












into ASM. We can also conclude that unliganded mus-

carinic receptors do not contribute to contraction since

the remaining BTX-insensitive contractile response is

accounted for by Nifedipine-sensitive, voltage-dependent

calcium channels. Based on these data, we find that con-

tractions mediated through smooth muscle muscarinic

receptors can be observed in high K+ solution by blocking

neurotransmission with either BTX (Figs. 2 and 3), or 0

Ca2+ extracellular solution (Fig. 1). The remaining con-

tractions mediated via postsynaptic voltage-dependent cal-

cium channels can be blocked with Nifedipine (Fig. 3).

Before proceeding with study of voltage effects on mus-

carinic receptor signaling, we also investigated the various

K+ solutions’ effect on ASM membrane potentials. We

found that membrane potential in low potassium

(1 mmol/L) PSS was hyperpolarized (Fig. 4C and D).

Low K+ solution reduces contractility in response to

cholinergic activation (Fig. 4 A and B), which likely

occurs through hyperpolarization and reduced voltage-

gated Ca2+ channels activation since channel blocker

Nifedipine (10 lmol/L) blocks a very similar component

of contractile force as low K+ solution (Fig. 4A,

summarized in 4B). Thus, to study voltage sensitivity of

muscarinic receptors, we concluded that solutions that

allow voltage-dependent Ca2+ influx should be avoided.

As discussed above, 0 external calcium also avoids neuro-

transmitter release. Our protocol therefore used 0 Ca2+

PSS to study voltage sensitivity of muscarinic receptors

upon cholinergic stimulation (CCh, 0.5 lmol/L). To buf-

fer any residual external Ca2+ ions, 100 lmol/L of EGTA

was added to the solution. Before application of CCh,

organ baths (volume of 15 mL) were perfused for

1.5 min (67 mL/min) with 0 Ca2+ PSS to washout Ca2+

ions. To restore the Ca2+ content of SR after cholinergic

stimulation in 0 Ca2+ solution, trachea preparations were

perfused with normal PSS for 20 min between each CCh

administration. Remarkably, we found that Nifedipine

application also had an effect on the contractile response

stimulated by CCh (0.5 lmol/L) in 0 Ca2+ solution

(Fig. 4E). In the presence of Nifedipine, contractile

responses were reduced almost completely to a transient

peak and a very shallow but measurable plateau. These

responses had quite different kinetics in comparison to

responses in 0 Ca2+ solutions that did not contain

Figure 3. The majority of the steady-state high K+ contraction is due to nerve-evoked (BTX-sensitive) activity. (A) Representative traces of ASM

contraction in high K+ PSS before and after treatment with BTX (50 nmol/L) (red traces) in comparison to sham treatment (blue traces).

Atropine (1 lmol/L) has no additional effect after BTX treatment as opposed to control. In the presence of Atropine, Nifedipine (10 lmol/L)

blocks all remaining contractile activity in ASM regardless of pretreatment with BTX. (B) Summarized data for A. Amplitude was estimated after

contractions reached a plateau phase. Results are expressed as the means � standard error of the mean. (*)P < 0.05. For any bar n = 6.
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Nifedipine (Fig. 4E, plateau @ 5 min 29.3 � 2.5 control

vs. 3.5 � 0.8 with Nifedipine). Nifedipine (10 lmol/L)

was therefore added to all solutions to prevent possible

effects of direct coupling of L-type Ca2+ channels to RyR1

(Du et al. 2006) or Gq proteins (del Valle-Rodriguez et al.

2003). Solutions containing various concentrations of K+

ions (1, 5.7, 20, and 60 mmol/L) were used to control

membrane potential of ASM plasma membranes.

Physiological voltage changes do not affect
muscarinic evoked contractions

Figure 5A shows the contractile response that is due to

isolated effects of muscarinic receptor activation, and at

various voltages controlled by external potassium concen-

trations. The cholinergic-evoked contractile response in

normal K+ (Fig. 5A, 5.7 mmol/L K+) in the absence of

calcium influx is small compared to contractions with cal-

cium influx (Fig. 5A, CCh, 5.7 mmol/L K+). In contrast

to calcium influx pathways that were highly sensitive to

1 mmol/L hyperpolarizing K+ solution (Fig. 4A), cholin-

ergic-evoked contractions in absence of calcium influx

were unaffected by membrane hyperpolarization (Fig. 5A,

1 mmol/L K+). No differences in amplitudes of contrac-

tile responses were observed in 1 mmol/L K+ and

5.7 mmol/L K+ PSS (Fig. 5A, summarized in 5B), sug-

gesting that cholinergic signaling is insensitive to physio-

logical voltage changes.

To depolarize the membrane above the physiological

range for smooth muscle, we evoked contractions in the

presence of a 20 mmol/L K+ PSS solution. Voltage mea-

surements in this solution indicated an average voltage of

Figure 4. Low K+ PSS (1 mmol/L) hyperpolarize and high K+ PSS (20 mmol/L) depolarize membrane potential of ASM cells. (A) Representative

traces of ASM contraction stimulated by CCh (0.5 lmol/L) in the control conditions and low K+ PSS. Nifedipine (10 lmol/L) does not have

statistically significant effect on the CCh-evoked contraction compared to tracheas incubated in low K+ PSS. (B) Summarized data for A.

Amplitude was estimated after contractions reached a plateau phase. Results are expressed as the means � standard error of the mean. For

any bar n = 6. (C) Representative traces of resting potentials in ASM perfused with 1, 5.7, and 20 mmol/L K+ PSS. (D) Summarized data for C.

Results are expressed as the means � standard error of the mean. (E) Representative traces of ASM contractile response to cholinergic agonist

in the 0 Ca2+/100 lmol/L EGTA PSS with (red trace) and without (blue trace) Nifedipine (10 lmol/L).

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2018 | Vol. 6 | Iss. 17 | e13856
Page 7

I. Semenov & R. Brenner Voltage Effects on Muscarinic-Evoked Contractions



�12 � 3 mV (n = 12, Fig. 4C and summarized in D),

which is well above the average �44 � 2 mV potential

(n = 40, Fig. 4C and summarized in D) in normal PSS

solution. We observed a small, but significant potentia-

tion of transient peak by the depolarization with

20 mmol/L K+ (from 19.7 � 2% to 28 � 1.2%, P ≤ 0.01,

n = 5, Fig. 5A and summarized in 5B). Cholinergic stim-

ulation in the presence of 60 mmol/L K+ initiated tran-

sient contractile response with the tendency to be larger

(35 � 6, n = 5) than response in 20 mmol/L K+

(Fig. 5A), although this was not statistically significant

increase. Application of Atropine abolished all contractile

activity in the 0 Ca2+ PSS (Fig. 5A) confirming the role

of muscarinic receptors. In summary, changes in voltages

from normal PSS to hyperpolarizing solutions appear to

have little effect on muscarinic receptor-evoked contrac-

tions. However, depolarizing voltage increases, as pro-

vided by 20 or 60 mmol/L K+ solutions, did increase

muscarinic-evoked contractions.

Discussion

The focus of this study was to evaluate the physiological

effects of voltage on muscarinic receptor-evoked ASM

contractility. Our data suggest that (1) effect of voltage

sensitivity of muscarinic receptors on ASM contraction

becomes significant only at plasma membrane potentials

that are beyond physiological ranges and (2)

depolarization of plasma membrane alone cannot activate

contractions through muscarinic receptors; ligand binding

is also required.

Major signaling cascades evoked by high
K+ depolarization

High K+ contractions are often used in smooth muscle

contractility studies to normalize contractile responses to

the mass or health of a tissue preparation (Herlihy et al.

1032; Semenov et al. 2012). It was generally assumed that

high K+ solution mediates contraction through smooth

muscle depolarization and activation of voltage-gated cal-

cium channels. In isolating conditions to evaluate voltage

effects on muscarinic receptors, we can infer that a larger

component of the contraction was due to high K+ depo-

larization of parasympathetic nerves that release acetyl-

choline onto apposing airway smooth muscle cells. This

causes activation of muscarinic receptor signaling and cal-

cium release, and also voltage-dependent, calcium influx

pathways to cause muscle contraction. Thus, contraction

of ASM in high K+ solution has two major pharmacologi-

cally sensitive parts: first – a large atropine-sensitive com-

ponent due to indirect effects of depolarization on

cholinergic nerves; and second – a smaller nifedipine-sen-

sitive component due to direct effects of depolarization

on voltage-dependent ASM channels. The existence of the

two pathways explains why neither nifedipine nor

Figure 5. Voltage has a small influence on muscarinic receptor-evoked contractions. (A) Representative traces of ASM contraction stimulated

by CCh (0.5 lmol/L) in extracellular solutions with different concentrations of K+ ions. Extracellular solutions contained 0 Ca2+ PSS in the

presence of EGTA (100 lmol/L) and Nifedipine (10 lmol/L). (B) Summarized data for A. Amplitude was estimated at the peak of the contractile

responses. Results are expressed as the means � standard error of the mean. (**)P < 0.01. For any bar n = 5.
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atropine could abolish contraction, and only application

of both could completely prevent the contractile response

to high K+.

Zero Ca2+ external solution and Nifedipine
isolates contractile effects of muscarinic
receptors

An important aspect of these studies was to identify con-

ditions for isometric contractions that are due only to

smooth muscle muscarinic receptors. Ultimately, we

found that 0 calcium external solution suited this pur-

pose. The 0 external calcium solution prevents high K+

depolarization-induced acetylcholine release from nerve

endings. As well, 0 calcium external solution with added

Nifedipine prevents voltage-dependent calcium influx in

the smooth muscle. Depolarization has also been shown

to activate a Rho and Rho-activated kinase-dependent

contraction, which is blocked by Nifedipine (Liu et al.

2005). It is likely that some calcium-dependent signaling

cascades, downstream of muscarinic receptor activation,

are also prevented using 0 external calcium external solu-

tion. Conceptually, this would include store-operated cal-

cium influx that follows muscarinic-evoked calcium

release (Ay et al. 2004), and second messenger–activated
calcium permeable channels such as TrpM and TrpC

channels (Gosling et al. 2005). The remaining calcium

signaling that is downstream of Gq-coupled M3 receptor

activation likely underlies the contraction due to high K+

depolarization and muscarinic receptor activation that is

the focus of this study. This likely includes IP3 receptor-

mediated calcium release, and calcium-induced (ryan-

odine receptor) calcium release. As well, Rho-dependent

contractions can also be mediated by calcium release

mechanisms (Liu et al. 2005).

Although this study carefully investigated the influence

of cholinergic nerves which play a predominant role, it is

worth noting that other cell types, such as airway epithe-

lial cells (Vanhoutte 2013) and sympathetic nerves (van

Nieuwstadt et al. 1994), can release factors in response to

chemical depolarization that influence contractility of tra-

cheal smooth muscle cells. These are factors released from

tissue such as prostaglandins and nitric oxide (Ruan et al.

2011; Kloesch et al. 2016; Blatter 2017), and autonomic

neurotransmitters such as norepinephrine (Garssen et al.

1990) that affect ASM. Under conditions where we

attempted to isolate depolarization-mediated effects, then

0 calcium external solution would be expected to prevent

depolarization-induced secretion of these factors or sym-

pathetic neurotransmitter release (Atlas 2001). Indeed, the

ability of the 0 calcium, nifedipine external solution to

isolate effects due to muscarinic receptors was corrobo-

rated by the observation that muscarinic antagonist

atropine completely reversed the contractions (Fig. 5).

However, future studies are needed to conclusively

exclude the contributions of other tissues on chemical

depolarization-induced contractions.

Depolarization of unliganded muscarinic
receptors do not affect ASM contractility

Our experiments that used high K+ to depolarize muscle

and BTX to prevent acetycholine release from nerve end-

ings (Fig. 3) allowed us to determine if voltage-activated,

unliganded muscarinic receptors affect contraction. Under

these circumstances, we saw no atropine-sensitive compo-

nent of contraction, which suggest that unliganded mus-

carinic receptors have no role in contractility, despite

depolarization. Similar to our findings, others have shown

that ligand binding is required for voltage-dependent

effects on muscarinic receptors (Rinne et al. 2015). As

expected, depolarization-induced contractions, in the

absence of acetylcholine release (BTX), were solely due to

L-type voltage-gated calcium channels, as these contrac-

tions were fully blocked by Nifedipine.

Physiological voltage increases do not
affect muscarinic-evoked contractions

A key finding was that the isolated muscarinic-evoked

contractions (Fig. 5A) were insensitive to hyperpolarizing

solution, suggesting that muscarinic receptors are not

affected by physiological voltages. The explanation may

be that depolarization of ASM plasma membrane upon

cholinergic stimulation is considered to be relatively mod-

erate (Janssen 2002). Our own studies indicate that appli-

cation of half-maximal concentrations of CCh results only

in 5–7 mV depolarization of ASM plasma membrane

from average resting voltages of �44 mV (Semenov et al.

2011; Evseev et al. 2013). Such depolarization falls within

a voltage window that recruits nifedipine-sensitive cal-

cium channels to contractions (Fleischmann et al. 1994),

and this effect was reversed by hyperpolarizing solution

(Fig. 4). Nevertheless, depolarization with 20 mmol/L K+

PSS, that depolarizes plasma membrane to nonphysiologi-

cal voltages, from -44 mV to �12 mV (Fig. 5), did yield

measurable effects on muscarinic receptor-mediated con-

traction. In past studies of voltage effects on ASM mus-

carinic receptor-evoked contractions, potassium solutions

were used that cause depolarizing voltages changes (Liu

et al. 2009), consistent with the effect observed with 20

and 60 mmol/L K+ solutions (Fig. 5). Previous studies

have shown that Ca2+ release triggered by cholinergic

stimulation in coronary myocytes can be potentiated by

significant (to 0 mV) depolarization (Ganitkevich and

Isenberg 1993). The mechanism is ascribed to a

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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depolarization-induced conformational change in the

GPCR domain that couples to the G protein. As a result,

the likelihood of the receptor’s coupling to the G protein

increases, and so is the affinity of the receptor toward the

agonist (Ben-Chaim et al. 2006).

Conclusion

Our goal was to isolate muscarinic receptor signaling in

an intact ASM tissue, and investigate the physiological

consequences of voltage sensitivity on contractile

responses. Our results suggest that while large chemical

depolarizations do increase contractility, the physiological

range of membrane potentials of ASM has minimal if any

effect on the muscarinic-evoked contractile response of

ASM. However, muscarinic receptors do occur in phasic

smooth muscle tissues such as bladder and gut smooth

muscle that undergo larger depolarization (Young 2007;

van Helden et al. 2010). Studies in those tissue may reveal

a larger role for voltage activation of muscarinic

receptors.
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