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Cholinergic control of ventral surface chemoreceptors
involves Gq/inositol 1,4,5-trisphosphate-mediated
inhibition of KCNQ channels

Cleyton R. Sobrinho1, Fu-Shan Kuo2, Barbara F. Barna1, Thiago S. Moreira1 and Daniel K. Mulkey2

1Department of Physiology and Biophysics, University of São Paulo, São Paulo, Brazil
2Department of Physiology and Neurobiology, University of Connecticut, Storrs, CT, USA

Key points

� ACh is an important modulator of breathing, including at the level of the retrotrapezoid nucleus
(RTN), where evidence suggests that ACh is essential for the maintenance of breathing. Despite
this potentially important physiological role, little is known about the mechanisms responsible
for the cholinergic control of RTN function.

� In the present study, we show at the cellular level that ACh increases RTN chemoreceptor
activity by a CO2/H+ independent mechanism involving M1/M3 receptor-mediated inositol
1,4,5-trisphosphate/Ca+2 signalling and downstream inhibition of KCNQ channels.

� These results dispel the theory that ACh is required for RTN chemoreception by showing that
ACh, similar to serotonin and other modulators, controls the activity of RTN chemoreceptors
without interfering with the mechanisms by which these cells sense H+.

� By identifying the mechanisms by which wake-on neurotransmitters such as ACh modulate
RTN chemoreception, the results of the present study provide a framework for understanding
the molecular basis of the sleep–wake state-dependent control of breathing.

Abstract ACh has long been considered important for the CO2/H+-dependent drive to breathe
produced by chemosensitive neurons in the retrotrapezoid nucleus (RTN). However, despite
this potentially important physiological role, almost nothing is known about the mechanisms
responsible for the cholinergic control of RTN function. In the present study, we used slice-patch
electrophysiology and pharmacological tools to characterize the effects of ACh on baseline
activity and CO2/H+-sensitivity of RTN chemoreceptors, as well as to dissect the signalling
pathway by which ACh activates these neurons. We found that ACh activates RTN chemo-
receptors in a dose-dependent manner (EC50 = 1.2 μM). The firing response of RTN chemo-
receptors to ACh was mimicked by a muscarinic receptor agonist (oxotremorine; 1 μM),
and blunted by M1- (pirezenpine; 2 μM) and M3- (diphenyl-acetoxy-N-methyl-piperidine;
100 nM) receptor blockers, but not by a nicotinic-receptor blocker (mecamylamine; 10 μM).
Furthermore, pirenzepine, diphenyl-acetoxy-N-methyl-piperidine and mecamylamine had no
measurable effect on the CO2/H+-sensitivity of RTN chemoreceptors. The effects of ACh on
RTN chemoreceptor activity were also blunted by inhibition of inositol 1,4,5-trisphosphate
receptors with 2-aminoethoxydiphenyl borate (100 μM), depletion of intracellular Ca2+ stores
with thapsigargin (10 μM), inhibition of casein kinase 2 (4,5,6,7-tetrabromobenzotriazole; 10 μM)
and blockade of KCNQ channels (XE991; 10 μM). These results show that ACh activates RTN
chemoreceptors by a CO2/H+ independent mechanism involving M1/M3 receptor-mediated
inositol 1,4,5-trisphosphate/Ca+2 signalling and downstream inhibition of KCNQ channels.
Identifying the components of the signalling pathway coupling muscarinic receptor activation to
changes in chemoreceptor activity may provide new potential therapeutic targets for the treatment
of respiratory control disorders.
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Introduction

Respiratory activity is maintained unconsciously by the
activity of respiratory chemoreceptors, including those
located in the retrotrapezoid nucleus (RTN), which
control respiratory output in response to changes in
tissue CO2/H+ (Mulkey et al. 2004; Nattie & Li, 2012;
Guyenet, 2014; Huckstepp et al. 2015). Despite the
importance of RTN chemoreceptors, little is known about
the mechanisms that support their activity, particularly
during sleep when disruption of chemoreceptor function
most often results in respiratory failure. Cholinergic
neurons are most active during wakefulness and rapid
eye movement (REM) sleep (Kubin & Fenik, 2004)
and, although ACh is excitatory at most levels of the
respiratory circuit, activation of cholinergic centres such as
the pedunculopontine tegmental nucleus (PPT) typically
results in suppression of respiratory output (Lydic &
Baghdoyan, 1993) and increased respiratory variability
(Saponjic et al. 2003). These results suggest that our
understanding of cholinergic control of breathing is far
from complete. The RTN receives cholinergic input from
regions including the PPT (Ruggiero et al. 1990; Yasui
et al. 1990; Ruggiero et al. 1997) and a longstanding
hypothesis contends that cholinergic neurotransmission
is a requisite component of RTN chemoreception (Metz,
1966; Fukuda & Loeschcke, 1979; Dev & Loeschcke, 1979a;
Nattie et al. 1989; Monteau et al. 1990). For example, early
studies centred on understanding how the brain controls
breathing suggested that cholinergic transmission at the
level of the ventral medullary surface, in a region that
later became known as the RTN (Smith et al. 1989),
is required for maintenance of respiratory activity and
CO2/H+-sensitivity in vitro (Fukuda & Loeschcke, 1979;
Monteau et al. 1990; Burton et al. 1994) and in vivo
(Dev & Loeschcke, 1979a; Nattie et al. 1989). Despite
this potentially important physiological role, almost
nothing is known about the mechanisms underlying the
cholinergic modulation of RTN chemoreceptors. Evidence
does suggest that ACh modulates RTN chemoreceptors by
activation of M1 and M3 Gq-coupled receptors (Nattie
et al. 1989; Nattie & Li, 1990; Burton et al. 1994), although
the signalling molecules and downstream ion channel
targets contributing to this response are entirely unknown.

It is well established in other brain regions that
ACh increases neuronal excitability by activation of
muscarinic Gq-coupled receptors (e.g, M1 and M3)
and inhibition of KCNQ channels (Brown & Adams,
1980; Delmas & Brown, 2005). Gq signalling may
inhibit KCNQ channels by depletion of phospholipid
phosphatidylinositol 4,5-bisphosphate (PIP2), an essential
co-factor for channel activity (Zhang et al. 2003; Delmas &
Brown, 2005; Suh et al. 2006), or indirectly by calmodulin
(CaM) and Ca2+ (Gamper & Shapiro, 2003), casein kinase
2 (CK2) (Kang et al. 2014) or protein kinase C (PKC)
(Kosenko et al. 2012) dependent effects on channel affinity
for PIP2. Recent evidence indicates that KCNQ channels
regulate the activity of RTN chemoreceptors (Hawryluk
et al. 2012; Hawkins et al. 2015). Therefore, we aimed to
investigate whether these channels also contribute to the
cholinergic modulation of RTN chemoreceptors.

In the present study, at the cellular level, we show that
chemosensitive RTN neurons are strongly activated by
ACh, and this response could be reduced by blockers
of M1 and M3 receptor but not nicotinic receptors.
Importantly, the function of RTN neurons as chemo-
receptors was not dependent on cholinergic signalling
because CO2/H+-sensitivity was wholly retained during
nicotinic or muscarinic receptor blockade. Furthermore,
we show that ACh-sensitivity could be reduced by
blocking inositol 1,4,5-trisphosphate (IP3) receptors,
depleting intracellular Ca2+ stores, inhibiting CK2 or
blocking downstream KCNQ channels, although it was
retained during PKC blockade. These results identify
several components of the signalling pathway that couple
muscarinic receptor activation to changes in chemo-
receptor excitability.

Methods

Animals

Animal use was in accordance with guidelines approved
by the University of Connecticut Institutional Animal
Care and Use Committee. Brain slices were isolated from
neonatal rat pups (7–11 days old; n = 91). All efforts
were made to minimize animal discomfort, as well as the
number of animals used.
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Brain slice preparation and slice-patch electrophysiology.
Slices containing the RTN were prepared as described pre-
viously (Mulkey et al. 2004; Hawryluk et al. 2012). Briefly,
neonatal rats were decapitated under ketamine/xylazine
anaesthesia, and transverse brainstem slices (300μm) were
cut using a microslicer (DSK 1500E; Dosaka, Kyoto, Japan)
in ice-cold substituted Ringer solution containing (in
mm): 260 sucrose, 3 KCl, 5 MgCl2, 1 CaCl2, 1.25 NaH2PO4,
26 NaHCO3, 10 glucose and 1 kynurenic acid. Slices were
incubated for �30 min at 37°C, and subsequently at
room temperature in normal Ringer solution (in mm):
130 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 26
NaHCO3 and 10 glucose. Both substituted and normal
Ringer solutions were bubbled with 95% O2–5% CO2

(extracellular pH 7.35).
Slices containing the RTN were transferred to a

recording chamber mounted on a fixed-stage microscope
(Axioskop FS; Carl Zeiss, Oberkochen, Germany) and
perfused continuously (�2 ml min−1) with normal
Ringer solution bubbled with 95% O2–5% CO2. Slices
were exposed to hypercapnia by equilibrating bath
solution with 10% or 15% CO2. All recordings were made
with an Axopatch 200B patch-clamp amplifier, digitized
with a Digidata 1322A A/D converter and recorded using
pCLAMP, version 10.0 (Molecular Devices, Sunnyvale,
CA, USA). Recordings were obtained at room temperature
(�22°C) with patch electrodes pulled from borosilicate
glass capillaries (Harvard Apparatus, Molliston, MA,
USA) on a two-stage puller (P89; Sutter Instrument,
Novato, CA, USA) to a DC resistance of 5–7 M� when
filled with an internal solution containing (in mm): 120
KCH3SO3, 4 NaCl, 1 MgCl2, 0.5 CaCl2, 10 Hepes, 10
EGTA, 3 Mg-ATP and 0.3 GTP-Tris (pH 7.2); electrode
tips were coated with Sylgard 184 (Dow Corning,
Midland, MI, USA). All recordings of neuronal firing rate
were performed using the cell-attached configuration
and firing rate histograms were generated by integrating
action potential discharge in 10 s bins and plotted
using Spike, version 5.0 (Cambridge Electronic Design,
Cambridge, UK).

Drugs

All drugs were bath applied at the concentrations: ACh
(0.05–20 μM; Sigma-Aldrich Co., St Louis, MO, USA),
oxotremorine (1 μM; Sigma-Aldrich Co.), nicotine (5 μM;
Tocris), pirenzepine (2 μM; Tocris), 4-diphenyl-acetoxy-
N-methyl-piperidine (4-DAMP) (100 nM; Tocris),
meacamylamine (10 μM; Tocris), 2-aminoethoxydiphenyl
borate (2-APB) (100 μM; Sigma-Aldrich Co.), thapsig-
argin (10 μM; Tocris), 4,5,6,7-tetrabromobenzotriazole
(TBB) (10 μM), apamin (100 μM; Sigma-Aldrich Co.),
calphostin C (1 μM; Tocris), XE991 (10 μM; Tocris),
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 μM;
Sigma-Aldrich Co.), strychnine (2 μM; Sigma-Aldrich

Co.) and gabazine (10 μM; Sigma-Aldrich Co.). A low
Ca2+, high Mg2+ synaptic block solution was used to
block excitatory synaptic input to RTN chemoreceptors.
The composition of the synaptic block medium used in
the present study is similar to normal Ringer solution,
except that MgCl2 was increased to 11.4 mM, CaCl2 was
decreased to 0.2 mM and, to maintain osmolality, NaCl
was decreased to 124 mM. The efficacy of this synaptic
blocking medium is well established (Hatton, 1982),
including at the level of the RTN, where is it has been
shown to block excitatory synaptic currents measured in
RTN chemoreceptors (Wenker et al. 2012).

Statistical analysis

Data are reported as the mean ± SEM. Statistical analysis
was performed using SigmaStat, version 3.0 (Systat
Software Inc., Chicago, IL, USA). All data had a normal
distribution (Kolmogorov–Smirnov goodness-of-fit test)
and statistical significance was determined using a
paired t test or one-way ANOVA with Tukey’s multiple
comparisons as appropriate (P<0.05). The relevant values
used for statistical analysis are provided in the Results as
appropriate.

Results

Cell-attached recordings were used to identify RTN
chemoreceptors in acute brainstem slices by their
characteristic response to CO2 (i.e. they show a low
level of spontaneous activity under control conditions)
(0.2 ± 0.1 Hz, 5% CO2) and an increase in firing
rate in response to 10% (1.8 ± 0.1 Hz) and 15% CO2

(2.1±0.1 Hz) (Fig. 1C). This level of CO2/H+-sensitivity is
similar to that reported previously for RTN chemosensitive
neurons (Wenker et al. 2012). Furthermore, considering
that CO2/H+-sensitive RTN neurons identified in this
manner were shown to be located in the same region
of the RTN and had a neurochemical phenotype
(i.e. glutamatergic and express the transcription factor
Phox2b) similar to that of neurons shown to function
as RTN chemoreceptors in vivo (Mulkey et al. 2004;
Mulkey et al. 2007), we consider this an appropriate way
of functionally identifying RTN chemoreceptors. RTN
neurons that showed a < 1 Hz firing response to 10% CO2

or a < 1.5 Hz firing response to 15% CO2 were considered
non-chemosensitive.

Cholinergic modulation of RTN chemoreceptors
involves M1 and M3 receptors

To identify cholinergic receptors that regulate RTN
chemoreceptor function, we characterized the effects of
cholinergic receptor agonists on the activity of RTN
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chemoreceptors under control conditions and during
muscarinic or nicotinic receptor blockade. We found that
bath application of ACh increased the activity of RTN
chemoreceptors in a dose-dependent manner with an
EC50 of 1.2 μM (Fig. 1A and B). For subsequent blocker
experiments, we used 2 μM ACh to ensure that we obtained
a near maximal response of RTN chemoreceptors to ACh
(2.45 ± 0.2 Hz; T6 = –9.41, P = 0.003) (Fig. 1D).
We also found RTN neurons that did not respond to
CO2/H+ also did not respond to ACh (0.4 ± 0.2 Hz;
T2 = –1.57, P = 0.25), thus supporting the possibly
that ACh discreetly activates H+-sensitive RTN neurons

(Dev & Loeschcke, 1979a). In addition, the response
of RTN chemoreceptors to ACh was mimicked by a
muscarinic receptor agonist (Fig. 1D); bath application
of oxotremorine (1 μM) increased chemoreceptor activity
by 1.9 ± 0.5 Hz (T4 = –3.93, P = 0.029).

To test whether cholinergic activation of RTN chemo-
receptors is dependent on synaptic input, we exposed
neurons to repeated bouts of ACh, first under control
conditions, and then in the presence of a cocktail of
neurotransmitter receptor blockers or in low Ca2+–high
Mg2+ synaptic block medium. The blocker cocktail
consisted of CNQX (10 μM) to block AMPA/kainite
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Figure 1. RTN chemoreceptors are strongly activated by ACh and a non-specific muscarinic agonist
A, trace of firing rate showing the characteristic response of a chemosensitive RTN neuron to 10% CO2 and to
graded increases in ACh. B, average firing rate at each concentration plotted (black dots) were fitted (continuous
red line) to a logistic equation of the form: y = (a − c)/[1 + ([ACh]/EC50)b] + c, where a and c are the theoretical
minimum and maximum, respectively, and b is a slope function (Li et al. 1998). Only neurons tested with at least
two concentrations of ACh are included; each point represents data from three to 11 neurons. The calculated ACh
EC50 was 1.2 µM. C, trace of firing rate from a chemoreceptor RTN neuron showing the firing response to 10 and
15% CO2. After return to control conditions (5% CO2), bath application of ACh (2 µM) or oxotremorine (OXO;
1 µM, n = 4), a non-specific muscarinic receptor agonist, also increased activity of this chemosensitive neuron.
D, summary graph (n = 4) to the right showing that ACh and OXO increased RTN chemoreceptor activity by
2.45 ± 0.3 and 1.95 ± 0.4, respectively.
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receptors, gabazine (10 μM) to block GABAA receptors
and strychnine (2 μM) to block glycine receptors. Note
that this concentration of strychnine can also block
nicotinic receptors (Matsubayashi et al. 1998) but not
muscarinic receptors (Bartolami et al. 1993); however,
as noted below, nicotinic receptor blockade does not
blunt the firing response to ACh (Fig. 4). As before,
under control conditions, bath application of ACh (2 μM)
increased the firing rate by 1.9 ± 0.14 Hz. After returning
to control conditions, exposure to the blocker cocktail
increased baseline activity from 1.0 ± 0.54 to 1.6 ± 0.47 Hz
(T4 = –3.94, P = 0.017) (Fig. 2A and B). In the continued
presence of our blocker cocktail, exposure to ACh (2 μM)
increased the firing rate by an amount similar to the
control (1.8 ± 0.17; T4 = –2.33, P = 0.080) (Fig. 2A and
C). These results are consistent with the possibility that
chemosensitive RTN neurons respond directly to ACh.
However, RTN neurons also receive non-glutamatergic
excitatory input that would probably be preserved in our
blocker cocktail. Therefore, we also tested ACh-sensitivity
when all excitatory input to RTN chemoreceptors was
blocked with high Mg2+-low Ca2+ synaptic block solution
(Wenker et al. 2012). These experiments were performed

in the same cells previously exposed to the blocker cocktail.
Note that CNQX, gabazine and strychnine probably do
not wash within the timeframe of these experiments.
Exposure to low Ca2+-high Mg2+ solution decreased base-
line activity by 0.84 ± 0.10 (T3 = 8.99, P = 0.003),
suggesting that RTN chemoreceptors may receive tonic
non-glutamatergic excitatory input. In low Ca2+-high
Mg2+ solution, exposure to ACh (2 μM) also increased the
firing rate by an amount similar to the control (1.5 ± 0.21;
T3 = 0.862, P = 0.452) (Fig. 2A and C). Taken together,
these results indicate that RTN chemoreceptors are directly
activated by ACh.

We consider M1 and M3 receptors as the leading
candidates responsible for this response because pre-
vious evidence showed that M1 and M3 receptor blockers
applied to the brainstem (Burton et al. 1994), or more
specifically to the region of the RTN (Nattie et al.
1989; Nattie & Li, 1990; Nattie et al. 1994), decreased
breathing and CO2 sensitivity. We tested this possibility
using selective antagonists for M1 (pirenzepine, 2 μM)
and M3 (4-DAMP, 100 nM). We found that blockade
of either M1 or M3 receptors had negligible effects
on baseline activity or the firing response to CO2;

6

4

2

0

ACh

5 min

A
ch

 Δ
 fi

rin
g

ra
te

 (
H

z)

0

3

low Ca2+/high Mg2+

low Ca2+/high Mg2+

strych, gab, CNQX

con

strych, gab, CNQX  

//

//

fir
in

g 
ra

te
 (

H
z)

F
iri

ng
 R

at
e 

(H
z)

0

4

A

B C

10% ACh ACh

*

*

Figure 2. Cholinergic activation of RTN chemoreceptors is not dependent on synaptic input
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however, each blocker decreased the ACh (2 μM) response
of RTN chemoreceptors by 65% (2.4 ± 0.2 Hz vs.
0.9 ± 0.2 Hz in pirenzepine (F2,6 = 17.24, P < 0.001);
and 90% (3.1 ± 0.3 Hz vs. 0.3 ± 0.1 in 4-DAMP;
F2,5 =31.72, P<0.001), respectively (Fig. 3). Furthermore,
considering that nicotine applied to the ventral surface
can mimic the stimulatory effects of ACh on breathing in
anaesthetized cats (Dev & Loeschcke, 1979a), and because
ACh has been shown to activate inspiratory neurons
in the nearby Pre-Bötzinger complex by mechanisms
involving both muscarinic and nicotinic receptors (Shao
& Feldman, 2000, 2001, 2005, 2009), we also tested for
the involvement of nicotinic receptors in the cholinergic
modulation of RTN neurons. We found that application of
nicotine (5 μM) increased RTN chemoreceptor activity by
3.6 ± 0.7 Hz (T3 = –4.57, P = 0.02) and bath application
of the nicotinic ACh receptor antagonist mecamylamine
(10 μM; Mec) decreased nicotine-sensitivity (F3,5 = 7.90,
P = 0.007) (Fig. 4). However, Mec did not blunt the

firing rate response elicited by ACh (3.9 ± 0.5 Hz vs.
4.0 ± 0.5 Hz in Mec) or 10% CO2 (Fig. 4). These
results suggest that ACh modulates the activity of RTN
chemoreceptors by a CO2/H+ independent mechanism
involving M1- and M3-receptors but not nicotinic
receptors.

Second messengers underlying the cholinergic
modulation of RTN chemoreceptors

M1 and M3 are Gq-coupled receptors that regulate neuro-
nal excitability by activation of phospholipase C and
subsequent hydrolysis of PIP2 to produce diacylglycerol
(DAG) and IP3, which in turn triggers activation of PKC
and Ca2+ release from intracellular stores, respectively
(Delmas & Brown, 2005). As a first step towards identifying
essential second messengers responsible for the cholinergic
modulation of RTN chemoreceptors, we tested the effects
of selective blockers of PKC and IP3 receptors on ACh
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responsiveness. A 10 min incubation in the PKC blocker
calphostin C (1 μM) had no effect on basal activity or the
firing rate response to ACh (1.8 ± 0.5 Hz vs. 2.9 ± 0.2 Hz
in calphostin C; T2 = –2.33, P = 0.15). Conversely, IP3

receptor blockade with 2-APB (100 μM) decreased ACh
responsiveness by 55% (3.2 ± 0.6 Hz vs. 1.3 ± 0.2 Hz
in 2-APB; F2,5 = 4.25, P = 0.038) (Fig. 5A and C).
These results identify IP3-mediated Ca2+ release from
intracellular stores as a key step in ACh modulation of
RTN chemoreceptors. To test this possibility further, we
re-tested ACh-sensitivity when intracellular Ca2+ stores
were depleted with thapsigargin. Bath application of
thapsigargin (10 μM) increased the baseline firing rate
of RTN chemoreceptors by 1.7 ± 0.4 Hz (T5 = –4.24,
P = 0.013) and essentially eliminated ACh-sensitivity
(Fig. 5B and D). For example, in the continued presence
of thapsigargin (with baseline adjusted by DC current
injection), exposure to ACh increased the firing rate of
RTN chemoreceptors by only 28% compared to control
(3.5 ± 0.3 Hz vs. 1.7 ± 0.3 Hz first ACh in thapsigargin;
F4,6 = 9.90, P < 0.001) (Fig. 5B and D). The firing rate
response to ACh increased to 6.4 ± 0.5 Hz (T2 = –4.42,
P = 0.05) after an �30 min wash in control media
(Fig 5D). Taken together, these results suggest that release
of Ca2+ from intracellular stores is an important step in
the cholinergic modulation of RTN neurons.

KCNQ channels contribute to the cholinergic
modulation of RTN chemoreceptors

Voltage-gated KCNQ channels have a high propensity
for modulation by Gq-signalling (Jentsch, 2000). In
particular, activation of M1 or M3 receptors has been

shown to inhibit KCNQ channel activity directly by PIP2

depletion and indirectly by Ca2+-induced dissociation
of calmodulin from KCNQ channels, which results in
reduced channel affinity for PIP2 (Kosenko et al. 2012).
Recent evidence also suggests that phosphorylation of
CaM by CK2 strengthens its interaction with KCNQ,
resulting in resistance to PIP2 depletion and increased
channel activity (Kang et al. 2014). Based on this evidence
and our finding that IP3-mediated Ca2+ release is essential
for the cholinergic modulation of RTN chemoreceptors,
we tested for involvement of KCNQ channels and CK2
in the response of RTN neurons to ACh. We found that
pharmacological blockade of KCNQ with XE991 (10 μM)
increased baseline firing by �1 Hz and attenuated ACh
responsiveness by �39% (3.1 ± 0.3 Hz vs. 1.9 ± 0.3 Hz
in XE991; F2,5 = 7.72, P = 0.014) (Fig. 6A and B).
Inhibition of CK2 with TBB (10 μM) had little effect on
the resting activity of RTN chemoreceptors (T6 = –0.62,
P = 0.57); however, TBB decreased the firing response to
ACh (3.4 ± 0.7 Hz vs. 0.6 ± 0.1 Hz in TBB; F2,6 = 9.86,
P = 0.01) (Fig. 6C and D). Considering that RTN
chemoreceptors also express small conductance K+ (SK)
channels (Hawryluk et al. 2012) and, in other cell types,
Gq-signalling has been shown to decrease SK channel
activity by CK2-mediated CaM phosphorylation, we also
tested for the involvement of SK channels in the cholinergic
modulation of RTN neurons. We found that cholinergic
activation of RTN chemoreceptors was unaffected by SK
channel blockade with 100 μM apamin (2.0 ± 0.2 Hz vs.
2.6 ± 0.2 Hz in apamin; T3 = –2.61, P = 0.08). These
results highlight the importance of KCNQ channels in
the regulation RTN chemoreceptor function, and provide
a framework for understanding the molecular basis by
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which wake-on neurotransmitters (e.g. serotonin and
ACh) modulate breathing.

Discussion

ACh is a powerful stimulus at multiple levels of the
respiratory network including the RTN where cholinergic
transmission is reportedly required for maintenance of
respiratory activity and CO2/H+-sensitivity (Fukuda &
Loeschcke, 1979; Dev & Loeschcke, 1979a; Nattie et al.
1989; Monteau et al. 1990; Burton et al. 1994). Despite
this potentially important physiological role, almost
nothing is known about the mechanisms underlying
the cholinergic modulation of RTN chemoreceptors
and breathing. In the present study, we show, at the
cellular level, that ACh increases RTN chemoreceptor
activity by a CO2/H+ independent mechanism involving
M1/M3 receptor-mediated IP3/Ca+2 signalling and
downstream inhibition of KCNQ channels. These results
identify components of the signalling pathway that
couple activation of muscarinic receptors to changes

in chemoreceptor excitability and, in doing so, provide
a framework for understanding the molecular basis of
state-dependent control of breathing.

Experimental limitations

All experiments were conducted in the medullary brain
slice preparation because it allows considerable control of
the neuronal environment and easy access to neurons for
patch-clamp recording. However, it should be recognized
that the tissue used in this preparation has been
traumatized, subjected to oxidative stress in the form
of hyperoxic incubation conditions (Mulkey et al. 2001)
and neural network connections have been disrupted.
Therefore, it will be important for future work to
determine the role of cholinergic signalling in the RTN
in the control of breathing in vivo, particularly across
sleep–wake states. Our experiments were also limited to
the use of animals less than �2 weeks of age. This is a
potential issue because chemosensitive RTN neurons show
a much larger firing response to CO2 in anaesthetized
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Figure 5. ACh activates RTN
chemoreceptors by a mechanism
involving IP3 receptor-mediated Ca2+
release
A, trace of firing rate from a chemosensitive
RTN neuron showing that bath application of
the IP3 receptor blocker 2-APB (100 µM) had
no effect on basal activity but significantly
attenuated the firing rate response to ACh.
B, trace of firing rate from a RTN
chemosensitive neuron showing that bath
application of thapsigargin (10 µM), a
Ca2+-ATPases blocker, increased the basal
activity by �2.5 ± 0.3 Hz. In the continued
presence of thapsigargin with baseline
activity adjusted to near control levels by DC
current injection (arrow), repeated exposures
to ACh (2 µM) had minimal effect on cellular
activity. The firing response to ACh increased
�2-fold after an �30 min wash in control
media. C and D, summary data showing that
2-APB (n = 6) (C) and thapsigargin (n = 7)
(D) decreased the firing rate response of RTN
chemoreceptors to ACh by 60% and 74%,
respectively. // indicates a 10 min time break.
∗Significantly less than control or wash
(one-way ANOVA followed by Tukey’s
multiple comparison test; P < 0.05);
‡Significantly greater than control (paired
t test; P < 0.05).

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



J Physiol 594.2 Cholinergic modulation of ventral surface chemoreceptors 415

adult rats in vivo compared to in the neonatal slice pre-
paration (Guyenet et al. 2005). Therefore, the results of
the present study may not be fully representative of how
chemosensitive RTN neurons respond to CO2 or neuro-
transmitters in adult animals in vivo. In addition, our
experiments are limited by the use of exogenous drug
application. This is a issue because bath application of
cholinergic agonists may not mimic the discrete and rapid
transient nature of endogenous neurotransmitter release,
and differences in the spatiotemporal profile of cholinergic
receptor activation can result in divergent neural responses
(Unal et al. 2015). Therefore, it will be important for future
studies to confirm that endogenous ACh modulates RTN
chemoreceptor activity by a similar mechanism.

Cholinergic control of RTN chemoreceptor function

The RTN is an important locus of respiratory control.
Neurons (Mulkey et al. 2004; Wang et al. 2013) and
astrocytes (Gourine et al. 2010; Huckstepp et al. 2010;
Wenker et al. 2010) in this region sense changes in CO2/H+
to produce an integrated CO2/H+-dependent drive to
other components of the respiratory circuit to regulate

both inspiratory and expiratory activity (Guyenet, 2014).
During the prenatal period, chemosensitive RTN neurons
also contribute to inspiratory rhythmogenesis (Onimaru
et al. 2008; Thoby-Brisson et al. 2009) and, in adulthood,
subsets of RTN neurons contribute to expiratory rhythm
generation (Janczewski & Feldman, 2006; Huckstepp et al.
2015); thus, the RTN has a powerful influence on all
aspects of breathing

A longstanding hypothesis contends that RTN chemo-
receptor function is dependent on cholinergic trans-
mission (Fukuda & Loeschcke, 1979; Dev & Loeschcke,
1979a,b). This hypothesis is supported by evidence that
hypercapnia increased ACh levels in putative brain-
stem chemosensitive areas (Metz, 1966), and application
of ACh near the RTN stimulated respiratory activity,
whereas atropine or more specific blockers of M1 and
M3 receptors blunted the CO2 ventilatory response both
in vitro (Fukuda & Loeschcke, 1979; Monteau et al.
1990; Eugenin & Nicholls, 1997; Coddou et al. 2009)
and in anaesthetized animals (Dev & Loeschcke, 1979a,b;
Nattie et al. 1989; Nattie & Li, 1990). However, many
of these early studies used high drug concentrations
that may have had non-specific effects contributing to
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the perceived cholinergic contribution to RTN chemo-
sensitivity. Consistent with these previous studies, we
found that ACh elicited a strong activation of chemo-
sensitive RTN neurons even when glutamate, GABAA and
glycine receptors were blocked and under experimental
conditions that limited synaptic transmission (i.e.
incubation in high Mg2+/low Ca2+ medium) (Figs 1 and
2). These results suggest that RTN chemoreceptors are
directly activated by ACh. However, these experiments
cannot exclude the involvement of RTN astrocytes, which
are known to enhance the activity of chemosensitive
neurons in a paracrine fashion by purinergic dependent
mechanism (Gourine et al. 2010; Wenker et al. 2012). By
contrast to previous work, we found that application of
muscarinic receptor blockers at concentrations sufficient
to attenuate the firing response to ACh had negligible
effect on CO2/H+-sensitivity of RTN chemoreceptors (Fig.
3). These results dispel the theory that ACh contributes
to RTN chemoreception by showing that cholinergic
signalling can modulate the activity of RTN neurons in a
manner similar to serotonin, although it is not a requisite
component of the mechanism by which these cells sense
changes in CO2/H+.

Cholinergic neurons in the PPT are probably a source
of cholinergic drive to the RTN (Ruggiero et al. 1990;
Yasui et al. 1990; Ruggiero et al. 1997). These neurons
exhibit wake- and REM-dependent firing behaviour
(Kubin & Fenik, 2004) and are known to participate
in a wide range of state-regulating functions including
the control of breathing (Lydic & Baghdoyan, 1993;
Saponjic et al. 2003). Therefore, connections between
cholinergic PPT neurons and RTN chemoreceptors may
serve as the anatomical basis for state-dependent control
of chemoreceptor activity. More generally, stimulation
of the PPT elicits respiratory behaviour reminiscent of
REM sleep, such as suppressed respiratory output (Lydic
& Baghdoyan, 1993) and irregular breathing patterns
(Saponjic et al. 2003). Although ACh is excitatory at
most levels of the respiratory circuit including the RTN
as shown in the present study, cholinergic neurons
comprise only a minority of neurons in the PPT that
are intermingled amongst a large number of GABAergic
and glutamatergic neurons (Wang & Morales, 2009).
Furthermore, PPT neurons innervate multiple levels
of the respiratory circuit including pontine respiratory
centres associated with expiration (e.g. parabrachial
complex and Kölliker-Fuse) (Saponjic et al. 2006).
Therefore, PPT-mediated respiratory depression (Lydic &
Baghdoyan, 1993) and variability (Saponjic et al. 2003)
probably results from either non-cholinergic inhibition
of respiratory centres or activation of regions associated
with expiration. To fully understand the contribution of
cholinergic drive to state-dependent control of breathing,
it will be important for future work to identify and
selectively manipulate subsets of cholinergic PPT neurons

with discrete projections to various levels of the respiratory
system in vivo at the same time as measuring respiratory
activity across natural sleep–wake states.

The molecular basis of cholinergic control of RTN
function involves activation of M1 and M3 receptors and
Gq-mediated inhibition of KCNQ channels. Specifically,
we show that chemosensitive RTN neurons are strongly
activated by ACh (Fig. 1A and B), and this response could
be mimicked by application of oxotremorine (muscarinic
receptor agonist) (Fig. 1C and D) and blocked by
pirenzepine (selective M1 receptor blocker) and 4-DAMP
(selective M3 receptor blocker) (Fig. 3). As noted above,
these results are consistent with evidence that M1 and
M3 receptors are expressed in the RTN (Nattie et al.
1994) and contribute to the cholinergic modulation of
breathing in anaesthetized cats (Nattie et al. 1989; Nattie
& Li, 1990). Also consistent with previous evidence that
nicotine is a potent modulator of breathing (Shao &
Feldman, 2001, 2005, 2009), including at the level of
the RTN (Fukuda & Loeschcke, 1979; Dev & Loeschcke,
1979a), we found that nicotine stimulated activity of RTN
neurons (Fig. 4A). However, because Mec, which blocks
all nicotinic receptors except α7-containing channels
(Chamberlin et al. 2002), had no effect on ACh sensitivity
(Fig. 4), we did not explore the role of these receptors
further. M1 and M3 are Gq-coupled receptors that, when
stimulated, lead to the activation of phospholipase C
β and subsequent hydrolysis of PIP2 to produce IP3

and DAG. Because depletion of PIP2 and production
of IP3 and DAG all serve as potent intracellular signals
(Kosenko et al. 2012), we considered these the most
probable candidate messengers of cholinergic modulation
of RTN chemoreceptors. Furthermore, because KCNQ
channels are a classic downstream target of M1 and M3
signalling (Brown & Adams, 1980; Delmas & Brown,
2005) and these channels have been shown to control
activity of RTN chemoreceptors (Hawryluk et al. 2012;
Hawkins et al. 2015), we considered KCNQ channels to be
the most probable effector coupling receptor activation
to changes in neuronal excitability. Evidence suggests
that KCNQ channels can be inhibited directly by PIP2

depletion (Jentsch, 2000; Zhang et al. 2003; Delmas &
Brown, 2005; Suh et al. 2006), or indirectly by CaM
and Ca2+ (Gamper & Shapiro, 2003) CK2 (Kang et al.
2014) or PKC (Kosenko et al. 2012) dependent effects
of channel affinity for PIP2. Consistent with a role of
IP3-mediated Ca2+ release, we found that ACh-sensitivity
was strongly suppressed by blocking IP3-receptors or
by depleting intracellular Ca2+ stores (Fig. 5A and D).
These results are consistent with the involvement of
KCNQ channels because these channels are known to
be inhibited by increased intracellular Ca2+ (Gamper &
Shapiro, 2003). The Ca2+ binding protein CaM is an
essential co-factor of KCNQ channel function, where an
increase in Ca2+ causes CaM to dissociate from the channel
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and this in turn decreases the channel affinity for PIP2,
resulting in decreased channel conductance (Kosenko &
Hoshi, 2013). This mechanism has been established in
homomeric KCNQ2 and heteromeric KCNQ2/3 channels,
which are the KCNQ channels probably controlling
RTN chemoreceptor activity (Hawryluk et al. 2012).
In addition, CK2 has been shown to complex with
KCNQ channels and phosphorylate CaM to facilitate its
dissociation and channel closure (Kang et al. 2014). We
showed that blocking either CK2 or KCNQ channels
decreased cholinergic modulation of RTN chemoreceptor
excitability (Fig. 6A and D). These results clearly implicate
KCNQ channels as downstream targets of cholinergic
modulation of RTN chemoreceptors; however, because
blocking CK2 can also inhibit KCNQ channel activity
independently of cholinergic signalling (Kang et al.
2014), we do know whether CK2 is required for
this transduction mechanism. Our evidence indicating
that the disruption of IP3 receptors or Ca2+ release
from intracellular stores almost eliminates the firing
response to ACh suggests this as the main mechanism
for the cholinergic modulation of RTN neurons.
However, M1 and M3 receptor-mediated PIP2 depletion
can strongly inhibit KCNQ channels independent of
Ca2+ or PKC signalling (Kosenko et al. 2012) and
Ca2+ and CK2 regulate KCNQ activity by influencing
channel affinity for PIP2. Therefore, PIP2 depletion
likely contributes to the cholinergic modulation of RTN
neurons.

In sum, we show that ACh increases RTN chemo-
receptor activity in a dose-dependent manner by
mechanisms involving M1 and M3 receptors and
Gq-mediated inhibition of KCNQ channels. These results
identify several components of the signalling pathway
that couple muscarinic receptor activation to changes
in chemoreceptor excitability and, in doing so, provide
potential avenues for the therapeutic treatment of
respiratory control problems associated with disordered
breathing.
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