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Abstract The slow cholinergic transmission in autonomic
ganglia is known to be mediated by an inhibition of Kv7
channels via M1 muscarinic acetylcholine receptors. Howev-
er, in the present experiments using primary cultures of rat
superior cervical ganglion neurons, the extent of
depolarisation caused by the M1 receptor agonist
oxotremorine M did not correlate with the extent of Kv7
channel inhibition in the very same neuron. This observation
triggered a search for additional mechanisms. As the activa-
tion ofM1 receptors leads to a boost in protein kinase C (PKC)
activity in sympathetic neurons, various PKC enzymes were
inhibited by different means. Interference with classical PKC
isoforms led to reductions in depolarisations and in noradren-
aline release elicited by oxotremorine M, but left the Kv7
channel inhibition by the muscarinic agonist unchanged. M1

receptor-induced depolarisations were also altered when
extra- or intracellular Cl− concentrations were changed, as
were depolarising responses to γ-aminobutyric acid.
Depolarisations and noradrenaline release triggered by
oxotremorine M were reduced by the non-selective Cl− chan-
nel blockers 4-acetamido-4′-isothiocyanato-stilbene-2,2′-di-
sulfonic acid and niflumic acid. Oxotremorine M induced
slowly rising inward currents at negative membrane potentials
that were blocked by inhibitors of Ca2+-activated Cl− and
TMEM16A channels and attenuated by PKC inhibitors. These
channel blockers also reduced oxotremorine M-evoked nor-
adrenaline release. Together, these results reveal that slow
cholinergic excitation of sympathetic neurons involves the
activation of classical PKCs and of Ca2+-activated Cl− chan-
nels in addition to the well-known inhibition of Kv7 channels.
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Abbreviations
CaCCinh-A01 6-(1,1-Dimethylethyl)-2-[

(2-furanylcarbonyl)amino]-
4,5,6,7-tetrahydrobenzo[b]
thiophene-3-carboxylic acid

GÖ 6976 12-(2-Cyanoethyl)-6,7,12,13-
tetrahydro-13-methyl-5-oxo-5H-
indolo[2,3-a]pyrrolo[3,4-c]carbazole

GÖ 6983 3-[1-[3-(Dimethylamino)propyl]-
5-methoxy-1H-indol-3-yl]-4-
(1H-indol-3-yl)-1H-pyrrole-
2,5-dione

mAChRs Muscarinic acetylcholine receptors
nAChRs Nicotinic acetylcholine receptors
PKC Protein kinase C
SCG Superior cervical ganglion
SITS Disodium 4-acetamido-4′-

isothiocyanato-stilbene-2,2′-
disulfonic acid

T16Ainh-A01 2-[(5-Ethyl-1,6-dihydro-4-methyl-
6-oxo-2-pyrimidinyl)thio]-N-
[4-(4-methoxyphenyl)-2-thiazolyl]
acetamide

XE 991 10,10-bis(4-Pyridinylmethyl)-9
(10H)-anthracenone

Introduction

Acetylcholine is the prime transmitter in the ganglia of the
entire autonomic nervous system; it excites postganglionic
neurons simultaneously via two different types of receptors:
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nicotinic (nAChRs) and muscarinic (mAChRs) acetylcholine
receptors. Ganglionic transmission via these two receptors can
occur independently of each other [8, 36]. However, the exci-
tation of postganglionic neurons via mAChRs is much slower
than that via nAChRs and involves a G protein-mediated
inhibition of Kv7 channels, also known as M-type K+ channels
[9]. There are at least five different subtypes of mAChRs,
named M1 throughM5 [38], and the inhibition of Kv7 channels
in postganglionic sympathetic neurons was found to involve
M1 receptors [5, 28]. The underlying signalling mechanism is a
phospholipase C-mediated depletion of phosphatidylinositol-
4,5-bisphosphate (PIP2) in the neuronal plasmamembrane [11].

In primary cultures of postganglionic sympathetic neurons,
activation of M1 mAChRs causes depolarisation and action
potential firing, which ultimately leads to exocytotic noradren-
aline release from the axon terminals [23, 27]. The following
results indicated that an inhibition of Kv7 channels contributed
to this sequence of events: (1) retigabine, an activator of Kv7
channels, abolished noradrenaline release evoked by the
mAChR agonist oxotremorine M, but not that triggered by
electrical field stimulation [23]; (2) direct inhibition of Kv7
channels by Ba2+ and/or linopirdine also elicited action
potential- and Ca2+-dependent noradrenaline release from
sympathetic neurons [7, 20]; (3) activation of B2 bradykinin
receptors on sympathetic neurons caused an inhibition of Kv7
channels [18], on one hand, and led to noradrenaline release,
on the other hand, again in an action potential- and Ca2+-
dependent manner [7]. However, in the case of B2 bradykinin
receptors, an additional mechanism was found to mediate
sympathoexcitation caused by this peptide: an activation of
protein kinase C [34]. In sympathetic neurons, protein kinase
C (PKC) can also be activated via mAChRs [26], and PKC
may also contribute to the muscarinic inhibition of Kv7 chan-
nels [15], most probably by regulating the PIP2 sensitivity of
the channel [24]. However, it is still unknown whether PKC
might also be involved in the excitation of postganglionic
sympathetic neurons via M1 receptors and, if so, whether a
PKC-dependent excitation of sympathetic neurons also relies
on an inhibition of Kv7 channels.

Noradrenaline release from sympathetic neurons is not
only triggered by an activation of M1 receptors, as described
above, but is also modulated (i.e. enhanced or decreased) by
several muscarinic receptors located at the axon terminals
where exocytosis occurs. These presynaptic receptors gener-
ally mediate a reduction of action potential-evoked noradren-
aline release, which is in most instances based on an inhibition
of voltage-activated Ca2+ channels via pertussis toxin-
sensitive G proteins [21]. Therefore, experiments regarding
the release of noradrenaline were carried out on neurons
treated with pertussis toxin in order to largely eliminate con-
founding effects of inhibitory presynaptic muscarinic recep-
tors. The results demonstrate that the activation of M1 recep-
tors can depolarise sympathetic neurons and induce

noradrenaline release independently of Kv7 channels; the
alternative signalling mechanisms include classical PKC en-
zymes and Ca2+-activated Cl− channels.

Materials and methods

Primary cultures of rat superior cervical ganglion neurons

Primary cultures of dissociated superior cervical ganglion (SCG)
neurons from neonatal rats were prepared as described before
[22]. Newborn Sprague–Dawley rats were kept and killed 3–
10 days after birth by decapitation in full accordance with all
rules of the Austrian animal protection law (see http://ris1.bka.
gv.at/Appl/findbgbl.aspx?name=entwurf&format=pdf&docid=
COO_2026_100_2_72288) and the Austrian animal experiment
law (see http://www.ris.bka.gv.at/Dokumente/BgblAuth/
BGBLA_2012_I_114/BGBLA_2012_I_114.pdf). The ganglia
were removed immediately after decapitation of the animals,
cut into three to four pieces and incubated in collagenase (1.
5 mg ml−1; Sigma, Vienna, Austria) and dispase (3.0 mg ml−1;
Boehringer Mannheim, Vienna, Austria) for 30 min at 36 °C.
Subsequently, they were further incubated in trypsin (0.25 %
trypsin; Worthington, Lakewood, NJ) for 15 min at 36 °C,
dissociated by trituration and resuspended in Dulbecco’s
modified Eagle’s Medium (InVitrogen, Lofer, Austria)
containing 2.2 g l−1 glucose, 10 mg l−1 insulin, 25,000 IU l−1

penicillin and 25 mg l−1 streptomycin (InVitrogen), 50 μg l−1

nerve growth factor (R&D Systems Inc., Minneapolis, MN) and
5 % fetal calf serum (InVitrogen). Finally, all cells were seeded
onto 5-mm plastic discs for radiotracer release experiments and
onto 35-mm culture dishes for electrophysiological experiments.
All tissue culture plastic was coated with rat tail collagen (Bio-
medical Technologies Inc., Stoughton, MA). The cultures were
stored for 4–8 days in a humidified 5 % CO2 atmosphere at
36 °C. On days 1 and 4 after dissociation, the medium was
exchanged entirely.

Electrophysiology

Recordings were carried out at room temperature (20–24 °C)
on the somata of single SCG neurons using the perforated-
patch version of the patch-clamp technique which prevents the
rundown of currents through Kv7 channels [6]. Patch pipettes
were pulled (Flaming-Brown Puller, Sutter Instruments,
Novato, CA) from borosilicate glass capillaries (Science Prod-
ucts, Frankfurt/Main, Germany) and front-filled with a solu-
tion consisting of (in millimolars) K2SO4, 75; KCl, 55;
MgCl2, 8; and HEPES, 10, adjusted to pH 7.3 with KOH.
Then, electrodes were backfilled with the same solution con-
taining 200 μg/ml amphotericin B or 50 μg/ml gramicidin D
(in 0.8 % DMSO), which yielded tip resistances of 1–3 MΩ.
In some current-clamp recordings, KCl in the pipette was
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replaced by identical concentrations of either CsCl or K-
gluconate. For the measurement of oxotremorine M-induced
currents, the pipette solution contained (in millimolars) KCl,
140; CaCl2, 1.0; MgCl2, 0.7; EGTA, 10; and HEPES, 10,
adjusted to pH 7.3 with KOH. The bathing solution consisted
of (in millimolars) NaCl, 140; KCl, 3.0; CaCl2, 2.5; MgCl2,
2.0; glucose, 20; and HEPES, 10, adjusted to pH 7.4 with
NaOH. With this bath solution, liquid junction potentials
ranged between −8 mV for pipette solutions containing
K2SO4 plus KCl or CsCl and −12.4 mV for the pipette solution
containing 55 mM K-gluconate. These values were corrected
for during experimentation. Tetrodotoxin (0.5 μM) was includ-
ed to suppress action potential firing which interferes with the
precise determination of depolarisations. All other drugs were
applied via a DAD-12 drug application device (Adams & List,
Westbury, NY), which permits a complete exchange of solu-
tions surrounding the cells under investigation within <100 ms.
To investigate currents through Kv7 channels, cells were held at
a potential of −30 mV, and four times per minute 1-s
hyperpolarisations to −55 mV were applied to deactivate the
channels; the difference between current amplitudes 20ms after
the onset of hyperpolarisations and 20 ms prior to re-
depolarisation was taken as a measure for currents through
Kv7 channels. Amplitudes obtained during the application of
test drugs (b) were compared with those measured before (a)
and after (c) application of these drugs by calculating 200b/(a+
c)=% of control or 100−(200b/[a+c])=% inhibition [6].

Determination of [3H]noradrenaline release

[3H]noradrenaline uptake and superfusion were performed as
described [23]. Briefly, plastic discs with dissociated neurons
were incubated at 36 °C for 1 h in 0.05 μM [3H]noradrenaline
(specific activity, 42.6 Ci/mmol) in culture medium containing
1 mM ascorbic acid. Thereafter, these discs were introduced
into small chambers and superfused with a solution consisting
of (in millimolars) NaCl, 120; KCl, 6.0; CaCl2, 2.0; MgCl2,
2.0; glucose, 20; HEPES, 10; fumaric acid, 0.5; Na-pyruvate,
5.0; and ascorbic acid, 0.57; adjusted to pH 7.4 with NaOH.
Superfusion was performed at 25 °C at a rate of about 1.0 ml/
min. Collection of 4-min superfusate fractions was started
after a 60-min washout period to remove excess radioactivity.

To investigate noradrenaline release evoked by
oxotremorine M, the muscarinic agonist was included in the
superfusion buffer for 2 min, unless indicated otherwise. For
comparison, tritium overflow was also elicited by the appli-
cation of 60 monophasic rectangular electrical pulses (0.5 ms,
60 mA, 50 V/cm) delivered at a frequency of 1.0 Hz. Modu-
latory agents, i.e. PKC inhibitors, ion channel blockers, furo-
semide or bumetanide were present from minute 50 of
superfusion (i.e. 10 min prior to the start of sample collection)
onward. The radioactivity remaining in the cells after finishing
the experiments was extracted by immersion of the discs in

2 % (v/v) perchloric acid. Radioactivity in extracts and col-
lected fractions was determined by liquid scintillation
counting (Perkin Elmer Tri-Carb 2800 TR). Radioactivity
released in response to electrical field stimulation from rat
sympathetic neurons after labelling with tritiated noradrena-
line under conditions similar to those of this study had been
shown to consist mainly of the authentic transmitter and to
contain only small amounts (<15 %) of metabolites [35].
Therefore, the outflow of tritium as determined here was
assumed to reflect the release of noradrenaline and not that
of metabolites.

The spontaneous (unstimulated) rate of [3H] outflow was
obtained by expressing the radioactivity of a collected fraction
as a percentage of the total radioactivity in the cultures at the
beginning of the corresponding collection period.
Stimulation-evoked tritium overflow was calculated as the
difference between the total [3H] outflow during and after
stimulation and the estimated basal outflow which was as-
sumed to decline linearly throughout experiments. Therefore,
basal outflow during periods of stimulation was assumed to
equate to the arithmetic mean of the samples preceding and
those following stimulation, respectively. The difference be-
tween the total and the estimated basal outflow was expressed
as a percentage of the total radioactivity in the cultures at the
beginning of the respective stimulation (% of total radioactiv-
ity). The amount of electrically or oxotremorine M-evoked
tritium release may vary considerably between different SCG
preparations [23]. Therefore, tritium overflow in the presence
of release-altering agents, such as PKC, transporter or channel
inhibitors, was always compared with that obtained within the
same SCG preparation in the presence of solvent. To directly
compare the effects of different modulatory agents upon elec-
trically and oxotremorine M-evoked overflow, respectively,
the values obtained in the presence of these modulators were
expressed as the percentage of the corresponding values in the
presence of solvent within the same preparation.

Statistics

All values are the arithmetic means±standard error of the
mean. n values reflect single cells in electrophysiological
experiments and numbers of cultures in radiotracer release
experiments. Statistical significance of differences between
two groups was determined with the Mann–Whitney test.
Statistical significance of differences between multiple groups
was performed with the Kruskal–Wallis tests followed by
Dunn’s multiple comparison tests. Values of p<0.05 were
considered as indicating statistical significance.

Materials

(−)-[Ring-2,5,6-3H]noradrenaline was obtained from
PerkinElmer (Vienna, Austria); amphotericin B, gramicidin D,
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oxotremorine M, staurosoporine, 12-(2-cyanoethyl)-6,7,12,13-
tetrahydro-13-methyl-5-oxo-5H-indolo[2,3-a]pyrrolo[3,4-c]car-
bazole (Gö6976), 3-[1-[3-(dimethylamino)propyl]-5-methoxy-
1H-indol-3-yl]-4-(1H-indol-3-yl)-1H-pyrrole-2,5-dione (Gö
6983), bisindolylmaleimide I (GF 109203 X), phorbol-12-
myristate 13-acetate, 10,10-bis(4-pyridinylmethyl)-9(10H)-
anthracenone (XE 991), disodium-4-acetamido-4′-
isothiocyanato-stilbene-2,2′-disulfonic acid (SITS),
niflumic acid and pertussis toxin from Sigma; 6-(1,1-
dimethylethyl)-2-[(2-furanylcarbonyl)amino]-4,5,6,7-
te t rahydrobenzo[b ] th iophene-3-ca rboxy l ic ac id
(CaCCinh-A01) and 2-[(5-ethyl-1,6-dihydro-4-methyl-6-
oxo-2-pyrimidinyl)thio]-N-[4-(4-methoxyphenyl)-2-
thiazolyl]acetamide (T16Ainh-A01) from Tocris (Bristol,
UK); and tetrodotoxin was from Latoxan (Rosans,
France). Water-insoluble drugs were first dissolved in
DMSO and then diluted into buffer to yield final
DMSO concentrations of up to 0.3 %, which were also
included in control solutions.

Results

Depolarisation of SCG neurons via M1 receptors is not
matched with the inhibition of Kv7 channels

In order to evaluate the relation between the depolarisation
of SCG neurons and the inhibition of Kv7 channels, both
through the activation of M1 receptors by oxotremorine M,
an initial set of 42 neurons was investigated. The values
of resting membrane potentials in these neurons ranged
between −55 and −75 mV. Changes in membrane potential
caused by 10 μM oxotremorine M varied between −1 and
+13 mV. There was no correlation between these values of
resting membrane potential and the changes induced by
the muscarinic agonist (Fig. 1a–d). In a subset of neurons
with oxotremorine M-induced depolarisations of either less
(n=8) or more (n=8) than 5 mV, currents through Kv7
channels were determined subsequently to the current-
clamp measurements (Fig. 1e, f). The densities of Kv7
deactivation currents (triggered by hyperpolarisations from
−30 to −55 mV) were comparable in these two groups of
neurons (Fig. 1g). Likewise, the extent as well as the time
course of current inhibition by 10 μM oxotremorine M for
these two sets of neurons were indiscernible (Fig. 1h). We
therefore concluded that mechanisms other than the inhi-
bition of Kv7 channels also contribute to the depolarisation
caused by oxotremorine M. As the extent of oxotremorine
M-induced depolarisation varies considerably between single
neurons (Fig. 1b), the underlying signalling cascade was
investigated only in neurons that displayed depolarisations
of at least 5 mV.

Activation of PKC contributes to the depolarisation of SCG
neurons by oxotremorine M, but not to the inhibition of Kv7
channels

The activation of PKC contributes to the depolarisation of
SCG neurons through B2 bradykinin receptors [34]. There-
fore, various kinase inhibitors were tested for their effect on
depolarisations triggered by 10 μM oxotremorine M (which
was applied repeatedly once every 4 min; Fig. 2a, b).
Staurosporine (1 μM), a broad-spectrum kinase inhibitor,
increasingly reduced oxotremorine M-evoked depolarisations
over a time period of 20min (Fig. 2a, b): initial depolarisations
amounted to 8.4±1.1 mV; after 20 min of staurosporine ex-
posure, this value had decreased to 4.0±0.75 mV (n=6,
p<0.01, Kruskal–Wallis test). An analogous effect was ob-
served when the PKC inhibitor GF 109203 X (1 μM) was
used instead (Fig. 2a, b). After 20 min of its presence, the
extent of depolarisation caused by oxotremorine M had de-
creased from 6.4±0.7 to 3.0±0.6 mV (n=6, p<0.01, Kruskal–
Wallis test). However, the solvent (0.1 % DMSO) did not
cause significant changes when present as long as the kinase
inhibitors, and the depolarisations amounted to 7.0±0.9 mVin
the beginning and to 6.9±1.1 mV (n=6, p>0.1, Kruskal–
Wallis test) 20 min later. For a comparison with PKC inhibi-
tors, the effects of the Kv7 channel blocker XE 991 (3 μM)
were investigated in an analogous manner: in its presence, the
oxotremorine M-induced depolarisations decreased from 8.5
±1.0 to 3.8±0.9 mV (n=6, p<0.05, Kruskal–Wallis test).
When directly comparing the effects of staurosporine, GF
109203 X, XE 991 and DMSO by normalizing the
oxotremorineM-induced depolarisations to the respective first
value, the values after 20 min exposure to staurosporine, GF
109203 X or XE 991 were smaller than those after exposure to
the solvent (Fig. 2b). Thus, the PKC inhibitors staurosporine
and GF 109203 X significantly attenuated the depolarising
action of the muscarinic agonist, as did the Kv7 channel
blocker XE 991.

Activation of PKC may also contribute to the inhibition of
Kv7 channels via M1 muscarinic receptors [15]. Hence, the
parallel effects described above might occur through actions
converging at the level of Kv7 channels. To clarify whether the
PKC inhibitors interfered with the muscarinic inhibition of
Kv7 channels, deactivation currents through Kv7 channels
were determined, and 10 μM oxotremorine M was applied
once every 4 min again. In the presence of the solvent
(DMSO; Fig. 2c), the inhibition of deactivation amplitudes
by the agonist declined from 77.9±5.7 to 71.1±4.9 % (n=9).
Likewise, in the presence of 1 μMstaurosporine and 1 μMGF
109203 X, this inhibition decreased from 81.9±5.2 to 72.2±
3.0 % (n=6) and from 68.1±11.1 to 56.1±8.1 % (n=7),
respectively (Fig. 2c, d). None of these changes in Kv7 inhi-
bition were statistically significant (p>0.05, Kruskal–Wallis
test). A direct comparison of normalized inhibition values did
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not reveal any differences between staurosporine, GF 109203
X or solvent (Fig. 2d). Hence, in these experiments with

repeated Kv7 inhibition by 10 μM oxotremorine M, the
employed PKC inhibitors did not cause any alteration.
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Fig. 1 Comparison of depolarisation and Kv7 channel inhibition by
oxotremorine M. Membrane potential and currents through Kv7 channels
in SCG neurons were recorded in current-clamp and voltage-clampmode,
respectively, using the amphotericin B-perforated patch technique. a
Time course of membrane voltage in two different SCG neurons;
oxotremorine M (OxoM, 10 μM) was present, as indicated by the bars.
b Frequency distribution of resting membrane potentials (voltage in bins
of 2 mV) as determined in 42 SCG neurons. c Frequency distribution of
changes in membrane potentials (Δ mV in bins of 2 mV) caused by
10 μM oxotremorine M as determined in these 42 SCG neurons. d
Correlation between resting membrane potential (voltage) and membrane
potential changes (ΔmV) caused by 10 μM oxotremorine M in the same
42 SCG neurons; experiments were carried out as shown in (a). The

Spearman’s coefficient for this correlation is −0.053 (95% confidence
interval, −0.3594 to 0.2638). e Subset of 16 neurons categorized accord-
ing to the extent of depolarisation caused by 10 μM oxotremorine M
(<5 mV, n=8; >5 mV, n=8); the means of the depolarisation observed in
these two groups are shown. f Subsequently, currents through Kv7 chan-
nels were recorded by holding these 16 cells at a voltage of −30 mVand
by applying hyperpolarisations to −55 mV once every 15 s. The traces
show current responses of two neurons, one out of each of these two
categories. gMean values of densities of deactivation currents caused by
the steps from −30 to −55 mV in the neurons from both categories (n=8).
h Time course of deactivation current amplitudes caused by the steps
from −30 to −55 mV in the neurons from both categories; oxotremorine
M (OxoM, 10 μM) was present, as indicated by the bar (n=8)
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Inhibition or downregulation of PKC attenuates oxotermorine
M-induced noradrenaline release

To investigate the signalling cascade of oxotremorine M-
induced depolarisations not only in single cells, which are
quite heterogeneous in this response, a large population of
neurons was investigated simultaneously. This was
achieved by loading the neurons with [3H]noradrenaline
and by subsequently stimulating the overflow of radioac-
tivity by this muscarinic agonist. In such experiments,
oxotremorine M, at concentrations <100 μM, triggers
overflow of radioactivity through the selective activation
of M1 receptors [23]. To control for effects of PKC
inhibitors unrelated to the signalling cascade of M1 recep-
tors, tritium overflow was also elicited by electrical field
stimulation. Staurosporine (1 μM) did not alter tritium
overflow triggered by electrical fields, but reduced that
evoked by oxotremorine M by more than 50 %
(Fig. 3a, b). Exposure of SCG cultures to phorbol-12-
myristate-13-acetate for 24 h downregulates all but

atypical PKC isoforms [34]. In cultures treated in that
way, electrically evoked release was the same as in un-
treated sister cultures. However, oxotremorine M-induced
tritium overflow in phorbol-12-myristate-13-acetate-treated
cultures amounted to only 10 % of that in untreated
cultures (Fig. 3c, d).

Together, the above results indicate that some PKC iso-
forms, with the exception of atypical ones, are involved in the
excitation of SCG neurons via M1 receptors. To further elab-
orate which PKC subtypes may contribute, GF 109203 X and
related PKC inhibitors (GÖ 6976 and GÖ 6983) with diver-
gent subtype preferences [37] were employed. None of these
drugs caused significant alterations in electrically induced
tritium overflow (Fig. 4b). In contrast, at 0.01 μM, GÖ 6976
and GÖ 6983, but not GF 109203 X, significantly diminished
oxotremorine M-evoked overflow, and at higher concentra-
tions, all the PKC inhibitors shared this effect (Fig. 4c). Thus,
with respect to the inhibition of noradrenaline release caused
by oxotremorineM, GÖ 6976 and GÖ 6983 were more potent
than GF 109203 X.

Fig. 2 Effects of PKC inhibitors on depolarisation and Kv7 channel
inhibition by oxotremorine M. Membrane potential and currents through
Kv7 channels in SCG neurons were recorded in current-clamp and
voltage-clamp mode, respectively, using the amphotericin B-perforated
patch technique. Oxotremorine M (OxoM, 10 μM) was present for six
periods of 60 s each; these periods of oxotremorine M application were
separated by 3-min intervals. From minute 2 after the first oxotremorine
M application onward, PKC inhibitors, XE 991, or solvent (0.1 %
DMSO) was present throughout the remaining measurements. a Time
course of membrane voltage in two different SCG neurons during the first
and the sixth exposure to oxotremorine M (OxoM, 10 μM); the agonist
was present, as indicated by the bars. After the first oxotremorine M
exposure, either 1 μM staurosporine or 1 μMGF 109203 X was present.
b Changes in membrane voltage (Δ mV) caused by these six

oxotremorine M applications (O1–O6) in the presence of DMSO,
staurosporine, GF 109203 X or XE 991 (3 μM); the values of these six
depolarisations were normalized to the value of the first one (n=6).
*Significant difference between the four values at O6 (p<0.05,
Kruskal–Wallis test). cCurrent responses of one neuron that was clamped
at a voltage of −30mVand hyperpolarised to −55mVonce every 15 s and
that has been exposed to 1 μM staurosporine. The traces were obtained
before (solvent) and during (OxoM) the first application (O1) of 10 μM
oxotremorineM as well as before (stauro) and during (stauro+OxoM) the
sixth application (O6) of oxotremorine M. d Changes in Kv7 inhibition
(quantified by deactivation current amplitudes) caused by these six
oxotremorine M applications (O1–O6) in the presence of either DMSO,
staurosporine or GF 109203 X; these six values of Kv7 inhibition were
normalized to the value of the first one (n=6–9)
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Fig. 3 Effect of PKC inhibition on noradrenaline release evoked by
electrical field stimulation or oxotremorine M. Cultures of SCG were
labelled with [3H]noradrenaline and superfused, and subsequent to a 60-
min washout period, 4-min fractions of superfusate were collected. Sixty
monophasic rectangular pulses (0.5 ms, 60mA, 50V/cm) were applied in
minute 73, and oxotremorine M (10 μM) was present in minutes 93 and
94. From minute 50 of superfusion onward, the buffer contained either
solvent (0.1%DMSO) or 1 μMstaurosporine. Alternatively, cultures had
been treated with either 0.1 % DMSO (untreated) or 1 μM phorbol-12-
myristate-13-acetate (PMA-treated) for 24 h. a Time course of [3H]

outflow as a percentage of radioactivity in the cells in the presence of
either solvent (clear circles) or staurosporine (black circles, n=3). b
Summary of the effect of 1 μM staurosporine on [3H] overflow evoked
by electrical field stimulation (EFS) or oxotremorine M (OxoM, n=8–9).
c Time course of [3H] outflow as a percentage of radioactivity in the cells
which had either been treated with phorbol-12-myristate-13-acetate
(black circles) or had remained untreated (clear circles, n=3). d Summary
of the effect of phorbol-12-myristate-13-acetate treatment on [3H] over-
flow evoked by electrical field stimulation (EFS) or oxotremorine M
(OxoM, n=12). **p<0.01 (vs. solvent and untreated). n.s. no significance
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Fig. 4 Effects of subtype preferring PKC inhibitors on noradrenaline
release evoked by electrical field stimulation or oxotremorineM. Cultures
of SCG were labelled with [3H]noradrenaline and superfused, and sub-
sequent to a 60-min washout period, 4-min fractions of superfusate were
collected. Sixty monophasic rectangular pulses (0.5 ms, 60mA, 50V/cm)
were applied in minute 73, and oxotremorine M (10 μM) was present in
minutes 93 and 94. From minute 50 of superfusion onward, the buffer
contained either solvent (0.1 % DMSO) or 0.01 to 1 μM of GF 109203 X
(GF), Gö 6976 or Gö 6983. aTime course of [3H] outflow as a percentage
of radioactivity in the cells in the presence of either solvent (clear circles)

or 1 μM of GF 109203 X (black circles, n=3). b Summary of the effects
of the indicated concentrations of PKC inhibitors on [3H] overflow
evoked by electrical field stimulation (EFS). Overflow in the presence
of the inhibitors is depicted as a percentage of the overflow in the
presence of solvent (% of control). c Summary of the effects of the
indicated concentrations of PKC inhibitors on [3H] overflow evoked by
oxotremorine M (OxoM). Overflow in the presence of the inhibitors is
depicted as a percentage of the overflow in the presence of solvent (% of
control). In (b) and (c), n=6–9. *p<0.05; **p<0.01; ***p<0.001 (vs.
solvent)
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Cl− conductances contribute to the depolarisation of SCG
neurons by oxotremorine M

To elucidate the ionic basis of oxotremorine M-induced
depolarisations, the composition of the pipette solution was
changed by replacing 55 mM KCl by equimolar concentra-
tions of either CsCl or potassium gluconate. The resting
membrane potentials determined with these three different
pipette solutions were −65.2+2.4 mV (KCl, n=7), −77.7+
3.3 mV (K-gluconate, n=5) and −62.8+1.9 mV (CsCl, n=5).
Whilst changes in membrane voltage caused by 10 μM
oxotremorine M were not affected by alterations in K+, the
reduction of intracellular Cl- clearly reduced the depolarising
response (Fig. 5a).

Since this result suggested that Cl−was the relevant ion, the
effects of oxotremorine M were compared with those of
GABA. As in the case of oxotremorine M, 10 μM GABA
depolarised the neurons. The depolarisations caused by
GABA developed instantaneously and then decayed during
the presence of the transmitter, whereas the oxotremorine M-
induced depolarisations developed slowly during the 1-min
exposure towards the agonist (Fig. 5b). In perforated patch
recordings with amphotericin B, intracellular anion concen-
trations depend on those of the pipette solution (see above).
This disruption of the intracellular anion homeostasis can be
prevented by using gramicidin D instead of amphotericin B
[2]. With our standard pipette solution containing 55 mM
KCl, depolarisations caused by 10 μM oxotremorine M were
the same, whether amphotericin B or gramicidin D was used
as the ionophore, and the same was true for GABA-evoked
changes in membrane voltage (Fig. 5b, c). Thus,
depolarisations caused by M1 receptor activation appear to
rely on high intracellular Cl− concentrations and, hence, on a
Cl− conductance.

Alterations in extracellular Cl− affect noradrenaline release
induced by either oxotremorine M or GABA

To explore the role of Cl− conductances in the stimulatory
action of oxotremorine M on noradrenaline release, [3H]
overflow was triggered by this agonist either in quasi-
physiological solution (containing 134 mM Cl−) or in a solu-
tion in which 60 mM NaCl had been replaced by 60 mM
sodium gluconate. In these two different solutions, triti-
um overflow triggered by electrical field stimulation
was essentially the same (and if anything, reduced in
the presence of sodium gluconate rather than enhanced;
Fig. 6d). Oxotremorine M-evoked overflow, however, was
significantly enhanced when extracellular Cl− had
been reduced (Fig. 6a, b). For comparison, cultures
were exposed to 10 μM GABA instead of the same
concentration of the muscarinic agonist. As expected,
GABA-induced overflow was also enhanced by

lowering extracellular Cl− (Fig. 6c, d). Thus, the stimu-
lation of noradrenaline release from SCG neurons
through the activation of M1 receptors depends on the
extracellular Cl− concentration.

Cl− channel blockers diminish the depolarisation of SCG
neurons by oxotremorine M

The above results hint to a role of Cl− conductances in
the excitatory action of oxotremorine M. There is a large
number of different voltage- and Ca2+-gated Cl− channels,
but only a comparably low number of relatively unselec-
tive blockers [12, 32]. Two frequently used representatives
of these blockers are SITS and niflumic acid, which were
tested for their effects on depolarisations triggered by
10 μM oxotremorine M (which was applied repeatedly
as in Fig. 2). As the effects of Cl− channel blockers on
the channels are complex (with voltage-dependent enhanc-
ing and decreasing activities) and develop slowly [33],
these agents were applied for prolonged periods of time.
In the presence of 300 μM niflumic acid or SITS
(Fig. 7a), oxotremorine M-induced depolarisations de-
creased from 7.4+0.8 to 4.4+0.6 mV (n=7, p<0.05,
Kruskal–Wallis test). An equivalent decline was observed
with 300 μM SITS (Fig. 7a): the extent of depolarisation
caused by oxotremorine M fell from 6.6+0.4 to 4.2+
0.5 mV (n=7, p<0.001, Kruskal–Wallis test). However,
the solvent did not cause significant changes, and the
depolarisations amounted to 8.2+0.8 mV in the beginning
and to 7.2+0.9 mV (n=7, p>0.1, Kruskal–Wallis test) at
the end of experiments. When directly comparing these
changes by normalizing the oxotremorine M-induced
depolarisations, the values after exposure to either SITS
or niflumic acid were significantly smaller than those
obtained in the solvent (Fig. 7b). Thus, the two Cl−

channels blockers significantly attenuated the depolarising
action of the muscarinic agonist.

To reveal whether these channel blockers might also
affect Kv7 channels or their inhibition via muscarinic
receptors, currents through these latter channels were
determined again. In the presence of 300 μM niflumic
acid (Fig. 2c) and 300 μM SITS, the inhibition of Kv7
deactivation currents decreased from 89.7+4.5 to 68.2+
12.4 % (n=7) and from 87.0+2.5 to 78.1+3.5 % (n=7),
respectively. In the solvent, a similar trend was ob-
served and the oxotremorine M-induced inhibition was
90.8+4.2 % in the beginning and 74.8+12.5 % (n=7) at
the end of recordings. All these changes in Kv7 inhibi-
tion were statistically non-significant. Furthermore, a
direct comparison of normalized inhibition values did
not reveal any differences between niflumic acid, SITS
and solvent (Fig. 7d).
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Inward currents induced by oxotremorine M are attenuated
by blockers of Ca2+-activated Cl− channels and by PKC
inhibitors

To find out whether oxotremorine M can induce depolarising
currents, neurons were clamped to −65 mVand the M1 recep-
tor agonist was applied for periods of 2 min. The potential of
−65 mV was chosen as this was the median value of

membrane potentials as determined in current-clamp experi-
ments (Fig. 1b). Moreover, at this voltage, Kv7 channels of
SCG neurons are not activated [23]. In the presence of 10 μM
oxotremorine M, inward currents developed slowly and
reached a maximum after 30 s to 2 min (Fig. 7e). Maximal
current amplitudes ranged between 20 and 120 pA.

As these currents were triggered by the activation of M1

receptors, but not by changes in membrane voltage, it
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oxotremorine M. Membrane potential in SCG neurons was recorded in
current-clamp mode using the amphotericin B- or gramicidin D-
perforated patch technique. a Extent of depolarisations elicited by
10 μM oxotremorine M in amphotericin B-perforated patch recordings
with pipette solutions containing 75 mM K2SO4 plus 55 mM KCl,
55 mM potassium gluconate (KGluc) or 55 mM CsCl (n=5–7).
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Original current-clamp traces using either amphotericin B (upper traces)
or gramicidin D (lower traces). 10 μM oxotremorine M (OxoM) or
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Fig. 6 Effects of Cl− substitution on noradrenaline release evoked by
electrical field stimulation, oxotremorine M or GABA. Cultures of SCG
were labelled with [3H]noradrenaline and superfused, and subsequent to a
60-min washout period, 4-min fractions of superfusate were collected.
Sixty monophasic rectangular pulses (0.5 ms, 60 mA, 50 V/cm) were
applied in minute 73, and oxotremorine M (10 μM) (a, b) or GABA
(10 μM) (c, d) was present in minutes 93 and 94. From minute 50 of

superfusion onward, the buffer contained 134 or 74 mM Cl− (the lacking
Cl− was replaced by gluconate). a, c Time course of [3H] outflow as a
percentage of radioactivity in the cells (n=3). b Summary of the amount
of [3H] overflow evoked by electrical field stimulation (EFS) and
oxotremorine M (OxoM), respectively (n=12). d Summary of the amount
of [3H] overflow evoked by electrical field stimulation (EFS) and GABA,
respectively (n=10–12). **p<0.01 (vs. 134mMCl−). n.s. no significance
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appeared straightforward to assume that they were carried by
Ca2+-activated rather than voltage-gated Cl− channels. Hence,
currents were induced again by a second application of
oxotremorine M to the very same cells in the presence of
CaCCinh-A01 or T16Ainh-A01, two selective blockers of
different Ca2+-activated Cl− channels [31]. The muscarinic
agonist triggered currents of similar amplitudes again when
reapplied in the presence of the solvent (0.1 % DMSO). In

contrast, in the presence of 3 μM CaCCinh-A01 or 3 μM
T16Ainh-A01, current amplitudes caused by the second
oxotremorine M application were reduced significantly
(Wilcoxon matched-pair signed-rank test; Fig. 7e, f).

To reveal whether the triggering of these currents by
oxotremorine M does also involve PKC, the agonist was
applied repeatedly in the presence of staurosporine, GF
109203 X or solvent (as shown for depolarisations in
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Fig. 2a, b). Staurosporine (1 μM) increasingly reduced
oxotremorineM-evoked currents: initial amplitudes amounted
to 64.8+20.1 pA, and these were reduced to 36.5+19.6 pA
(n=7, p<0.05, Kruskal–Wallis test) 20 min later. Likewise,
when the PKC inhibitor GF 109203 X (1 μM) was used,
amplitudes decreased from 77.8+14.4 to 33.8+10.6 pA (n=
7, p<0.05, Kruskal–Wallis test). However, the solvent (0.1 %
DMSO) did not cause significant changes, and the amplitudes
amounted to 95.6+37.8 and to 71.3+26.4 pA (n=7, p>0.1,

Kruskal–Wallis test) in the beginning and at the end, respec-
tively (Fig. 7g, h).

Blockers of Cl− channels and Cl− transporters reduce
noradrenaline release induced by oxotremorine M

To corroborate the data shown above by an independent
approach, SITS and niflumic acid were the first blockers to
be tested for their effects on noradrenaline release. These two
agents did not affect electrically evoked tritium overflow, but
significantly reduced overflow induced by oxotremorine M
(Fig. 8a–c).

The release-enhancing effect of reductions in extracellular
Cl− concentrations (Fig. 6) points to a role of high intracellular
Cl− in the depolarising action of oxotremorine M. Neurons in
the peripheral nervous system express Na+/K+/Cl− co-
transporters which mediate Cl− uptake and intracellular Cl−

accumulation. These transporters can be blocked by diuretics
such as furosemide and bumetanide [19]. In the presence of
300 μMof either of these two drugs, overflow of radioactivity
triggered by electrical fields remained unaltered, whereas
oxotremorine M-induced overflow was significantly reduced
(Fig. 8d–f). Thus, hindrance of Cl− uptake into the neurons
selectively diminished the secretagogue action of
oxotremorine M.

The results obtained with CaCCinh-A01 or T16Ainh-A01
in electrophysiological experiments were also confirmed with
respect to [3H]noradrenaline release: both blockers at 1–
10 μM did reduce tritium overflow triggered by the musca-
rinic agonist (Fig. 8g, i). Electrically evoked overflow, how-
ever, was not reduced, but rather enhanced by CaCCinh-A01
as well as T16Ainh-A01 in a concentration-dependent manner
(Fig. 8g, h).

Discussion

Transmission in autonomic ganglia involves acetylcholine as
the prime transmitter which triggers fast and slow EPSPs
mediated by nicotinic and muscarinic receptors, respectively.
The slow component of ganglionic transmission has been
known to be mediated by an inhibition of Kv7 channels via
M1 receptors for more than three decades [9]. In primary
cultures of rat SCG neurons, the activation of M1 receptors
causes depolarisation and ensuing noradrenaline release, and
evidence has been presented that suggests these effects to rely
on an inhibition of Kv7 channels as well [23]. However, the
present results reveal an additional and novel mechanism of
M1 receptor-dependent excitation of sympathetic neurons that
is independent of Kv7 channels.

Depolarisations caused by the mAChR agonist
oxotremorine M were remarkably variable between single
neurons and not related to the levels of resting membrane

�Fig. 7 Effects of Cl− channel blockers on depolarisations, Kv7 channel
inhibition and inward currents induced by oxotremorine M. Membrane
potential and currents in SCG neurons were recorded in current-clamp
and voltage-clamp mode, respectively, using the amphotericin B-
perforated patch technique. a–d, g–h Oxotremorine M (OxoM, 10 μM)
was present for six periods of 60 s each; these periods of oxotremorine M
application were separated by 3-min intervals. From minute 2 after the
first oxotremorine M application onward, Cl− channel blockers or solvent
was present throughout the remaining measurement. a Time course of
membrane voltage in two different SCG neurons during the first and the
sixth exposure to oxotremorine M (OxoM, 10 μM); the agonist was
present, as indicated by the bars. After the first oxotremorineM exposure,
either 300 μM niflumic acid or 300 μM SITS was present. b Changes in
membrane voltage (ΔmV) caused by these six oxotremorine M applica-
tions (O1–O6) in the presence of either solvent, niflumic acid or SITS; the
values of these six depolarisations were normalized to the value of the
first one (n=7). *Significant difference between the three values at O6
(p<0.05, one-way Kruskal–Wallis test). c Current responses of one
neuron that was clamped at a voltage of −30 mV and hyperpolarised to
−55 mVonce every 15 s and that has been exposed to 300 μM niflumic
acid. The traces were obtained before (solvent) and during (OxoM) the
first application (O1) of 10 μM oxotremorine M as well as before
(niflumic) and during (niflumic+OxoM) the sixth application (O6) of
oxotremorine M. d Changes in Kv7 inhibition (quantified by deactivation
current amplitudes) caused by these six oxotremorine M applications
(O1–O6) in the presence of either solvent, niflumic acid or SITS; these
six values of Kv7 inhibition were normalized to the value of the first one
(n=7). e, f Currents recorded at a holding potential of −65 mV.
Oxotremorine M (10 μM) was present for two periods of 120 s each;
these periods of oxotremorine M application were separated by 5-min
intervals. From minute 2 after the first oxotremorine M application
onward, Cl− channel blockers or solvent was present throughout the
remaining measurement. e Time course of membrane currents in two
different SCG neurons during the first and the second exposure to
oxotremorine M (OxoM, 10 μM); the agonist was present, as indicated
by the bars. After the first oxotremorine M exposure, either 3 μM
CaCCinh or 0.1 % DMSO (solvent) was present. f Current amplitudes
caused by the first and the second oxotremorine M application in the
presence of either solvent, 3 μM CaCCinh or 3 μM T16Ainh (n=6).
*p<0.05 (Wilcoxon matched-pairs signed-rank test). g Time course of
membrane currents in two different SCG neurons during the first and the
sixth exposure to oxotremorine M (OxoM, 10 μM); the agonist was
present, as indicated by the bars. After the first oxotremorineM exposure,
either 1 μMGF 109203 X or 1 μM staurosporine was present. h Changes
in the amplitudes of the currents caused by these six oxotremorine M
applications (O1–O6) in the presence of either solvent, 1 μMGF 109203
X or 1 μM staurosporine; the values of these six current amplitudes were
normalized to the value of the first one (n=7). *Significant difference
between the three values at O6 (p<0.05, Kruskal–Wallis test)
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potential. However, there was no correlation between the
extent of depolarisation and either Kv7 channel current densi-
ties or the degree of Kv7 channel inhibition by oxotremorine
M. Furthermore, the Kv7 channel blocker XE 991 reduced
depolarisations caused by this muscarinic agonist, but did not
abolish them. Hence, it appeared obvious to search for addi-
tional mechanisms involved in the depolarisation of SCG
neurons via M1 mAChRs.

The activation of M1 receptors in sympathetic neurons
turns on the entire Gq- and phospholipase C-linked signalling
cascade which includes a boost of PKC [26]. Activated PKC
may contribute to the muscarinic inhibition of Kv7 channels
[15], but this effect is generally believed to be mainly medi-
ated by the depletion of membrane phosphatidylinositol-4,5-
bisphosphate [14]. In accordance with this latter concept, the
present experiments did not reveal any effect of PKC
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Fig. 8 Effects of Cl− channel blockers and inhibitors of Cl− transporters
on noradrenaline release evoked by electrical field stimulation or
oxotremorine M. Cultures of SCG were labelled with [3H]noradrenaline
and superfused, and subsequent to a 60-min washout period, 4-min
fractions of superfusate were collected. Sixty monophasic rectangular
pulses (0.5 ms, 60 mA, 50 V/cm) were applied in minute 73, and
oxotremorine M (10 μM) was present in minutes 93 and 94. From
minute 50 of superfusion onward, the buffer contained solvent, 300 μM
SITS, 300 μM niflumic acid, 300 μM bumetanide, 300 μM furosemide,
CaCCinh or T16Ainh, the latter two at concentrations of 1, 3 or 10 μM. a
Time course of [3H] outflow as a percentage of radioactivity in the cells in
the presence of either solvent (clear circles) or SITS (black circles, n=3).
b Summary of the effect of 300 μM SITS on [3H] overflow evoked by
electrical field stimulation (EFS) or oxotremorine M (OxoM, n=18). c
Summary of the effect of 300 μMniflumic acid on [3H] overflow evoked
by electrical field stimulation (EFS) or oxotremorine M (OxoM, n=9). d
Time course of [3H] outflow as a percentage of radioactivity in the cells in

the presence of either solvent (clear circles) or bumetanide (black circles,
n=3). e Summary of the effect of 300 μM bumetanide on [3H] overflow
evoked by electrical field stimulation (EFS) or oxotremorine M (OxoM,
n=12). f Summary of the effect of 300 μM furosemide on [3H] overflow
evoked by electrical field stimulation (EFS) or oxotremorine M (OxoM,
n=12). *p<0.05; **p<0.01 (vs. the respective value obtained in solvent).
g Time course of [3H] outflow as a percentage of radioactivity in the cells
in the presence of either solvent (clear circles) or 3 μM CaCCinh (black
circles, n=3). h Summary of the effects of the indicated concentrations of
CaCCinh or T16Ainh on [3H] overflow evoked by electrical field stim-
ulation (EFS). Overflow in the presence of the inhibitors is depicted as a
percentage of the overflow in the presence of solvent (% of control). i
Summary of the effects of the indicated concentrations of CaCCinh or
T16Ainh on [3H] overflow evoked by oxotremorine M (OxoM). Over-
flow in the presence of the inhibitors is depicted as a percentage of the
overflow in the presence of solvent (% of control). In (h) and (i), n=6–9.
*p<0.05; **p<0.01; ***p<0.001 (vs. solvent, Kruskal–Wallis test)
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inhibitors on the oxotremorine M-induced inhibition of cur-
rents though Kv7 channels. In contrast, staurosporine and GF
109203 X both reduced depolarisations caused by the musca-
rinic agonist. Moreover, noradrenaline release evoked by
oxotremorine M (but not that induced by electrical field stim-
ulation) was also reduced by various measures employed to
prevent PKC activity, as detailed below.

In primary cultures of rat SCG, the expression of PKC α,
βI, βII, δ, ε and ζ has been documented by immunoblots,
whereas PKC γ or μ was absent. All of the former isoforms,
with one exception, PKC ζ, are downregulated by a long-
lasting phorbol ester treatment [34]. Since exposure of the
neurons to phorbol-12-myristate-13-acetate for 24 h did re-
duce oxotremorine M-induced noradrenaline release, a contri-
bution of PKC ζ can be excluded. GF 109203 X is more
potent at PKC α than at PKC β, and at least tenfold less
potent at PKC δ and ε than at PKC β; atypical PKCs are not
affected by GF 109203 X concentrations up to 1 μM. GÖ
6983, in contrast, is equipotent at virtually all PKC isoforms
including the atypical ones, whereas Gö 6976 does not inhibit
Ca2+-independent (δ and ε) and atypical PKC enzymes at
concentrations up to 3μM [30, 37]. In the present experiments
(using concentrations of 0.01–1 μM), GÖ 6983 and GÖ 6976
turned out to be more potent in reducing oxotremorine M-
induced noradrenaline release than GF 109203 X. Thus, the
PKC enzymes involved can only be classical (Ca2+-sensitive)
ones and include β rather than α subtypes. Hence, M1 recep-
tors appear to engage PKC enzymes other than B2 bradykinin
receptors to excite SCG neurons as the latter receptors were
found to be linked to PKC δ and ε [34].

To elucidate the ionic mechanisms underlying the excita-
tion of SCG neurons via M1 receptors, various types of
experiments were performed. First, the intracellular concen-
trations of K+ and Cl− were changed in perforated patch
experiments, and only the changes in Cl− caused alterations
in oxotremorine M-induced depolarisations. Second, changes
in membrane potentials caused by the mAChR agonist were
compared with those caused by GABA, and both turned out to
be depolarising. Moreover, both agonists triggered noradren-
aline release in SCG cultures. Third, extracellular Cl− was
partially substituted by gluconate, and this enhanced nor-
adrenaline release elicited by oxotremorine M and GABA,
respectively, but not that induced by electrical field stimula-
tion. Together, these results hint to an induction of a Cl−

conductance as one mechanism involved in the excitatory
actions of M1 receptor activation.

This conclusion leads to at least two additional questions:
(1) Why is the activation of a Cl− conductance depolarising?
(2) What are the channels mediating this Cl− conductance? As
far as question 1 is concerned, GABA has been reported
previously to depolarise rat SCG neurons [1]. This
depolarising action of GABA is based on the fact that these
neurons accumulate high intracellular Cl− concentrations of

about 30 mM [3]. High intracellular Cl− levels in neurons
involve Cl− uptake via Na+/K+/Cl− co-transporters which can
be blocked by bumetanide and related drugs [19]. The rele-
vance of this mechanism for the excitatory actions of M1

receptors in SCG neurons was documented by the inhibition
of oxotremorine M-evoked noradrenaline release by bumeta-
nide and furosemide.

With respect to the Cl− channels involved in the action of
M1 receptors, several blockers have been employed in the
present experiments. The non-selective Cl− channel blockers
niflumic acid and SITS reduced depolarisations as well as
noradrenaline release triggered by oxotremorine M. This ef-
fect was specific for the depolarising action of the muscarinic
agonist, as neither the oxotremorine M-dependent inhibition
of Kv7 channels nor electrically evoked noradrenaline release
was altered by these agents. Whilst these results confirmed the
contribution of some Cl− channels to the excitatory action of
M1 receptor activation, it remained unclear which of the
numerous Cl− channel subtypes might be involved [12, 32].
Previously, oxotremorine M had been reported to enhance a
depolarisation-evoked Ca2+-dependent Cl− current in rat SCG
neurons [29]. More recently, mAChR agonists have been
found to increase Ca2+-dependent Cl− currents in interstitial
cells of Cajal [39]. There is quite a variety of different Ca2+-
activated Cl− channels expressed in various cell types includ-
ing neurons. Recently, TMEM16 proteins, in particular
TMEM16A, also known as anoctamin 1 (ANO1), were found
to contribute to the formation of Ca2+-activated Cl− channels
[4, 16]. Potent blockers that are selective for Ca2+-activated
Cl− channels in general and for TMEM16A in particular have
been synthesized recently [31]. In the present experiments,
these blockers (CaCCinh-A01 and T16Ainh-A01) reduced
inward currents evoked by oxotremorine M and largely atten-
uated noradrenaline release triggered by the muscarinic ago-
nist. Thus, TMEM16A is the most likely candidate to mediate
the excitatory action of M1 receptor activation in SCG neu-
rons. For comparison, sensory neurons were among the first
cells that were revealed to exhibit Ca2+-dependent Cl− cur-
rents and to express TMEM16A/ANO1 [16], and the latter
channels have been demonstrated recently to be involved in
the nociceptive activity of bradykinin [25]. TMEM16A/
ANO1 is activated by Ca2+ concentrations in the low micro-
molar range [16], but oxotremorine M-induced increases in
intracellular Ca2+ in SCG neurons as quantified by fura-2
microfluorometry do not exceed 1 μM and are only observed
at depolarised membrane potentials [10]. However, the acti-
vation of TMEM16A/ANO1 in sensory neurons via G
protein-coupled receptors relies on spatially restricted
Ca2+ signals that hardly correlate with global cellular
C a 2 + , a s d e t e rm i n e d w i t h C a 2 + i n d i c a t o r
microfluorometry [17]. Hence, the specific features of
the Ca2+ signals that may link M1 receptors to
TMEM16A/ANO1 remain to be determined.
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Considering that the M1 receptor agonist led to an activa-
tion of PKC, on one hand, and to the gating of TMEM16A/
ANO1 channels, on the other hand, the causal relation be-
tween these two events remained to be determined. The
TMEM16A/ANO1 amino acid sequences in mammals con-
tain putative phosphorylation sites for PKC [16], and currents
through TMEM16A/ANO1 in biliary epithelial cells were
found to be enhanced through an activation of classical PKC
enzymes via P2Y receptors [13]. In the present experiments,
PKC inhibitors attenuated the oxotremorine M-evoked cur-
rents that were otherwise reduced by blockers of Ca2+-depen-
dent Cl− currents and TMEM16A/ANO1 channels. Previous-
ly, the facilitation of depolarisation-evoked Ca2+-dependent
Cl− currents in SCG neurons by oxotremorine M was also
reported to involve PKC [29]. Thus, PKC is involved in the
activation of Ca2+-activated Cl− channels via M1 receptors.

In summary, this report demonstrates that slow cholinergic
excitation of sympathetic neurons involves mechanisms other
than the inhibition of Kv7 channels, which include an activa-
tion of classical PKCs and of Ca2+-activated Cl− channels.
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