported previously (7, 8, 47-50) but the data for
two compounds require comment. (a) Although we agree with
Takayanagi et al. (51) that BTM1086 distinguishes between
M, and M, sites, we did not find it to be selective between M,
and M; sites. (b) DABDMA was reported (52) to be the most
selective of a series of tertiary 4-DAMP analogues in functional
studies with guinea pig ileum and atria. Among the drugs we
have tested, it was second only to HSD in its selectivity for Ms
and M, sites. Like HSD and 4-DAMP, however, it did not
distinguish between M, and M, sites.

The binding sites in rabbit lung do not fall into the M,~-M;
category. They cannot be M, sites because himbacine had 10-
fold higher affinity at these sites than at ‘true’ M, sites in rat
cortex, and this is not merely a species difference, because
himbacine had a similar low affinity at M, sites in rabbit and
rat cortex. Rabbit lung sites cannot be M, sites because of their
relatively high affinity for PRZ, cyclopentolate, and dicyclom-
ine, and they cannot be M; sites because of their high affinity
for himbacine, methoctramine, and secoverine.

The sites in chicken heart are pharmacologically similar to
those in rabbit lung, with high affinity for PRZ, himbacine,
and secoverine, the latter compound with overall selectivity for
these tissues, but they are not identical because DABDMA and
[*'H]NMS are 3-6-fold more potent in rabbit lung. Tropicamide
and oxybutinin are also about 5-fold more potent in rabbit lung
than in chicken heart, the former compound with an overall 3-
5-fold selectivity for rabbit lung. Chick and mammalian heart
receptors have different structures (29) and the chick heart
receptor has recently been cloned and sequenced (53). Interest-
ingly, it has the greatest homology with the mammalian m4
receptor and has, therefore, been designated the cm4 receptor.
This structural similarity between m4 and cm4 receptors is
consistent with the pharmacological similarity we found be-
tween rabbit lung and chicken heart sites. The cm4 receptor
may also occur in avian brain (53, 54).

Having assessed a range of antagonists in the five tissues, we
chose six of the most discriminating compounds to compare

¢ A. Michel, personal communication.
® N. Buckley, unpublished observations.
¢S. Lazareno, unpublished observations.
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the muscarinic sites in rabbit lung and NG108-15 cell mem-
branes. NG108-15 cells have been reported to express exclu-
sively the m4 receptor (2), so this was a pharmacological test
of the hypothesis that the rabbit lung contains M, sites. We
found that rabbit lung was more similar to NG108-15 cells than
to any other tissue studied. The largest discrepancy was that
PRZ was 2-fold less potent in NG108-15 cells, and this differ-
ence spanned a practical threshold allowing reasonable [*H]
PRZ specific binding only to rabbit lung. Overall, however, the
two sites were very similar; the pK; values of the six compounds
in the two tissues were highly correlated (r = 0.95) and the
regression line had a slope not significantly different from unity
and an intercept not significantly different from zero.

Dissociation kinetics provide another criterion for distin-
guishing among receptor subtypes (55). Our values for [*H]
NMS dissociation rate are very similar to other reports (32,
43), and each tissue in our study had a significantly different
value from every other tissue. The 8-17-fold difference between
rat gland and chicken or rat heart clearly supports the conclu-
sion that these are different subtypes, and the 3-fold difference
between chicken heart and rabbit lung may support the same
conclusion. The [*H)NMS dissociation rate constants for gland,
rabbit lung, and NG108-15 cells, however, differed by only
about 2-fold or less, as did the [°H]JPRZ dissociation rates in
cortex and lung. These differences are probably too small to
contribute to the identification of receptor subtypes.

The close pharmacological similarity between muscarinic
sites in rabbit lung and NG108-15 cells led us to study the
muscarinic receptor mRNA in rabbit lung. The predominance
of m4 transcripts in this tissue supports the notion that the
rabbit lung muscarinic site characterized in the present study
corresponds to an m4 muscarinic receptor. This is the first time
that mammalian m4 mRNA has been localized to nonneural
tissue. Previously, m4 transcripts have been found only in
specific brain regions (56), autonomic ganglia,” and neural cell
lines. Further studies are required to identify the cell types in
rabbit lung that express the m4 receptor and to determine
whether the small pharmacological differences between rabbit
lung and NG108-15 sites relate to species differences, differ-
ences in membrane environment, or some other factor.

In conclusion, rabbit peripheral lung contains muscarinic
binding sites characterized by a moderate to high affinity for
PRZ, himbacine, and secoverine. They are pharmacologically
distinct from M,, M,, or M; sites, are more similar to muscarinic
sites in chicken heart, and are most similar to muscarinic sites
in NG108-15 cells. These results, and the presence of musca-
rinic m4 receptor mRNA, suggest that rabbit lung contains
muscarinic sites of the M, subtype.
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