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Functional role of M-type (KCNQ) K+ channels in
adrenergic control of cardiomyocyte contraction rate
by sympathetic neurons

Oleg Zaika, Jie Zhang and Mark S. Shapiro
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Non-technical summary The heart is widely known to be controlled by the sympathetic nervous
system, which uses the neurotransmitter noradrenaline (norepinephrine) to increase the rate and
force of heart beating. We used a preparation of sympathetic nerve cells and heart cells cultured
together that recapitulates this sympathetic control of the heart. Our goal was to probe the role of a
particular nerve cell potassium current, called the M-current, in the control of neurotransmitter
release, using the contraction rate of the co-cultured heart cells as a functional read-out of
noradrenaline release. Using several drugs and receptor agonists, we manipulated the activity
of M-current in the nerve cells, which were stimulated by nicotine, and monitored its effect on
heart cell beating. We find that the M-type potassium current has a robust role in the control
of noradrenaline release from the nerve cells, and in the response of the heart cells to increased
beating frequency as a result.

Abstract M-type (KCNQ) K+ channels are known to regulate excitability and firing properties
of sympathetic neurons (SNs), but their role in regulating neurotransmitter release is unclear,
requiring further study. We sought to use a physiological preparation in which SNs innervate
primary cardiomyocytes to evaluate the direct role of M-channels in the release of noradrenaline
(NA) from SNs. Co-cultures of rat SNs and mouse cardiomyocytes were prepared, and the
contraction rate (CR) of the cardiomyocyte syncytium monitored by video microscopy. We
excited the SNs with nicotine, acting on nicotinic acetylcholine receptors, and monitored the
increase in CR in the presence or absence of the specific M-channel opener retigabine, or agonists
of bradykinin B2 or purinergic P2Y receptors on the SNs. The maximal adrenergic effect on the
CR was determined by application of isoproterenol (isoprenaline). To isolate the actions of B2

or P2Y receptor stimulation to the neurons, we prepared cardiomyocytes from B2 receptor or
P2Y2 receptor knock-out mice, respectively. We found that co-application of retigabine strongly
decreased the nicotine-induced increase in CR. Conversely, co-application of bradykinin or the
P2Y-receptor agonist UTP augmented the nicotine-induced increase in CR to about half of the
level produced by isoproterenol. All effects on the CR were wholly blocked by propranolol. Our
data support the role of M-type K+ channels in the control of NA release by SNs at functional
adrenergic synapses on cardiomyocytes. We conclude that physiological receptor agonists control
the heart rate via the regulation of M-current in SNs.
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Introduction

Release of noradrenaline (NA) from the sympathetic
nervous system exerts powerful control over cardiac
beating. The effects are chronotropic, in which the heart
beats faster, and inotropic, in which each contraction is
stronger. Both actions are via stimulation of β-adrenergic
receptors (β-ARs), which act through Gs-type G proteins
and protein kinase A to phosphorylate IKs K+, I f cation,
and L-type Ca2+, channels (Hille, 2001). Sympathetic
action on the heart arises from its innervation by
cervical and upper thoracic (stellate) ganglia, as well as
from circulating NA released from adrenal chromaffin
cells. Thus, the mechanisms regulating NA release from
sympathetic neurons are critical to cardiac function,
and to cardiovascular disease. The M-type K+ current
plays a dominant role in neuronal excitability and
discharge properties in a variety of neurons (Robbins,
2001). It was first identified in sympathetic neurons
as a non-inactivating, voltage-gated K+ current with a
threshold for activation near the resting potential of
neurons that is suppressed by stimulation of muscarinic
acetylcholine receptors (Brown & Adams, 1980; Constanti
& Brown, 1981). In the sympathetic neurons of the super-
ior cervical ganglion (SCG) which have been most studied
for investigation of M-current physiology, most neuro-
nal M-channels are composed of KCNQ2/3 heteromers
(Wang et al. 1998). M-channels also contain KCNQ5 sub-
units in peripheral ganglia (Schroeder et al. 2000; Passmore
et al. 2003) and vascular smooth muscle (Mackie et al.
2008); KCNQ4 homomers predominate in the inner ear
and auditory cortex (Kubisch et al. 1999; Kharkovets
et al. 2000) and KCNQ1 is the pore-forming subunit
mediating IKs currents in the heart, epithelia and inner ear
(Peroz et al. 2008). Of particular note is that mutations of
each KCNQ subunit are associated with specific human
diseases, including epilepsy, cardiac arrhythmias and
deafness (Maljevic et al. 2010).

M-current is well known for its modulation by agonists
of various receptors coupled to the Gq/11 class of
G proteins that activate phospholipase C, which hydro-
lyses phosphatidylinositol 4,5-bisphosphate (PIP2) into
inositol triphosphate (IP3) and diacylglycerol. Besides
the M1 muscarinic receptors that give M-current its
name, other Gq/11-coupled receptors in SNs also suppress
M-channels, such as bradykinin B2, purinergic P2Y
and angiotensin AT1 types (Delmas & Brown, 2005).
We have characterized these receptors into two groups,
based upon their intracellular mechanism of action in
suppressing M-current, and their ion channel targets.
Whereas stimulation of M1 and AT1 receptors inhibits both
M-channels and voltage-gated Ca2+ channels (VGCCs)
via depletion of PIP2 (Gamper et al. 2004; Delmas &
Brown, 2005; Suh et al. 2010), bradykinin (BK) and
purinergic agonists such as uridine triphosphate (UTP)

do not deplete PIP2 levels, have no action on VGCCs and
depress M-current via IP3-mediated signals (Zaika et al.
2007, 2011).

M-current regulates excitability in every neuron in
which it is found (Hernandez et al. 2008). The accepted
mechanism is by control over axon potential generation
at somato-axonal sites where firing is initiated. But does
it also tune exocytosis and the release of neurotransmitter
(NT) at presynaptic nerve terminals, over and above its
control over action potential firing? This critical issue
remains murky. Using carbon-fibre amperometry, we have
shown release of NA from SCG neurons to be dependent
on M-current activity (Hernandez et al. 2008), although
we could not differentiate that effect from control of action
potential firing. Using brain synaptosomes, the Taglialatela
lab showed M-channels to regulate release of tritiated
NTs by high-K+ stimulation (Martire et al. 2004, 2007).
However, the data concerning this role for M-channels
in measurements of tritiated NA release in SCG cells are
ambiguous (Lechner et al. 2003; Kubista et al. 2009). In the
case of sympathetic ganglia cells, a number of investigators
have assayed NT release by culturing rodent SCG neurons
together with ventricular cardiomyocytes in a dish. Using
such an approach, one group of investigators showed such
neurons to release a surprisingly diverse collection of NTs
that include NA, acetylcholine (ACh), adenosine, or some
combination of all three (Furshpan et al. 1976, 1986a,b;
Potter et al. 1986; Matsumoto et al. 1987). Other labs have
used this co-culture system to similarly model adrenergic
control of the heart, and found the SCG neurons to nearly
exclusively release NA under their experimental conditions
(Conforti et al. 1991; Lockhart et al. 1997).

Recently, this approach was refined, in a way that
recapitulates, in vitro, the sympathetic innervation of the
heart (Shcherbakova et al. 2007). The cardiomyocytes
form a syncytium that spontaneously contracts, and the
neurons form functional adrenergic synapses on the heart
cells that include all known components of such synaptic
complexes. Thus, released NA can be observed to regulate
the rate and force of contraction, providing a measure
of functional NT release. We exploited this preparation
to investigate the role of M-channels in control over
NA release in sympathetic neurons. Importantly, the
synapses are functional, providing us with a read-out
that predicts the effect of M-current modulation on target
organs. We find that M-current activity in the sympathetic
neurons directly affects the release of NA by cholinergic
stimulation of the neurons, manifested by marked effects
on the chronotropic response of the co-cultured cardio-
myocytes. Furthermore, stimulation of receptors that
selectively depress M-current significantly increased those
responses. This study directly links receptor-mediated
M-channel regulation to adrenergic control of heart cell
function.
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Methods

Animals

Animal use and welfare adhered to the US National
Institutes of Health Guide for the Care and Use of
Laboratory Animals, following a protocol reviewed and
approved by the Institutional Laboratory Animal Care and
Use Committee of the University of Texas Health Science
Center at San Antonio.

All mice were of the C57BL/6 strain. Wild-type and
homozygous B2 knockout (k/o) mice were purchased from
The Jackson Laboratory (B6; 129S7-Bdkrb2tm1Jfh/J, stock
no. 2641) and bred in-house. Homozygous P2Y2 k/o mice,
bred as previously described (Homolya et al. 1999), were
generously given to us by Volker Vallon (UC San Diego,
USA) and bred in-house.

SCG neuron/cardiomyocyte co-culture

We used previously published procedures for this pre-
paration (Shcherbakova et al. 2007). Rats and mice were
first killed by an overdose of halothane anaesthetic.
Hearts were then isolated from 1-day-old neonatal mice,
placed in a dish containing 137 mM NaCl, 5.4 mM

KCl, 0.8 mM MgSO4, 5.6 mM glucose, 0.44 mM KH2PO4,
0.34 mM NaH2HPO4, 20 mM Hepes (CBFHH solution),
and the atria removed. The hearts were quartered, and
incubated in a solution containing CBFHH + collagenase
(1.42 mg ml−1) for 10 min at 37◦C, followed by incubation
with CBFHH + papain (20.3 U ml−1) for 5 min at 37◦C.
The tissue was triturated 10–15 times, horse serum added
to stop digestion, and cells pelleted by spinning at 160
g at room temperature (RT) for 3 min. The cells were
re-suspended in medium, incubated in a culture dish at
37◦C for 1 h, re-pelleted at 1000 r.p.m. at RT for 3 min,
re-suspended in medium, plated onto 4 mm × 4 mm
glass coverslips coated with poly-L-lysine and laminin,
and incubated in a humidified incubator at 37◦C (5%
CO2). SCG neurons were prepared from 7- to 14-day-old
Sprague–Dawley rats as previously described (Bernheim
et al. 1991; Shapiro & Hille, 1993), placed on top of the
cardiomyocyte cultures, and cultured for 2–4 days.

Immunostaining

Cardiomyocytes grown on poly-L-lysine-coated coverslips
were fixed in 4% paraformaldehyde, washed twice with
100 mM sodium phosphate (PB, pH 7.4), three times with
PB + 150 mM NaCl (PBS), and blocked with 5% goat
serum and 0.1% saponin in PBS (PBS–GS). The cells
were incubated for 3 h at room temperature with primary
affinity-purified mouse anti-B2R (BD Biosciences) and
rabbit anti-P2Y2 (Neuromics) antibodies, diluted 1:500
in PBS–GS. For the peptide controls, the primary anti-

bodies were pre-adsorbed with a tenfold excess of the
immunizing peptides used to raise the antibodies. Cells
were washed six times with PBS and then incubated
with goat fluorescein isothiocyanate (FITC)-conjugated
anti-mouse or anti-rabbit secondary antibodies (1:500,
Jackson Immunoresearch) in PBS–GS for 1 h. Cells were
then washed three times with PBS, twice with PB, and
three times with water. Air-dried slides were mounted on
a drop of Vectashield (Vector Laboratory) and sealed with
nail polish. Stained cells were viewed with an Olympus
FV1000 confocal microscope, using the 488 nm line of an
argon laser, and excitation/emission filters appropriate for
FITC.

Contraction rate imaging

The co-culture experiments were performed on an
inverted Nikon Diaphot microscope equipped with a
temperature control system (Warner Instruments) to
maintain the preparation at 37◦C. Cell beating was
observed via a Nikon PowerHAD video camera fed to
a computer via a Pinnacle video transfer adapter, and
the video captured with Windows Movie Maker. The
contraction rate was quantified manually in 15 s intervals.
Drugs were applied using a gravity-fed chamber perfusion,
controlled by solenoid valves.

Results

Controls and parameters of the approach

To examine the functional role of M-current in the
release of NA from SCG neurons, we used as a model
the adrenergic response of cardiomyocytes co-cultured
with SCG cells. Dissociated SCG neurons plated onto
coverslips pre-plated with dissociated ventricular cardio-
myocytes have been shown to regulate the contraction
rate (CR) of the cardiomyocytes due to release of NA
and stimulation of cardiac β-ARs (Shcherbakova et al.
2007). Hence, in our assay, we stimulated the neurons
and monitored the cardiomyocyte CR in response. The
excitatory receptors in sympathetic ganglia are nicotinic
ACh receptors (nAChRs). Thus, their stimulation should
trigger NT release from the nerve terminals of the SCG
cells. We first performed several control experiments to test
our overall approach. Since we intended to stimulate the
nAChRs on the SCG cells using nicotine, we first confirmed
that nicotine does cause a large inward current through
stimulation of nAChRs. Figure 1A shows an example of
a perforated-patch voltage-clamp experiment on a rat
SCG cell. Since we also wanted to rule out any effect of
nicotine on M-current, we used the indicated ‘classic’
M-current voltage-clamp protocol. Bath-application of
nicotine (1 μM) induced a large inward current that
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Figure 1. Nicotine stimulates nAChRs in SCG neurons, and
increases the CR of co-cultured cardiomyocytes in a
β-AR-dependent manner
A, current amplitudes at –25 mV (arrow) are plotted from an SCG
neuron studied under perforated-patch voltage-clamp, using a
‘classic’ M-current voltage protocol. Nicotine (Nic, 1 μM) or Nic + BK

desensitized within 30 s, consistent with the properties
of nAChRs. However, the large amplitude of the elicited
nAChR current precluded any meaningful quantification
of M-current during nicotine application. Finally, in
several experiments in this paper, we compare the effects of
application of nicotine alone to those from co-application
of nicotine together with the Gq/11-coupled receptor
agonists BK or UTP. Thus, in this experiment, we tested
whether co-application of BK would alter the nAChR
current elicited by nicotine. However, the current response
to nicotine + BK was similar to that to nicotine alone,
only somewhat smaller in amplitude, consistent with
residual desensitization of the nAChRs. We then tested
whether nicotine stimulation of the SCG neurons would
increase the contraction rate (CR) of the co-cultured
cardiomyocytes. Figure 1B shows that bath application of
nicotine (1 μM) induced a robust increase in the CR of
the cardiomyocytes that was fully repeatable. However,
when nicotine was co-applied with the β-AR blocker
propranolol (10 μM), there was no significant effect of
nicotine on the CR (Fig. 1C). These data are summarized
in Fig. 1D. Normalized to controls (1.00 ± 0.06, n = 4), the
fold-increase in the CR by the initial nicotine application,
the second nicotine application and co-application
of nicotine + propranolol was 1.43 ± 0.05 (P < 0.001,
n = 9), 1.40 ± 0.05 (P < 0.001, n = 4), and 1.12 ± 0.06
(not significant at P = 0.05, n = 5), respectively. Thus, we
conclude that nicotine increases the cardiomyocyte CR
in these co-cultures by stimulation of the nAChRs, and
excitation of the SCG neurons, with consequential release
of NA and stimulation of the β-ARs of the cardiomyocytes.

We wished to assay the effects of both up- and
down-regulation of M-current activity on the CR in the
co-cultures. For the former, we used the anti-convulsant
retigabine (RTG), which strongly increases the activity
of M-channels (Wickenden et al. 2000), but is inactive
against the KCNQ1-containing channels that underlie
cardiac IKs (Tatulian et al. 2001; Schenzer et al. 2005). In
a variety of neurons, including in SCG, RTG decreases
excitability, action-potential firing and release of NT
(Hernandez et al. 2008; Maljevic et al. 2008). Both of
the M-channel blockers, linopirdine and XE991, also
block KCNQ1-containing channels (Zaczek et al. 1998),
making them unsuitable for our studies here. Thus, we
tested the effect on cardiomyocyte beating of M-current

(250 nM) were bath-applied during the periods shown by the bars. B
and C, the CR during an experiment is plotted as nicotine (1 μM), or
nicotine + propranolol (10 μM) were bath-applied during the periods
shown by the bars. Each point summarizes 4–5 measurements, with
the SEM for each point shown. D, bars show summarized data from
(B and C) showing the repeatability of the nicotine action, and its
dependence upon β-AR stimulation. ∗∗∗P < 0.001. The increase in
CR by nicotine + propranolol is not significant at the P = 0.05 level.
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depression by stimulation of the B2 and P2Y receptors
of the SCG neurons, using simultaneous application
of nicotine and BK, or nicotine and UTP, as B2 and
P2Y-receptor agonists that we know inhibit M-channels,
but not VGCCs. However, it is important to tease apart
effects of agonists on the Gq/11-coupled receptors of the
neurons vs. those of the cardiomyocytes. Since mouse
cardiomyocytes express the same B2 receptors as do SCG
cells, and the cardiac P2Y2 receptors of heart cells will
also respond to UTP as do the P2Y6 receptors of SCG
cells (Emanueli et al. 1999; Burnstock & Knight, 2004), we
must use some strategy to isolate the effects of receptor
stimulation to the receptors of the neurons, not of the
cardiomyocytes. Our approach was to exploit B2 and
P2Y2 receptor k/o mice. To verify that the heart cells
from these mice do indeed lack B2 or P2Y2 receptors,
we performed immunostaining of cardiomyocytes isolated
from B2 and P2Y2 receptor k/o, or wild-type, mice, using
specific anti-B2 receptor or anti-P2Y2-receptor primary
antibodies. Slide-mounted fixed cells were imaged under
confocal microscopy. Figure 2A shows fluorescence images
of cardiomyocytes from wild-type, B2 receptor k/o or P2Y2

receptor k/o mice, demonstrating robust labelling of B2

and P2Y2 receptors in cells from wild-type mice, but no
expression in cells from the corresponding k/o mice. As
controls, when the primary antibodies were omitted, or
pre-adsorbed with the immunizing peptide used to raise
the antibodies, there was no labelling. Thus, the B2 and
P2Y2 k/o mice should be suitable for our studies.

As a verification of this approach, we tested the effect of
BK and UTP on the CR of wild-type, B2 or P2Y2 receptor
k/o mouse cardiomyocytes only (without SCG neurons)
and the effect of RTG on the cardiomyocytes. There were
no differences between the tonic CR of cardiomyocytes
from wild-type and either type of k/o mouse and RTG
had no effect on the CR of cardiomyocytes from wild-type
mice (Fig. 2B). Application of UTP or BK significantly
increased the CR of cardiomyocytes from control mice, but
those responses were completely absent in cardiomyocytes
from B2 or P2Y2 receptor k/o mice, respectively (Fig. 2C).
As a test of the maximal effect of adrenergic stimulation,
we applied the β-AR receptor agonist isoproterenol (Isopr,
10 μM), which causes the maximal increase in CR that can
be achieved by β-AR stimulation. This increase was fully
reversed by application of the β-AR receptor antagonist,
propranolol (Propr, 10 μM). Normalized to control, the
fold-increase by UTP on the CR of cells from wild-type or
P2Y2 k/o mice was 1.24 ± 0.10 (n = 9) and 1.03 ± 0.05
(n = 5, P < 0.01), respectively; that by BK on the CR
of cells from wild-type or B2 k/o mice was 1.54 ± 0.14
(n = 9) and 1.01 ± 0.02 (n = 5, P < 0.001), respectively,
and that by Isopr or Isopr + Propr on the CR of cells from
wild-type mice was 1.76 ± 0.15 (n = 9) and 1.02 ± 0.04
(n = 9, P < 0.001), respectively. Thus, we have a system
for manipulating M-current in the SCG neurons, in which

applied drugs or agonists do not directly affect the CR of
the heart cells taken from the appropriate mouse line.

Agonists of B2 or P2Y receptors, and RTG, have
opposing effects on nicotine-induced
stimulation of CR

We then began to examine the role of M-channels
in controlling the response to nicotine stimulation of
the SCG neurons. Figure 3A shows an example of an
experiment in which rat SCG neurons were co-cultured
with cardiomyocytes isolated from B2-receptor k/o mice.
The tonic CR was ∼180 beats min−1, which was reversibly
increased to almost 230 beats min−1 by application of
nicotine (1 μM), presumably due to stimulation of the
SCG neurons, and release of NA. However, when nicotine
was co-applied with retigabine (10 μM), the increase in
CR induced by nicotine was markedly reduced, suggesting
that RTG-induced up-regulation of M-current prevented
most NA release from the SCG cells. Conversely, when
BK (250 nM) was co-applied with nicotine, the increase
in CR was much greater than by nicotine alone, to
∼250 beats min−1. Finally, we calibrated the system by
application of Isopr (10 μM), resulting in an increase in
the CR to ∼275 beats min−1. That this effect is mediated
by β-ARs is demonstrated by its full blockade when
Isopr was co-applied with propranolol (10 μM). Figure 3B
summarizes all such experiments in which RTG action
was tested, and Fig. 3C summarizes all such experiments
in which BK action was tested, with the mean ± SEM given
for each 15 s time point during the experiments. We then
performed similar experiments on co-cultures of rat SCG
neurons and cardiomyocytes isolated from P2Y2-receptor
k/o mice. A representative experiment is shown in Fig. 4A.
Again, nicotine application significantly increased the
cardiomyocyte CR, and the response was augmented when
nicotine was co-applied with UTP (10 μM). The response
was again calibrated by Isopr application, and also was
fully blocked by co-application of Propr. Such data are
summarized in Fig. 4B, with the mean ± SEM given for
each 15 s time point during the experiments.

Figure 5 summarizes the normalized action of
each treatment on the cardiomyocyte CR in the
above co-culture experiments. The fold increases
in CR by application of nicotine, nicotine + BK,
nicotine + UTP, nicotine + RTG, Isopr or Isopr + Propr
were 1.33 ± 0.01 (n = 18), 1.55 ± 0.05 (n = 6, P < 0.001),
1.44 ± 0.05 (n = 5, P < 0.05), 1.09 ± 0.05 (n = 7,
P < 0.001), 1.75 ± 0.05 (n = 18) and 1.03 ± 0.04 (n = 18),
respectively. It is important to note that the effects of
RTG and BK must be due to actions on the neurons, and
not the cardiomyocytes, since the latter do not contain
B2 receptors, and their IKs channels are not sensitive to
RTG. Thus, release of NA from the SCG cells induced by
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nicotine is enough to stimulate the heart cells about half of
that maximally possible, as defined by Isopr application.
The nicotine-induced NA release is highly dependent on
M-current amplitude, since the CR response was mostly

blunted when M-channels were maximally opened by
co-application of RTG, but was augmented when many
M-channels were closed by inclusion of BK or UTP.
We conclude that M-channels control the release of NT

Figure 2. Knock-out mouse control experiments
A, confocal images of cardiomyocytes from wild-type (+/+) or B2R or P2Y2R knock-out (−/−) animals. Fluorescence
(Fluor) or transmitted light wide-field (W.F.) micrographs are shown from cells treated with the indicated antibody
(ab), the ab pre-adsorbed with the immunizing peptide, or secondary (2◦) ab only. B, bars are the tonic contraction
rate of cardiomyocytes-only cultured from wild-type (wt), P2Y2R k/o, or B2R k/o mice, or wt cells in the presence
of retigabine (10 μM). C, bars show the normalized effect on the contraction rate of a cardiomyocyte-only
preparation, in response to application of UTP (10 μM) to wt or P2Y2R k/o cells, BK (250 nM) on wt or B2R k/o cells,
and isoproterenol (Isopr, 10 μM) or Isopr + propranalol (Propr, both 10 μM) on wt cells. ∗∗P < 0.01, ∗∗∗P < 0.001.

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society
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at functional adrenergic synapses, and that M-current
in sympathetic ganglia is very likely to affect cardiac
function through innvervation of the heart by sympathetic
nerves.

Figure 3. Retigabine and bradykinin affect the chronotropic
response of the cardiomyocytes to nicotine stimulation of the
co-cultured SCG neurons
A, CR is plotted during an experiment as nicotine (1 μM), nicotine
(1 μM) + retigabine (10 μM), bradykinin (250 nM), Isopr (10 μM), or
Isopr + Propr (both 10 μM) were bath-applied to co-cultured rat SCG
and B2 k/o mouse cardiomyocytes. B, summarized experiments as in
A, in co-cultured rat SCG and wt mouse cardiomyocytes, showing
the inhibitory effect of retigabine. C, summarized experiments as in
A, in co-cultured rat SCG and B2 k/o mouse cardiomyocytes,
showing the potentiating effect of bradykinin on the response to
nicotine. In B and C, each point summarizes 4–5 measurements,
with the SEM for each point shown.

Discussion

Most studies on control of NT release by M-current have
used more reduced preparations such as tritiated NT
released from synaptosomes (Martire et al. 2004, 2007;
Luisi et al. 2009), sympathetic neurons in a culture dish
(Lechner et al. 2003, 2004; Edelbauer et al. 2005; Kubista
& Boehm, 2006; Kubista et al. 2009), or carbon-fibre
amperometry (Koh & Hille, 1997; Hernandez et al.
2008). Although these studies have yielded important
and persuasive information, they might not represent
what transpires at functional synapses or from the results
of more physiological stimulation. Since our work has
focused on signalling pathways in sympathetic neurons,
we desired to investigate this issue in the milieu of
a prototypic tissue that is regulated by sympathetic

Figure 4. UTP affects the chronotropic response of the
cardiomyocytes to nicotine stimulation of co-cultured SCG
neurons
A, the contraction rate is plotted during an experiment as nicotine
(1 μM), nicotine (1 μM) + UTP (10 μM), Isopr (10 μM), or Isopr +
Propr (both 10 μM) were bath-applied to co-cultured rat SCG and
P2Y2 k/o mouse cardiomyocytes. B, summarized experiments as in
A, showing the potentiating effect of UTP on the response to
nicotine. Each point summarizes 4–5 measurements, with the SEM
for each point shown.

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



2566 O. Zaika and others J Physiol 589.10

innervation. Previous work indicates that the adrenergic
synapses formed in the co-culture contain much of the
same organization of such synapses in vivo, including
multiple exocytotic machinery proteins in the presynaptic
terminals, and accumulations of β-ARs and the scaffolding
proteins SAP97 and AKAP79/150 in the postsynaptic
cardiomyocyte membranes (Shcherbakova et al. 2007). We
realize that the heart is not innervated by neurons of the
SCG in vivo (other sympathetic ganglia do so), and that the
region of the heart primarily responsible for pacemaking
is the sino-atrial node, not the ventricles as used here;
however, this co-culture preparation is challenging to
perfect, and we felt it necessary to exploit this carefully
worked-out preparation that presents an ideal model
preparation to answer the questions addressed in this
paper.

For the purposes of this study, it is fortuitous that
the B2 and P2Y types of Gq/11-coupled receptors in the
SCG neurons selectively inhibit M-channels, without any
action on VGCCs, since Ca2+ influx through VGCCs
is the main driver for exocytosis and NT release in
neurons. Although it would have been very desirable
to depress M-current via stimulation of the muscarinic
receptors that give M-current its name, there seemed
no straightforward way to do this. Certainly we could
treat the cultures with pertussis toxin, which would
selectively block the ‘fast,’ voltage-dependent actions of
Go/i-coupled M2 and M4 receptors (Hille, 1994), or use
mice with the M2 receptors that dominate in rodent
heart knocked-out, but still the same Gq/11-coupled M1

receptors responsible for M-current depression are also

Figure 5. Summary of the normalized action of each treatment
on the cardiomyocyte CR in the co-culture experiments
Bars show effect of the indicated treatment on the cardiomyocyte
contraction rate, normalized to its value in control. All cells for the
experiments labelled Nicotine, Retigabine, Isoproterenol and
Isoproterenol + Propranolol were cultured from wild-type rodents.
∗P < 0.05, ∗∗∗P < 0.001.

responsible for the slower, PIP2-mediated, depression of
VGCCs that would obfuscate the results (Shapiro et al.
1999; Gamper et al. 2004; Suh et al. 2010). Indeed, Koh &
Hille (1997), using carbon-fibre amperometry on cultured
SCG cells, found stimulated NA release to be unaltered
by muscarinic agonist applied to cells pre-treated with
pertussis toxin, probably because the increased excitability
caused by M-current depression was counterbalanced
by the ‘slow-pathway’ mechanism of VGCC inhibition.
However, since RTG does not affect KCNQ1-containing
channels, we could selectively augment M current in the
neurons, without affecting cardiac IKs, and we found RTG
to have no effect by itself on the CR of cardiomyocyte-only
cultures. We also note that the observed CR was similar
in cardiomyocyte-only cultures and in the co-cultures,
suggesting that sympathetic release from resting neurons
in this system does not seem to participate in the tonic
regulation of CR.

M-channels have gained much notoriety for their
critical role in the nervous system. However, the function
of M-type channels in cardiac function demonstrated here
adds to the recent literature documenting the powerful
role of KCNQ channels in control over the cardio-
vascular system. M-channels are well expressed in nodose
ganglia sensory neurons, whose input reflects the status of
visceral organs in the thorax, and baroreceptor function,
and whose output is necessary for proper homeostasis
(Wladyka & Kunze, 2006; Wladyka et al. 2008). In nodose
ganglia neurons, the same collection of Gq/11-coupled M1,
B2, P2Y and AT1 receptors are expressed as in SCG neurons,
and agonists of these four receptors likewise depress
M-current in those cells (O. Zaika, G. Tolstykh, J. Zhang &
M. S. Shapiro, unpublished observations), making it likely
that receptor-mediated regulation of M-channels play a
part in central cardiovascular regulation. We also find
M-currents in the nucleus of the tractus solitarius, which
integrates vital cardiac, respiratory and gastrointestinal
inputs and is a main projection site of nodose ganglia
afferents in the brain stem (G. Tolstykh & M. S. Shapiro,
unpublished observations). Recently, a powerful role of
KCNQ4 and KCNQ5 channels has been documented
in vascular smooth muscle cells (VSMCs), where they
help set the resting potential, and control the extent
of depolarization, much like their role in stabilization
of the negative resting potential in neurons (Mackie &
Byron, 2008). In addition, the mechanism of vasopressin
in constriction of blood vessels has been revealed to be
heavily dependent on phosphorylation of KCNQ4 and
KCNQ5 in VSMCs. Taken together, M-channels in the
sympathetic system, in visceral sensory neurons, and in
the vasculature appear to represent powerful and as yet
untapped novel targets for cardiovascular therapeutics
(Mackie et al. 2008), and M-currents may emerge as
equally important players in cardiovascular disease, as they
have been in syndromes of nervous dysfunction.
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