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BACKGROUND AND PURPOSE

Activation of muscarinic receptors results in catecholamine secretion in adrenal chromaffin cells in many mammals, and
muscarinic receptors partly mediate synaptic transmission from the splanchnic nerve, at least in guinea pigs. To elucidate the
physiological functions of muscarinic receptors in chromaffin cells, it is necessary to identify the muscarinic receptor subtypes
involved in excitation.

EXPERIMENTAL APPROACH

To identify muscarinic receptors, pharmacological tools and strains of mice where one or several muscarinic receptor subtypes
were genetically deleted were used. Cellular responses to muscarinic stimulation in isolated chromaffin cells were studied with
the patch clamp technique and amperometry.

KEY RESULTS

Muscarinic My, M4 and Ms receptors were immunologically detected in mouse chromaffin cells, and these receptors
disappeared after the appropriate gene deletion. Mouse cells secreted catecholamines in response to muscarinic agonists,
angiotensin Il and a decrease in external pH. Genetic deletion of M;, but not Ms;, M4 or Ms, receptors in mice abolished
secretion in response to muscarine, but not to other stimuli. The muscarine-induced secretion was suppressed by MT7, a
snake peptide toxin specific for M receptors. Similarly, muscarine failed to induce an inward current in the presence of MT7
in mouse and rat chromaffin cells. The binding affinity of VU0255035 for the inhibition of muscarine-induced currents agreed
with that for the M; receptor.

CONCLUSIONS AND IMPLICATIONS
Based upon the effects of genetic deletion of muscarinic receptors and MT7, it is concluded that the M; receptor alone is
responsible for muscarine-induced catecholamine secretion.

Abbreviations
HA, haemagglutinin; IR, immunoreactivity; KO, knockout; nAChR, nicotinic ACh receptor
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (“’Alexander et al., 2013a,b).

Introduction

The chromaffin cells of the adrenal medulla, which originate
from the same neural crest as sympathetic ganglion cells
(Donoghue et al., 2008), function as endocrine cells. Sympa-
thetic ganglion cells and chromaffin cells in mammals are
innervated by sympathetic preganglionic nerve fibres. The
mechanisms of synaptic transmission in chromaffin cells,
however, have not been elucidated to the same extent as
those in sympathetic ganglion cells. In the latter, ACh medi-
ates fast and slow EPSPs through nicotinic ACh receptors
(nAChRs) and muscarinic ACh receptors (muscarinic recep-
tors) respectively (Brown, 1967; 2013; Jan and Jan, 1982).
ACh-mediated slow EPSPs have been shown to occur due to
the inhibition of M channels (Adams et al., 1982), which
mainly comprise the Ky7.2 and Ky7.3 subunits (Brown and
Passmore, 2009). On the contrary, due to the morphological
constraint of the adrenal medulla, synaptic transmission
mediated by ACh has not been sufficiently explored. In slices
of rat adrenal medullae, field stimulation produces fast EPSPs
via nAChRs, but not slow EPSPs via muscarinic receptors
(Kajiwara et al., 1997). However, the expression of muscarinic
receptors has been detected biochemically and/or function-
ally in chromaffin cells of almost every, if not all, mammalian
animals (Olivos and Artalejo, 2008; Harada et al., 2011). We
have recently reported that catecholamine secretion electri-
cally evoked in perfused guinea pig adrenal medullae is partly
blocked by retrograde application of hexamethonium, a
nAChR blocker, and the remaining component is abolished
by atropine, a muscarinic receptor antagonist (Inoue et al.,
2012), indicating that muscarinic receptors are involved in
synaptic transmission at least in guinea pig chromaffin cells.
To further elucidate the physiological functions of muscarinic
receptors in chromaffin cells, it would be necessary to identify
the muscarinic receptor subtypes involved in catecholamine
secretion. Displacement experiments of ligand binding by
muscarinic reagents have suggested the involvement of the
M, and M, receptor subtypes in canine (Tobin et al., 1992)
and cat chromaffin cells (Ballesta et al., 1989) respectively.

Our experiments where immunocytochemical exploration
was combined with functional analyses with muscarinic ago-
nists suggested that Ms receptors are involved in secretion in
rat chromaffin cells (Harada et al., 2011), whereas M; and M;
(Asano etal., 1995) or M, receptors (Inoue and Imanaga,
1995) appear to be involved in guinea pig cells by functional
analysis. Each of these studies, however, lacks decisive
evidence.

Genetic deletion of proteins is a powerful technique for
the identification of receptors involved in a signalling
cascade. This technique, however, is generally restricted to
mice. Furthermore, the effects of deletion of a certain receptor
subtype might be compensated for by other subtypes (Zhou
et al., 2013). Therefore, the results obtained from the deletion
experiments should be interpreted with caution. Further-
more, as an important trait responsible for function is pre-
served beyond species, whether or not muscarinic receptor
subtypes involved in catecholamine secretion are preserved
in chromaffin cells of other species cannot be explored with
knockout mice alone. The present study was undertaken to
identify the muscarinic receptor subtypes involved in cat-
echolamine secretion. For this purpose, pharmacological
tools and various strains of mice where one or several mus-
carinic receptor subtypes are genetically deleted were used
(Matsui et al., 2004). The results unambiguously indicated
that the M, receptor alone mediates catecholamine secretion
in response to muscarine and the involvement of M, recep-
tors is preserved in chromaffin cells of mice and rats.

Methods

All animal care and experimental procedures were approved
by the IACUC of the University of Occupational and Envi-
ronmental Health. Studies involving animals were reported
in accordance with the ARRIVE guidelines (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 87 animals were used
in the experiments described here. Male Wistar rats and male
C57BL/6 mice, two to six months old, were obtained from
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Kyudo (Tosu, Saga, Japan). The animals were allowed free
access to food and water and maintained on a 12 h light/dark
cycle with controlled temperature (22 = 2°C) and humidity
(55 = 5%).

Whole-cell recording

The animals were killed by cervical dislocation, and adrenal
glands were excised and immediately placed into ice-cold
Ca*-deficient saline in which 1.8 mM CaCl, was omitted from
standard saline (composition; 137 mM NaCl, 5.4 mM KClI,
1.8 mM CaCl,, 0.5 mM MgCL, 0.53 mM NaHPO,, 5 mM
D-glucose, 5 mM HEPES and 4 mM NaOH; pH 7.4). The
adrenal gland was cut in half, and the adrenal cortex, which
was yellowish in colour, was removed from the whitish
adrenal medulla using microscissors and forceps under stereo-
scopic observation. The adrenal medullae were treated with
7 mg-mL™"' collagenase in Ca*-deficient saline for 20 min
while they were gently stirred with bubbles of O, gas. This
enzyme treatment was repeated twice with a fresh enzyme
solution, and then the preparation was kept in Ca*-deficient
saline at 5°C for up to 4 h until the experiment commenced.

The whole-cell current was recorded in an isolated chro-
maffin cell using the nystatin perforated patch method, as
described elsewhere (Inoue and Imanaga, 1995; Inoue et al.,
2008). Briefly, one or two pieces of adrenal medulla prepara-
tions were placed in a bath set on the stage of an inverted
microscope, and chromaffin cells were dissociated mechani-
cally with fine needles. The standard pipette solution con-
tained 120 mM potassium isethionate, 20 mM KCI, 10 mM
NaCl, 10 mM HEPES and 2.6 mM KOH (pH 7.2). On the day
of the experiment, nystatin dissolved in dimethyl sulfoxide
(5 mg in 100 pL) was added to the pipette solution at a final
concentration of 100 ug-mL™". Currents were recorded with a
patch clamp amplifier (Axopatch 200A; Axon Instruments,
Foster City, CA, USA) and then fed into a thermal recorder
after loss-pass filtering at 15 Hz and into a digital audio tape
(DAT) recorder (RD-120TE; TEAC, Tama, Tokyo, Japan). All
chemicals were applied to the bath. The membrane potential
was corrected for a liquid junction potential of -3 mV
between the standard pipette solution and saline.

To examine the concentration dependence for muscarine-
induced currents, a range of concentrations of muscarine
were randomly applied to reduce the effects of time-
dependent changes in these currents. For the analysis of the
dose-dependence of the muscarine-induced current (I), Sigma
plot (10.0; SPSS Inc., Chicago, IL, USA) was used to fit a peak
value of I to a rectangular hyperbola I = (Imax X [A]) / (Kg + [A]),
where I, is the maximum value of I, [A] is the concentration
of muscarine and K; is a constant equal to the concentration
of muscarine causing half the maximal response (ECs). I was
expressed relative to the current caused by 30 uM muscarine
in the same cell. The approximation of control dose-
dependence of the current with the hyperbola was con-
strained by I = 1 at 30 uM of muscarine. The muscarinic
antagonists were assumed to act competitively; their disso-
ciation constants (Kp) were estimated with Ky, = [B] x Ky7/(Ks”
— Ky), where [B] is the antagonist concentration and K" and
K3” are the muscarine ECs, values in the absence and presence
of the antagonist. This expression is a transformation of the
Gaddum-Schild equation (Arunlakshana and Schild, 1959).
Experiments were carried out at 26 + 2°C.
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Amperometry

Catecholamine secretion from single or clustered chromaffin
cells was measured using amperometry, as described else-
where (Inoue et al., 1998). A carbon fibre electrode (ProCFE;
Dagan Corporation, Minneapolis, MN, USA) was carefully
placed on a chromaffin cell and +600 mV was applied to the
electrode under voltage clamp conditions. The current due to
the oxidation of catecholamine at the tip of the electrode was
recorded using an Axopatch 200A amplifier. Data were stored
on a DAT data recorder and fed to a thermal recorder after
low-pass filtering at 15 Hz.

Immunocytochemistry

Immunostaining of dissociated chromaffin cells, which had
been fixed in 4% paraformaldehyde-containing phosphate
buffer, was performed as previously described (Inoue et al.,
2000; Harada et al., 2011). For indirect immunofluorescence
studies, cells were treated overnight with rabbit anti-M;
receptor antibody (Frontier Institute, Ishikari, Japan), mouse
anti-M, receptor antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), mouse anti-M, receptor antibody (Chemi-
con, Temecula, CA, USA) or rabbit anti-M; receptor antibody
(Abcam, Tokyo, Japan). Immunocytochemical specificity of
the antibodies against the rat muscarinic receptor subtypes
was confirmed in our earlier work (Harada et al., 2011). After
incubation, the cells were washed three times with phosphate
buffer saline and then treated with a respective secondary
antibody conjugated with Alexa 488 or 546 (Molecular Probe,
Eugene, OR, USA). The fluorescence was observed using a
laser scanning confocal microscope (LSMS5 Pascal; Carl Zeiss,
Tokyo, Japan). The objective lens was an oil-immersion lens
with a magnification of 63x, and fluorescence was observed
with appropriate laser lines and filter sets.

Cell culture and transfection

PC12 (provided by K. Mizuno) cells were cultured in DMEM
(Invitrogen, Tokyo, Japan) supplemented with 10% FBS
(Nichirei, Tokyo, Japan) and transfected as described else-
where (Harada et al., 2011). Briefly, the LipofectAMINE 2000
reagent (Invitrogen) was used to transfect PC12 cells with
expression vectors for haemagglutinin (HA)-tagged human
M, or Ms muscarinic receptors or for GFP-TWIK-related acid-
sensitive K* channels (TASK)1 (Matsuoka et al., 2013) and
constitutively active human M, or M; receptors (Missouri S&T
cDNA Resource Center, Rolla, MO, USA), according to the
manufacturer’s instructions. The transfected cells were placed
onto glass coverslips coated with collagen type I (BD Bio-
sciences, San Jose, CA, USA) and then cultured for 24 h. After
fixation with 4% paraformaldehyde and permeabilization
with 0.1% Triton X-100, the cells were treated with anti-M;
receptor antibody, anti-M; receptor antibody or anti-HA anti-
body (Santa Cruz Biotechnology) and then with the second-
ary antibody.

Data analysis

Data are shown as the means + SEM, and the statistical analy-
sis was evaluated by Student’s t-test. A P < 0.05 was considered
to be statistically significant.

Materials
Muscarine chloride, himbacine, and pilocarpine hydrochlo-
ride were obtained from Sigma-Aldrich (St. Louis, MO, USA);



PD 102807, 4-DAMP and AF-DX 384 were from Tocris
(Bristol, UK); MT3, MT7 and angiotensin II were from Peptide
Institute (Osaka, Japan); nicotine was from Nacalai (Kyoto,
Japan); collagenase was from Yakult (Tokyo, Japan); and McN-
A-303 was from RBI (Natick, MA, USA).

Results

Muscarinic antagonists in rats

Different efficacies in muscarinic agonists suggest the
involvement of M;s receptors in catecholamine secretion in
rat chromaffin cells (Harada et al., 2011). Thus, muscarinic
antagonists were used to explore whether or not the M;
receptors were involved in our experimental system. The
antagonists used here were himbacine, AF-DX384, PD102807
and 4-DAMP: the binding affinity values of the first two
reagents against Ms receptors are two orders lower than those
against M, receptors, and the affinity of the last against M,
receptors is one order lower than that against the others
(Dérje et al., 1991; Caulfield and Birdsall, 1998; Béhme et al.,
2002). As previously reported (Inoue et al., 2008), bath appli-
cation of muscarine induced an inward current via inhibiting
TASK1 channels in a dose-dependent manner in rat chroma-
tfin cells (Figure 1A and B). The peak amplitudes of the
muscarine-induced currents were well approximated by a rec-

Muscarinic receptors in catecholamine secretion

tangular hyperbola with an ECs, of 12.7 uM. The dose-
response curve was shifted in a parallel manner to the right in
the presence of 0.1 uM himbacine, 0.1 uM AF-DX 384, 1 uM
PD102807 or 0.01 uM 4-DAMP (Figure 1A and C). The appar-
ent affinity value of each antagonist was calculated from a
change in ECs in the presence of the antagonist, and plotted
against published values for binding affinity (Dorje et al.,
1991; Bohme et al., 2002) (Figure 2). The functional affinity
values showed better agreement with the binding affinity
estimates for M;, M, and Mj; receptors rather than those for
M, and M; receptors.

Mouse chromaffin cells

Single or several muscarinic receptor subtypes have been
genetically deleted in mice (Matsui et al., 2004). Thus, these
knockout (KO) mice were used for the identification of mus-
carinic subtypes. The amperometric method was used to
measure catecholamine secretion in response to stimuli. Bath
application of 30 pM muscarine induced secretion in 26% of
isolated chromaffin cells of wild-type mice, which showed a
robust secretion in response to 30 uM nicotine (Figure 3).
This incidence of muscarinic secretion was the same as that in
double KO mice lacking M; and Ms receptor subtypes
(Figure 3C; Table 1), and 64% (n = 7) and 60% (n = 6) of the
cells responding to muscarine in the double KO mice also
showed catecholamine secretion in response to two different
muscarinic agonists McN-A-363 and pilocarpine (Richards
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Figure 1

Effects of antagonists on dose-dependent production of an inward current in response to muscarine in rat chromaffin cells. (A, B) Experimental
traces of whole-cell currents in response to a range of concentrations of muscarine, with and without 0.01 uM 4-DAMP. The whole-cell currents
were recorded at -50 mV with the perforated patch clamp method in rat isolated chromaffin cells. Muscarine (MUS) and 4-DAMP were applied
to the bath during the indicated periods (bars for muscarine; interrupted lines for 4-DAMP). Arrows indicate zero current level. A and B are different
cells. (C) Dose-response curves for muscarine-induced currents in the absence and the presence of 1 uM PD102807, 0.01 uM 4-DAMP, 0.1 uM
himbacine or 0.1 uM AF-DX 384. Each point represents mean + SEM of 2-26 observations for control, 3-6 for PD102807, 4-7 for 4-DAMP, 3-8
for himbacine and 3 for AF-DX 384. The data were approximated by rectangular hyperbolae.
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Figure 2

Comparison of functional affinities with binding affinity estimates. The negative logarithms of functional affinities (abscissa) of the muscarinic
antagonists obtained in electrophysiological analyses are plotted against those of binding affinity estimates (ordinate). The data represent negative
logarithms of means of functional affinities (means £ SEM in nM: 655 £ 195 for PD102807; 44.6 + 97.6 for himbacine; 24.1 £ 66.1 for AF-DX 384;
1.43 £ 32.9 for 4-DAMP) and means + SEMs of negative logarithms of binding affinity estimates [those of antagonists except PD102807 are from
Dérje et al. (1991) and mean of PD102807 is from Bohme et al. (2002)]. All SEMs are within the symbols. The straight lines represent y = x. The
correlation coefficients between the straight line and the data points for M;, M, Ms;, M4 and Ms receptors are 0.9708, 0.7927, 0.9325, 0.3118

and 0.7245 respectively.

Table 1

Muscarinic receptor-induced secretion in chromaffin cells from wild-
type and muscarinic receptor KO mice

% of cells

% of cells

Number responding suppressed

of mice to muscarine by MT7
Wild-type 1 14/54 = 26% 5/5 = 100%
M;KO 2 0/27 = 0% -
MsKO 2 1/18 = 6% 1/1 = 100%
MsMsKO 3 14/50 = 28% 7/7 = 100%
M;M4KO 2 0/20 = 0% -
M;M;M4KO 3 0/24 = 0% -

and van Giersbergen, 1995) respectively (Figure 3C). Further-
more, catecholamines were secreted in response to muscarine
in 1 of 18 chromaffin cells from M3 KO mice (Table 1). On the
contrary, muscarine did not induce secretion in any of the
chromaffin cells examined from single (M,), double (M; and
M,) and triple (M;, M;, and M,) KO mice (Figure 3D and E;
Table 1). These results suggest that only the M, receptor was
involved in muscarinic agonist-induced secretion in mouse
chromaffin cells. However, the failure of muscarine to induce
secretion in chromaffin cells of M; KO mice might have been
ascribed to a defect in signalling downstream of M, receptors.
To explore this possibility, the effects of angiotensin II were
examined. Angiotensin AT, receptors, whose stimulation
leads to catecholamine secretion (Teschemacher and Seward,
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2000), are coupled to PLC via G4 (De Gasparo et al., 2000), as
is the M, receptorsubgroup comprising M;, M3 and M; recep-
tors. Thus, we examined the effects of genetic deletion of
muscarinic receptors on angiotensin II-induced secretion. All
the chromaffin cells examined (n =8, n =9 and n = 12 in
wild-type, MM, KO, and M;M,M, KO mice respectively)
secreted catecholamine in response to 1 uM angiotensin II
(Figure 3B, D and E). These results indicate that G4-PLC sig-
nalling was not altered by M, receptor ablation. Furthermore,
a decrease in the external pH to 6.8 induced secretion, prob-
ably via inhibition of TASK channel activity (Inoue etal.,
2008; 2012), in 38% (n = 3), 38% (n = 6) and 60% (n = 18) of
the cells examined in wild-type, MiM4KO and M;M;M; KO
mice respectively (Figure 3B, D and E). These results suggest
that the expression of TASK1 channels was not affected by the
lack of M; receptors.

Muscarinic toxins

The results with the KO mice clearly indicated the involve-
ment of the M, receptor subtype in secretion. This notion was
further examined with MT7, a specific peptide inhibitor for
M, receptors (Servent and Fruchart-Gaillard, 2009). To our
surprise, catecholamine secretion in response to muscarine in
wild-type mouse chromaffin cells was reversibly abolished by
10 nM MT?7 (Figure 3A) (Krajewski et al., 2001). A similar sup-
pression of muscarinic secretion occurred in chromaffin cells
from M; single KO and MyM; double KO mice (Table 1). This
reversible suppression of secretion prompted us to examine,
in greater detail, the effects of MT7 on muscarine-induced
currents in mouse chromaffin cells. As shown in Figure 4A
and D, exposure to MT7 in mouse cells resulted in a time-
dependent diminution of an inward current in response to
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Figure 3

Catecholamine secretion in chromaffin cells of mice with or without genetic deletion of muscarinic receptors. Each row represents traces of
amperometric recordings of catecholamine secretion in the same isolated chromaffin cell. Chemicals (MUS, 30 uM muscarine; NIC, 30 uM
nicotine; ANG, 1 uM angiotensin II; PIL, 30 uM pilocarpine; McN, 30 uM McN-A-343; MT7, 0.01 uM MT7) were applied to the bath. (A)
Muscarine-induced secretion was reversibly suppressed by MT7 in wild-type mice. (B) Catecholamine secretion evoked by nicotine, angiotensin
Il and a decrease in external pH to 6.8 (pH 6.8) in wild-type mice. (C) Catecholamine secretion induced by different muscarinic agonists
(muscarine, McN-A-343 and pilocarpine) in M4sMs double KO mice. (D, E) catecholamine secretion occurred in response to nicotine, pH 6.8, and
angiotensin I, but not to muscarine in MM, double KO and M;M;M; triple KO respectively.

muscarine. After washout of the inhibitor, the muscarinic
current was restored. Also in rat chromaffin cells (Figure 4B),
application of MT7 produced a reversible inhibition of the
muscarine-induced current. In contrast to the potent
inhibition by MT7, exposure to 100 nM MT3, a muscarinic
toxin that is selective to M, receptors (Servent and
Fruchart-Gaillard, 2009), resulted in no change in 30 uM
muscarine-induced currents in rat chromaffin cells (Figure 4C
and D). These results strongly suggest that MT7 suppressed
the muscarine-induced currents by inhibiting M, receptors.

VU0255035

A novel selective antagonist of M; receptor, VU0255035, has
recently been described by Sheffler et al., (2009). As shown in
Figure 5A, muscarine-induced currents were reversibly sup-
pressed by 0.03 uM VUO0255035. This antagonist shifted
the dose-response curve for muscarine rightward, in a
concentration-dependent manner (Figure 5B). The Schild
plot, which was constructed from fold changes in dose-
response curve in the presence of 0.03, 0.1 and 0.3 uM
VU0255035, provided a Kp value of 14.8 nM (confidence
interval, 6.7-32.8 nM). This value was identical to that
(14.5 nM) obtained from binding experiments with M, recep-
tors (Sheffler et al., 2009).

Immunocytochemistry

Immunocytochemical techniques were also used to explore
which subtypes of muscarinic receptors are expressed in
mouse chromaffin cells. A portion of the M;-like immunore-
activity (IR) was present at the cell periphery, but the majority
was in the cytoplasm (Figure 6A). Genetic deletion of M;
receptors clearly suppressed such IR (Figure 6B and C). Con-
sistent with the results from rat cells, mouse chromaffin cells
were not stained with an anti-M, receptor antibody
(Figure 6A), which has been shown to be effective in immu-
nostaining (Harada et al., 2011). In contrast to M;-like IR,
M,-like immunoreactions were mainly localized at the cell
periphery in wild-type chromaffin cells, and the genetic dele-
tion of the M4 receptor subtype abolished most of them
(Figure 6B). Ms-like immunoreactive materials were exclu-
sively present at the cell periphery, and again, genetic dele-
tion of M;s receptors resulted in the abolition of its IR
(Figure 6B and C). It is worth noting that the immunostain-
ing for M; receptors was not obviously altered in chromaffin
cells lacking M, and M, receptor subtypes (Figure 6B).

Constitutively active muscarinic receptors
Immunocytochemistry clearly revealed that mouse chromaf-
fin cells express M;, My and M; receptors. As M; and M;
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5

Suppression of muscarine (MUS)-induced currents by MT7 in mouse and rat chromaffin cells. (A) 30 uM muscarine-induced inward current is
reversibly suppressed by 0.01 uM MT7 in a mouse cell. (B, C) muscarine-induced current is suppressed by MT7, but not by 0.1 uM MT3, in rat
cells respectively. The whole-cell currents in A, B and C were recorded at —50, —55 and -50 mV with the perforated patch clamp method
respectively. Arrows indicate zero current level. The current recordings were interrupted for the indicated times. (D) Summary of muscarine-
induced currents in the presence of MT7 and MT3 in rat and MT7 in mouse chromaffin cells. Muscarine-induced currents in the presence of toxins
were expressed relative to those in its absence. The data represent the mean £ SEM of four to six and four observations for MT7 and MT3 in rat,

respectively, and three to four in mice.

receptors are both known to be coupled with PLC via a
Pertussis toxin-insensitive G protein, was not clear why Ms
receptors were not able to mediate muscarine-induced secre-
tion in these cells. One possibility is that M; and M; receptors
are present in different membrane domains, and M;, but not
Ms, receptors are efficiently coupled with the signalling
pathway responsible for catecholamine secretion. To address
this issue, constitutively active muscarinic receptors were
expressed in PC12 cells, an immortalized cell line of rat chro-
maffin cells (Greene and Tischler, 1976). Activation of mus-
carinic receptors in rat chromaffin cells results in an
inhibition of TASK1 channels (Inoue et al., 2008), and this
inhibition is, at least in part, ascribed to internalization of
channels (H. Matsuoka and M. Inoue, unpubl. obs.; see
Matsuoka et al., 2013). Therefore, the extent of channel inter-
nalization was quantified in PC12 cells expressing constitu-
tively active M; or M; receptors (Figure 7). When GFP-TASK1
channels were expressed in PC12 cells, almost all of GFP-
TASK1 proteins were localized at the cell periphery (Figure 7B
and C), probably in the cell membrane. When GFP-TASK1
channels were expressed together with constitutively active
M, receptors, almost all of the GFP-TASK1 proteins were
present in the cytoplasm (Figure 7A and C). In contrast to M;
receptors, expression of constitutively active Ms receptors
resulted in only partial internalization of GFP-TASK1- and
half of the channels remained at the cell periphery (Figure 7A
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and C). This difference in internalization might have been
accounted for by the expression levels of muscarinic recep-
tors. This possibility, however, was not likely because the
amounts of Ms receptors immunologically detected did not
obviously differ from those of M, receptors (Figure 7A). These
results indicate that the low potency of constitutively active
M; receptors to internalize TASK1 channels is more likely to
be due to a poor coupling with the downstream signalling
pathway involved in channel internalization than to a low
expression level of these receptors.

Discussion and conclusion

Identification of muscarinic receptors

Immunocytochemical studies revealed the expression of
several muscarinic receptor subtypes in rat (Harada et al.,
2011) and mouse chromaffin cells. In addition to My and M;
receptors that are predominantly expressed in rat chromaf-
fin cells (Harada et al., 2011), M;-like IRs were detected in
mouse cells and the majority of them were present in the
cytoplasm. We do not know if there is a similar distribution
of M;-like IR in rat chromaffin cells. One of the possible
causes for overlooking M;-like IR is that these receptors are
predominantly present in the cytoplasm. Because of this
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Effects of VU0255035 on dose-dependent production of an inward current in response to muscarine (MUS) in rat chromaffin cells. (A) Trace of
whole-cell current in response to a range of concentrations of muscarine with or without 0.03 uM VU0255035. The whole-cell current was
recorded at —40 mV with the perforated patch clamp method in an isolated rat chromaffin cell. MUS and VU0255035 (VU35) were applied to the
bath during the indicated periods (bars for muscarine; interrupted lines for VU35). Arrow indicates zero current level. (B) Dose-response curves
for muscarine-induced currents in the absence (without symbol) and the presence of 0.03, 0.1 and 0.3 uM VU35. Each point represents the mean
+ SEM of four to six, three to four and five to six observations for 0.03, 0.1 and 0.3 pM VU35 respectively. The control dose-response curve is the
same as that in Figure 1. The data were approximated by rectangular hyperbolae. (C) Schild plot. R represents the ratio of ECs, in the presence
of VU35 to ECs in the absence of VU35. Logarithms of R — 1 were plotted against negative logarithms of VU35 concentrations. Y= 7.83 — x was
fitted to data points with a least-squares method (correlation coefficient, 0.9253).

staining characteristic, it might have been thought to be
non-specific. Genetic deletion of the M; receptor subtype
resulted in a marked decrease in M;-like IR in the cytoplasm
as well as at the periphery, and M, and Ms-like IRs in the
cell membrane also disappeared with the knockout of the
M, and M; receptor genes. Therefore, immunostaining in
chromaffin cells of wild-type and KO mice clearly indicate
the expression of M;, M, and Ms receptor subtypes. The M;
receptors are mainly present in the cytoplasm, whereas M,
and Ms receptors are at the cell periphery, probably in the
cell membrane.

Muscarinic M; and M; receptors are coupled with PLC via
a Pertussis toxin-insensitive G protein, whereas M, receptors
are associated with adenylyl cyclase via a G; protein. When
M, or M;s receptors are expressed in HEK293 cells together
with M channels, stimulation of either of the receptors
induces a similar extent of M channel inhibition (Guo and
Schofield, 2003). Therefore, the finding that genetic deletion
of the M; receptor alone was enough to abolish catecho-
lamine secretion in response to muscarine was unexpected.
The M; receptor, whose expression at the cell periphery was
not impaired with the genetic deletion of M, receptors, was
not able to substitute for the lack of M, receptors in terms of
catecholamine secretion. Muscarine-induced secretion was
not obviously affected by knockout of M, or M;s receptors.
However, muscarine did induce secretion in 1 of 18 chroma-
ffin cells of the M3;KO mice. This incidence of the muscarine-
induced secretion was lower than those in wild-type and
MiM;s KO mice. One possibility for the low incidence in M3

KO cells is that M; receptors play a facilitatory role for M;
receptor-mediated secretion, as noted in guinea pig ileal
smooth muscle (Zholos and Bolton, 1997). The results with
the KO mice unambiguously indicate that the M; receptor
subtype alone is responsible for muscarine-induced secretion.
This notion is further supported by the abolition of mus-
carinic secretion in all the cells of wild-type, M; KO and M M5
double KO mice by MT7, a specific inhibitor of M; receptors
(Servent and Fruchart-Gaillard, 2009). The M, receptor is also
involved in muscarinic excitation in rat chromaffin cells.
Firstly, exposure to MT7, but not to MT3, even at concentra-
tions 10 times higher, resulted in the suppression of mem-
brane current responses to muscarine in rat cells. Secondly,
the functional affinity value of VU0255035 for the inhibition
of muscarine-induced currents completely accords with that
against M, receptors obtained from binding experiments and
differs by 50- to 160-fold from those against the other mus-
carinic receptor subtypes (Sheffler et al., 2009). On the con-
trary, conventional antagonists were not sufficiently selective
to identify muscarinic subtypes involved in muscarinic
excitation.

Finally, it is worth considering why M; receptors cannot
substitute for M; receptors in mediating muscarine-induced
secretion in M; KO mice. One possible explanation would be
that M, and M; receptors, which can both be coupled to PLC
(Caulfield and Birdsall, 1998; Guo and Schofield, 2003), are
localized in different membrane domains in chromaffin cells.
This intracellular separation of receptors is possible as differ-
ent receptor subtypes are known to be present at different
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Immunocytochemical staining for muscarinic receptors in isolated chromaffin cells of wild-type and muscarinic receptor KO mice. (A) Immu-
nostaining for M;, M, M4 and Ms receptors in wild-type mice. First and second columns are confocal fluorescent images of M; (n = 10), M,
(n=3), M4 (n=14) and Ms (n = 9)-like IRs and merge of fluorescent images and direct interference contrast (DIC) images. (B) Immunostaining
for My, M4 and Ms-like IRs in MM, and M4Ms double KO mice. First and second columns, confocal fluorescent images of My (M1M4: n=10; M4Ms:
n=11), My (MiMs: n = 8, M4Ms: n = 9) and Ms (MsMs: n = 19; MsMs: n = 16)-like IRs and merge of fluorescent images and DIC images.
(C) Summary of amount of M;- and Ms-like IRs in MyM,4 and M4Ms double KO mice. Data represent the mean + SEM. *P < 0.001, significantly

different as indicated.

membrane sites in the same cell. Thus, B;-adrenoceptors in
rat cardiac myocytes were exclusively detected in raft mem-
brane fractions, whereas ,-adrenoceptors were present in raft
and non-raft fractions (Rybin etal.,, 2000). Furthermore,
although stimulation of Mj receptors endogenously present
in HEK293 cells induced Ca?* mobilization from store sites,
it failed to suppress exogenously expressed M channels
(Oldfield etal., 2009). The activation of M; receptors
expressed exogenously in the cells, however, resulted in M
channel inhibition (Oldfield etal., 2009). Fractionation
analyses indicated that both M, receptors and M channels
were enriched in raft membranes, which are known to be a
platform for various forms of neurotransmitter signalling
(Allen et al., 2007). Based upon these results, the failure of
endogenous M; receptors to inhibit M channels in HEK293
cells was assumed to be due to their presence in non-raft
membranes. Similar arguments might apply to the findings
that M;, but not M;, receptors were involved in catecho-
lamine secretion, although both were expressed at the cell
periphery. The majority of M;-like immunoreactions in
mouse chromaffin cells were detected in the cytoplasm, but
some of them were present at the cell periphery, probably the
cell membrane. Because of the suppression of the catecho-
lamine secretion and membrane current responses by the
peptide inhibitor MT7, this minority of M, receptors present
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at the cell membrane may be involved in the signalling
responses to muscarinic agonists.

Phylogeny

It is worth considering the phylogeny of chromaffin cells in
terms of receptors and ion channels as they are important
traits mediating cellular functions. Catecholamine secretion
from adrenal chromaffin cells in lower vertebrates, such as
agnathans, is not under neuronal control, and with advance-
ment in phylogeny, neuronal regulation of secretion becomes
increasingly important (Perry and Capalda, 2011). Nerve ter-
minals on chromaffin cells in archaic frogs are infrequent but
become more abundant in advanced frogs, such as Rana
(Milano and Accordi, 1983). In the adrenal chromaffin cells of
the toad, ACh induces catecholamine secretion via nAChRs
and not via muscarinic receptors (Nassar-Gentina et al.,
1991). On the contrary, muscarinic stimulation results in the
generation of slow EPSPs by inhibiting M channels in the
sympathetic ganglion cells of such frogs (Brown and Adams,
1980; Jan and Jan, 1982). In birds (Knight and Baker, 1986)
and mammals (Wakade and Wakade, 1983), stimulation of
muscarinic receptors in chromaffin cells induced catecho-
lamine secretion. This phylogenic difference in nAChR- and
muscarinic receptor-mediated secretion is reproduced in the
ontogeny of chromaffin cells in rats (Oomori et al., 1998).
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Effects of constitutively active muscarinic receptors on the distribution of GFP-TASK1 channels in PC12 cells. (A) Confocal fluorescent images of
GFP-TASKT and M;- or Ms-like IRs in PC12 cells. PC12 cells were transfected with expression vectors for GFP-TASK1 and constitutively active M,
or Ms. First, second and third columns, green fluorescence for GFP-TASK1, red fluorescence for M; or Ms and merge of the first and the second.
(B) Confocal fluorescent image of GFP-TASK1 in a PC12 cell. Green fluorescence. (C) Summary of the extents of GFP-TASK1 internalization in cells
with or without (—) expression of constitutively active M; or Ms receptors. The amounts of GFP-TASK1 at the cell periphery and in the cytoplasm
were separately measured using Metamorph, and then the extent of channel internalization was expressed as fractions of GFP-TASK1 at the cell
periphery to the total of GFP-TASK1 at the cell periphery and in the cytoplasm. Data represent the mean = SEM of n= 21, n=24 and n=5 for
active M, active Ms and (-), respectively. *P < 0.001, significantly different as indicated.

Embryonic rat chromaffin cells, just before birth, exhibited
an increase in intracellular Ca®* concentration in response to
stimulation of nAChRs, but not of muscarinic receptors,
whereas cells after birth responded to muscarinic receptor
stimulation as well. Muscarinic receptors are responsible for
part of neuronal transmission in guinea pig chromaffin cells
(Inoue etal., 2012; Warashina and Inoue, 2012). Taken
together with phylogenic and ontogenic considerations, this
result suggests that muscarinic signalling in chromaffin cells
develops to help animals cope with life-threatening stress. As
has been elegantly demonstrated in canine sympathetic gan-
glion cells (Brown, 1967), muscarinic receptors may increase
reliability in neuronal transmission under severely stressful
conditions where nAChR-mediated transmission would be
expected to be markedly impaired due to desensitization.
The different appearances of muscarinic receptors in sym-
pathetic ganglion cells and adrenal chromaffin cells in phy-
logeny suggest that adrenal chromaffin cells may not
differentiate from sympathetic ganglion cells. Rather, chro-
maffin cells and sympathetic ganglion cells originate from
two distinct cells that are separated from a common cell at an
early stage of development (Huber, 2006). This notion would
be supported by the fact that the resting membrane potential
in rat sympathetic ganglion cells (Lamas et al., 2002; Brown,
2013) and chromaffin cells (Inoue et al., 2008) is at least in
part contributed by M channels and TASK channels respec-
tively. Thus, it would be interesting that the M, receptor

alone is responsible for muscarinic excitation in both chro-
maffin cells and sympathetic ganglion neurons (Bernheim
et al., 1992; Hamilton et al., 1997).

In summary, although M,, M, and M;s receptors were
expressed in mouse chromaffin cells, only the M, receptors
were involved in muscarine-induced excitation, with conse-
quent secretion of catecholamines.
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