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Abstract

Interstitial cells of Cajal (ICCs) are the pacemaking

cells in the gastrointestinal muscles that generate the

rhythmic oscillations in membrane potential known as

slow waves. ICCs also mediate or transduce inputs

from the enteric nervous system. Substance P (SubP)

is a member of the family of mammalian tachykinin

peptides that are predominantly released by enteric

neurons. This study assessed the relationship of Na+-

leak channel (NALCN) in the SubP-induced

depolarization in pacemaking activity in the

gastrointestinal tract. The patch-clamp technique for

whole-cell recording was used in cultured cluster and

single ICCs. Electrophysiological and pharmacological

properties of SubP in ICC pacemaking activity were

similar to those of NALCN. Reverse-transcription

polymerase chain reaction, Western blotting, and

immunohistochemistry all showed abundant and

localized expression of NALCN messenger RNA and

protein in mouse small intestine. NALCN is involved

in the SubP-induced depolarization of intestinal

pacemaking activity. The protein is a potential target

for pharmacological treatment of motor disorders of

the gut.

Introduction

Interstitial cells of Cajal (ICCs) are the pacemaking

cells in the gastrointestinal (GI) muscles that generate

the rhythmic oscillations in the membrane potential known

as slow waves [1-3]. Slow waves propagate within ICC

networks, are conducted into smooth muscle cells via

gap junctions, and initiate phasic contractions by activating

Ca2+ entry through L-type Ca2+ channels. The pacemaker

activity in the murine small intestine is due mainly to

periodic activation of nonselective cation channels

(NSCC) [4, 5] or Cl- channels [6, 7]. ICCs also mediate

or transduce inputs from the enteric nervous system.

Neurotransmission is mediated not only by the

classical neurotransmitters but also by neuropeptide

transmitters. The major excitatory neurotransmitters are

acetylcholine (ACh) and substance P (SubP), whereas

the major inhibitory neurotransmitters are nitric oxide (NO)

and vasoactive intestinal polypeptide (VIP) [8, 9]. SubP,
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neurokinin A, and neurokinin B are members of the family

of mammalian tachykinin peptides that are predominantly

released by enteric neurons, and which exert a potent

contractile effect on GI smooth muscle through tachykinin

receptors by modulating ionic channels and by producing

second messengers [10-12]. Tachykinin receptors are

distributed in enteric nerves and smooth muscles. In

addition, a tachykinin receptor has been immunohisto-

chemically identified in the ICCs [13, 14], suggesting that

SubP may modulate GI motility by affecting the ICCs.

SubP may regulate pacemaker currents through

tachykinin NK1 receptor in murine small intestine ICCs

[15], and may also activate a NSCC in murine pacemaker

ICC [16]. In the mouse brainstem, SubP activates transient

receptor potential canonical (TRPC) channels to enhance

respiratory rhythm regularity [17].

Recently, the Na+-leak channel (NALCN) has been

characterized [18, 19]. NALCN is a member of the 24-

transmembrane-spanning (24 TM) ion channel family,

which also includes 10 voltage-gated Ca2+ channels

(Ca
V
s) and 10 Na+-selective channels (Na

V
1.1–1.9 and

Na
X
) [20, 21]. NALCN is the only nonselective,

noninactivating, voltage-independent channel among the

family’s 21 members [18]. NALCN forms a background

Na+ leak conductance in neurons and is required for

normal respiratory rhythm [18]. Also, SubP activates

cation current through the NALCN channel complex,

which also includes another large protein UNC80 [22].

In this study, we found that NALCN is not required

for the basal pacemaking activity in ICCs. However,

NALCN is partly involved in the SubP-induced

depolarization and the modulation of pacemaking activity

in ICCs.

Materials and Methods

Preparation of cells and cell cultures

The experiments and animal care were in accordance with

the guiding principles approved by the ethics committee in

Pusan National University, South Korea and University of

Pennsylvania for the Care and Use of Laboratory Animals.

Balb/c and the Nalcn mutant were used in the studies. The

Nalcn knockout mutant [18] was backcrossed to C57BL/6J for

more than 10 generations. P0 mice (within approximately 24 hr

of birth) were anaesthetized with ether and killed by cervical

dislocation. The small intestines from 1 cm below the pyloric

ring to the caecum were removed and opened along the

mesenteric border. Luminal contents were washed away with

Krebs-Ringer bicarbonate solution. The tissues were pinned

to the base of a Sylgard dish and the mucosa removed by

sharp dissection. Small tissue strips of intestine muscle

(consisting of both circular and longitudinal muscles) were

equilibrated in Ca2+-free Hank’s solution (containing, in mM:

KCl 5.36, NaCl 125, NaOH 0.34, Na
2
HCO

3
 0.44, glucose 10,

sucrose 2.9 and HEPES 11, pH 7.4) for 30 min. The cells were

then dispersed with an enzyme solution containing collagenase

(Worthington Biochemical, Lakewood, NJ, U.S.A., 1.3 mg ml-1),

bovine serum albumin (BSA, Sigma-Aldrich, St Louis, MO,

U.S.A., 2 mg ml-1), trypsin inhibitor (Sigma-Aldrich, 2 mg ml-1)

and ATP (0.27 mg ml-1). Cells were plated onto sterile glass

coverslips coated with murine collagen (2.5 g ml-1; Falcon/

BD, Franklin Lakes, NJ, U.S.A.) in a 35 mm culture dish. The

cells were then cultured at 37°C in a 95% O
2
-5% CO

2
 incubator

in a smooth muscle growth medium (SMGM; Clonetics, San

Diego, CA, U.S.A.) supplemented with 2% antibiotics/

antimycotics (Gibco, Grand Island, NY, U.S.A.) and murine stem

cell factor (SCF; 5 ng ml-1; Sigma-Aldrich). All experiments on

single cells were performed on cells cultured for 1 day. ICCs

were identified immunologically with anti-c-kit antibody

(phycoerythrin (PE)-conjugated rat anti-mouse c-kit monoclonal

antibody; eBioscience, San Diego, CA, U.S.A.) at a dilution of

1:50 for 20 min.

Patch-clamp experiments

The physiological salt solution used to bathe cultured

ICC cells (Na+-Tyrode) contained (in mM): KCl 5, NaCl 135,

CaCl
2
 2, glucose 10, MgCl

2
 1.2, and HEPES 10, adjusted to pH

7.4 with NaOH. The pipette solution contained (in mM): KCl

140, MgCl
2
 5, K

2
ATP 2.7, NaGTP 0.1, creatine phosphate

disodium 2.5, HEPES 5, and EGTA 0.1, adjusted to pH 7.2 with

KOH. The whole-cell configuration of the patch-clamp

techniques was used to record membrane currents (voltage

clamp) and potentials (current clamp) from cultured ICCs with

an Axopatch I-D and an Axopatch 200B amplifiers (Axon

Instruments, Foster, CA, U.S.A.) amplified membrane currents

and potentials. The command pulse was applied using an IBM-

compatible personal computers and pClamp software (version

6.1 and version 10.0; Axon Instruments). The data were filtered

at 5kHz and displayed on an oscilloscope, a computer monitor,

and/or with a pen recorder (Gould 2200; Gould, Valley View,

OH, U.S.A.). Results were analyzed using pClamp and Origin

software (version 6.0, Microcal, U.S.A.). All experiments were

performed at 30–33°C.

RNA preparation and reverse transcription-polymerase

chain reaction (RT-PCR) in clusters of cultured ICCs

Total RNA was extracted using an RNeasy Mini Kit

(Qiagen, Valencia, CA, U.S.A.), and reverse transcription of

total RNA was performed by using random hexamer primers

and Superscript II-RT (Life Technologies, U.S.A.) according to

the manufacturer’s instructions. PCR primers were as follows:

the PCR amplification with upstream primers NALCN-OF, 5=-

ATG TGC TAT GAG ATG GAG AGG CTG-3= for NALCN; and

downstream primers NALCN-OR, 5=- TTA AGA GCT GCT GCT

GAC TGC TTG-3= for NALCN was performed for 35 cycles

under the following conditions: denaturing at 96°C for 20

seconds, annealing at 55°C for 20 seconds, and polymerization

at 72°C for 30 seconds. The PCR products predicted as 373

base pairs for NALCN were separated on 1.5% agarose gel by

Kim/Chang/Choi/Jun/Jeon/Xu/Kwon/Ren/SoCell Physiol Biochem 2012;29:501-510
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electrophoresis. The identification of the PCR products was

confirmed by DNA sequencing.

Sodium Dodecyl Sulfate-Polyacrylamide Gel

Electrophoresis Western Blotting

Western blotting was performed by using lysates of

cultured ICCs. Proteins were separated by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis by using 6%

polyacrylamide gels, transferred to a polyvinylidene difluoride

membrane, and analyzed by NALCN antibodies. All procedures

used standard methods.

Immunohistochemistry

Cultured ICCs from small intestine of Balb/C mice were

used for immunohistochemistry. Cultured ICCs were fixed in

cold acetone (4 °C) for 5 min. After fixation, they were washed

in phosphate-buffered saline (PBS; 0.01 M, pH 7.4) and

immersed in 0.3% Triton X-100 in PBS. After blocking with 1%

BSA in 0.01 M PBS for 1 hour at room temperature, they were

incubated with a rat monoclonal antibody raised against c-Kit

(Ack2; eBioscience) at 0.5 µg/ml, and rabbit polyclonal

antibody against NALCN or UNC80 in PBS for 24 hours (4°C).

After rinsing in PBS at 4 °C, they were labeled with the

fluorescein isothiocyanate (FITC)-coupled donkey anti-rabbit

IgG secondary antibody (1:100; Jackson Immunoresearch

Laboratories, Bar Harbor, MN, U.S.A.) or Texas red-conjugated

donkey anti-rat IgG (1:100, Jackson Immunoresearch

Laboratories) for 1 hour at room temperature. Control tissues

and sections were prepared by omitting either primary or

secondary antibodies from the incubation solutions. For double

immunostaining, specimens were incubated with a mixture of

antibody raised against NALCN, UNC80, and antibody raised

against c-kit for 24h at 4°C. After a thorough wash with PBS,

the mixture of labeled secondary antibodies was incubated for

1 hour at room temperature. Tissues were examined with an FV

300 laser scanning confocal microscope (Olympus, Tokyo,

Japan) with an excitation wavelength appropriate for FITC (495

nm) and Texas red (590 nm). Final images were constructed

with Flow-View software (Olympus).

Statistical analysis

Data are expressed as mean standard error. Differences

between the data were evaluated by Student’s t-test. A P-value

< 0.05 indicated statistical significance. The n values reported

in the text refer to the number of cells used in the patch-clamp

experiments.

Results

Effects of SubP and SubP antagonists on

pacemaking activity in cultured ICC clusters

Under current clamp, cells in cultured ICC clusters

had a mean resting membrane potential of -58 ± 5 mV

and produced electrical pacemaking activity (n = 57). The

frequency of this pacemaking was 16 ± 2 cycles per

minute and the amplitude was 27 ± 5 mV (n = 57) at

30°C. We first examined the effect of SubP on

pacemaking activity. SubP (0.1–1 µM) induced

depolarization of pacemaking activity (Fig. 1). The degree

of depolarization was by 7 ± 1 mV with 0.1 µM (n = 5),

34 ± 2 mV with 0.5 µM (n = 5), and 49 ± 2 mV with 1 µM

(n = 5; Fig. 1A). To identify the receptor types of SubP,

we used tachykinin NK1 receptor antagonists. After

pretreatment with tachykinin NK1 receptor antagonists

([D-Arg1, D-Pro2, D-Trp7,9, Leu11]-SP 0.5 µM; L703606

10µM), the effects of SubP were not apparent (n=5, Fig.

1B). The degree of depolarization was 34 ± 2 mV with

SubP (n = 5), 3 ± 1 mV with ([D-Arg1, D-Pro2, D-Trp7,9,

Leu11]-SP, and 3 ± 2 mV with L703606 (n = 5; Fig. 1B).

Tachykinin NK1 receptor antagonist itself did not change

the resting membrane potential, frequency, and amplitude

of pacemaking activity. Given these results concerning

depolarization, we were curious about which ion channels

were involved in SubP-induced depolarization of

pacemaking activity in cultured ICC clusters. Among

various ion channels, we focused on the NALCN [18].

In neurons, NALCN forms a nonselective cation channel

carrying a small background leak Na+ current at the

resting membrane potential, and the channel is also

regulated by neuromodulators such as SubP, with

antagonist sensitivities to similar to those observed here

in the SubP action on the pacemaking activities [22]. To

reinforce the candidacy of NALCN, both NALCN mRNA

(Fig. 1C) and protein (Fig. 1D) were detected in the

cultured ICC clusters by RT-PCR and Western blotting

techniques, respectively.

Effects of gadolinium ion and reduced external

Na+ on SubP-induced depolarization of

pacemaking activity in cultured ICC clusters

In neurons, the basal NALCN current and the SubP-

induced NALCN-dependent current in neurons can be

blocked by Gd3+ [18, 22]. In the ICC cells under current

clamp mode, Gd3+ inhibited the SubP-induced

depolarization of pacemaking activity (n = 5; Fig. 2A).

Na+ is a major ion passing NALCN into the cells.

Reducing external Na+ from normal to 5 mM abolished

the pacemaking activity. Under these conditions, SubP

did not depolarize the pacemaking activity (Fig. 2B),

suggesting that Na+ was the main charge carrier of the

pacemaking activity in ICC clusters. Under normal

conditions, the amplitude of pacemaking activity was 25

± 3 mV (n = 5), and at 5 mM of Na+ externally, the

amplitude was 2 ± 1 mV (n = 5; Fig. 2B). These results

are similar with the characteristics of NALCN [18, 22].

Role of NALCN on ICCs Cell Physiol Biochem 2012;29:501-510
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Effects of G proteins and Src family on the SubP-

induced depolarization of pacemaking activity

in cultured ICC clusters

To investigate the role of G proteins in the SubP-

induced depolarization of pacemaking activity in ICC

clusters, we applied G proteins in active or inactive states

with non-hydrolysable analogues of GTP (GTP S) or GDP

(GDP S), respectively, by means of patch pipettes. SubP

still produced the depolarization of pacemaking activity

(Fig. 3A). The degree of depolarization was 34 ± 2 mV

with GTP (n = 5), 31 ± 1 mV with GTP S (n = 5), and 30

± 2 mV with GDP S (n = 5; Fig. 3A). Thus, the

depolarization of pacemaking activity by SubP through G

proteins is probably by means of an unconventional

mechanism that does not require G-protein stimulation.

Some G protein coupled receptors (GPCRs) may also

activate the Src family of tyrosine kinases (SFKs) [23,

24]. Bath application of genistein (a phosphotyrosine

kinase inhibitor) or PP1 (a SFK inhibitor) inhibited

the SubP-induced depolarization of pacemaking

activity in ICC clusters (Figs. 3B and 3B), suggesting

that SFKs are required for the depolarization of

pacemaking activity by SubP in ICC clusters. Also,

intracellular dialysis with an SFK activator by means of a

Fig. 1. Effects of SubP and SubP

antagonists on pacemaking activity in

cultured ICC clusters. (A) Effects of SubP

(0.1–1 µM) on pacemaking activity.

Population data for the manipulations

shown in left are expressed as the degree

of depolarization. Values are mean ±

SEM. (B) Effects of tachykinin TACR1

receptor antagonists ([D-Arg1, D-Pro2, D-

Trp7,9, Leu11]-SP 0.5 µM; L703606 10 µM)

on SubP-induced response in

pacemaking activity. Population data for

the manipulations shown in left is

expressed as the degree of depolari-

zation. Values are mean ± SEM. (C) RT-

PCR detection of NALCN (373 bp) is

expressed in the cultured ICC clusters.

(D) NALCN proteins are detected at

molecular weight 200 kilodaltons (kDa)

using western blotting.

Fig. 2. Effects of gadolinium ion and

reducing external Na+ on the SubP-

induced depolarization of pacemaking

activity in cultured ICC clusters. (A)

Effect of gadolinium ion (Gd3+) on SubP–

induced response of pacemaking activity.

(B) Effects of SubP in the presence of 5

mM of external Na+ in pacemaking

activity. Population data for the

manipulations shown in left is expressed

as the amplitude of depolarization. Values

are mean ± SEM.

Kim/Chang/Choi/Jun/Jeon/Xu/Kwon/Ren/SoCell Physiol Biochem 2012;29:501-510
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patch pipette induced a gradual increase of the

depolarization of pacemaking activity (Fig. 3B). After the

depolarization plateaued, SubP no longer depolarized

the pacemaking activity (Fig. 3B), suggesting that SubP

and SFKs activate a common channel. These results

suggest that SFK activation is necessary for the

depolarization of pacemaking activity by SubP in ICC

clusters. The characteristics of NALCN in mouse

hippocampal neurons [22] are very similar with the results

of this ICC clusters, indicating that NALCN is involved

in the SubP-induced depolarization of pacemaking

activity in ICC clusters.

Effects of neurotensin on pacemaking activity in

cultured ICC clusters

In neurons, NALCN is also activated by another

neuropeptide such as neurotensin (NT). We investigated

whether NT had effects on the pacemaking activity

in cultured ICC clusters. Under current clamp mode, the

addition of NT (10 µM) produced a depolarization

of pacemaking activity (Fig. 4A). Under control

conditions at the current clamp mode, the resting

membrane potential was -59 ± 4 mV and the amplitude

of pacemaking activity was 26 ± 4 mV. In the presence

of NT, the resting membrane potential and the amplitude

of pacemaking activity were -26 ± 4 and 3 ± 2 mV,

respectively (n = 5). The depolarization of pacemaking

activity by NT in cultured ICC clusters was blocked

by an NT receptor antagonist SR48692 (Fig. 4B) and

the SFK inhibitor PP1 (Fig. 4C), suggesting that the

depolarization of pacemaking activity by NT is similar to

that by SubP and it requires SFK activation.

Effects of SubP in single ICCs

To record the SubP-induced inward currents, we

performed whole-cell voltage-clamp recordings in

Fig. 3. Effects of G proteins and

the Src family kinases on the

SubP-induced depolarization of

pacemaking activity in cultured

ICC clusters. (A) Effect of G

proteins on the SubP-induced

response of pacemaking

activity. Population data for the

manipulations shown in left is

expressed as the degree of

depolarization. Values are mean

± SEM. (B) Effect of the Src

family of tyrosine kinases

(SFKs) on the SubP-induced

response of pacemaking

activity. Effects of genistein (a

phosphotyrosine kinase

inhibitor) or PP1 (an SFK

inhibitor) on the SubP-induced

response of pacemaking

activity. Effect of intracellular

dialysis with an SFK activator

by means of a patch pipette on

pacemaking activity.

Fig. 4. Effects of neurotensin (NT) on the pacemaking activity

in cultured ICC clusters. (A) Effect of neurotensin (NT) on the

pacemaking activity. (B) Effects of a NT receptor antagonist

SR48692 and the SFK inhibitor PP1 on the NT-induced response

of pacemaking activity.

Role of NALCN on ICCs Cell Physiol Biochem 2012;29:501-510
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cultured single ICCs. Under a voltage clamp at a

holding potential of -60 mV, SubP induced inward currents

in the presence of 135 mM of external Na+ (Fig. 5A).

Reducing external Na+ from normal to 5 mM abolished

the SubP induced inward currents (Fig. 5B), suggesting

a crucial role for Na+ in the current inductions. After

pretreatment with tachykinin NK1 receptor antagonists

([D-Arg1, D-Pro2, D-Trp7,9, Leu11]-SP 0.5 ìM; L703606

10 µM), the effects of SubP (0.5 µM) was not evident

(n=5, Figs. 5C and 5D).

Expression of NALCN and UNC80 protein in

cultured ICCs

UNC80 is a protein that is associated with the

NALCN and binds Src kinases and recruits Src into the

channel complex [25]. Double staining with anti-c-kit (a

marker of ICCs) and anti-NALCN or anti-UNC80

antibodies showed NALCN and UNC80

immunoreactivity in c-kit–immunopositive ICCs (Fig. 6).

Fig. 5. Effects of SubP in Single ICCs.

(A) Effects of SubP in Single ICCs.

Under a voltage clamp at a holding

potential of -60 mV, SubP induced

inward currents in the presence of 135

mM of external Na+. (B) Effects of SubP

in the presence of 5 mM of external Na+

in single ICCs. Reducing external Na+

from normal to 5 mM, abolished the

inward currents. (C, D) Effects of

tachykinin NK1 receptor antagonists

([D-Arg1, D-Pro2, D-Trp7,9, Leu11]-SP 0.5

µM; L703606 10 µM) in single ICCs.

Fig. 6. Expression of NALCN and

UNC80 proteins in cultured ICCs. (A)

Double labeling with NALCN (green)

and c-kit (red) antibodies on cultured

ICCs. Cultured ICCs show colocalization

of NALCN-like and c-kit like immuno-

reactivity (bars = 50 µm). (B) Double

labeling with UNC80 (green) and c-kit

(red) antibodies on cultured ICCs.

Cultured ICCs show colocalization of

UNC80-like and c-kit like immuno-

reactivity (bars = 50 µm).

NALCN is required for the SubP-induced

depolarization of pacemaking activity in cultured

ICCs

To determine the potential contribution of NALCN

in the SubP-induced depolarization of pacemaking activity

in cultured ICCs, we used wild type and NALCN-/- mutant

mice [18] (Fig. 7A). In the wild type, SubP-induced the

depolarization of pacemaking activity in cultured ICC

clusters under current clamp mode. The degree of

depolarization was 45 ± 5 mV (n = 5; Figs. 7B and 7B).

However, in the mutant mice, SubP marginally depolarized

the pacemaking activity in cultured ICC clusters. The

degree of depolarization was 14 ± 5 mV (n = 5; Figs. 7B

and 7B). In single ICCs, under a voltage clamp at a holding

potential of -60 mV, SubP induced inward currents in

normal mice (n = 5; Fig. 7C). However, in mutant mice,

SubP did not induce inward currents (n = 5; Fig. 7C).

The currents were 19 ± 4 pA in normal mice and 3 ± 1

pA in mutant ICCs (Fig. 7C). This finding confirmed the

Kim/Chang/Choi/Jun/Jeon/Xu/Kwon/Ren/SoCell Physiol Biochem 2012;29:501-510
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Fig. 7. NALCN is required for the SubP-

induced depolarization on the pacemaking

activity in cultured ICCs. (A) RT-PCR detection

of NALCN using tail clips within approximately

10 hours of birth. (B) Effects of SubP in

pacemaking activity in wild-type and Nalcn

knockout ICCs. Population data for the

manipulations shown in left is expressed as the

degree of depolarization. Values are mean ±

SEM. (C) SubP-activated inward currents in

small intestine single ICCs from wild-type and

Nalcn mutant mice. Cells were held at -60 mV.

Population data for the manipulations shown in

left is expressed as the degree of currents. Values

are mean ± SEM. (D) Effect of 2-APB on SubP-

induced response in pacemaking activity.

dependence of the NALCN in the SubP-induced

depolarization on the pacemaking activity in cultured

ICCs. In NALCN mutant mice, the SubP-induced depo-

larization did not disappear completely. Therefore, we inve-

stigated the involvement of the TRPC channel. When

we applied 2-APB, a TRPC channel blocker, in the SubP-

induced depolarization in pacemaking activity, SubP-

induced effect was decreased marginally (Fig. 7D). In

SubP-induced depolarization in pacemaking activity in

cultured ICC clusters, we estimated that NALCN was

responsible for 75 ± 2% and TRPC for about 24 ± 5%

(Fig. 7D). Therefore, TRPC channel is also involved,

albeit partially, in the SubP-induced depolarization in

pacemaking activity in cultured ICCs [26].

Discussion

Our data show that NALCN is involved in the SubP-

induced depolarization of pacemaking activity in ICCs.

The principle evidences supporting our findings were: (1)

inhibition of the SP–induced depolarization by a NALCN

blocker Gd3+, (2) suppression of the depolarization by

reducing the concentration of a NALCN-permeant ion

Na+, (3) modulation of the depolarization by a NALCN

activator SFK, (4) identification of NALCN like

immunoreactivity in c-kit positive ICCs, (5) inhibition of

SubP–induced depolarization in Nalcn knockout, and (6)

absence of the SubP-induced inward current in the

mutant.

After ICCs were shown to generate a rhythmic

pacemaker current [1, 2], ICCs cultured with SCF have

been used for studying the pacemaking activity [27, 28].

The cultured ICC clusters are a mixture of smooth muscle

cells and ICCs. If NALCN is involved in pacemaking

activity, this activity might be inhibited in NALCN mutant

mice. However, the basal pacemaking activity was not

changed in the mutant, suggesting that NALCN is not

required for the basal pacemaking. Instead, our finding

that the SubP-induced depolarization is drastically

Role of NALCN on ICCs Cell Physiol Biochem 2012;29:501-510
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decreased in the NALCN mutant mice (Fig. 7), suggests

that the NALCN channel is responsible for the regulation

of the pacemaking in ICCs.

NALCN is a cation channel carrying a small

background leak Na+ current at the resting membrane

potential in neurons [18]. NALCN is unique in that its S4

transmembrane segments lack some of the charged

residues (K and R) found at every third position in the

S4s of the Na
V
, Ca

V
, and K

V
 channels. In addition, its pore

filter regions have an EEKE motif, a mixture between

the EEEE found in the Ca
V
s and the DEKA of Na

V
s

[29]. Consistent with these unique structural features,

NALCN is the only nonselective, noninactivating, voltage-

independent channel among the family’s 21 members [18].

NALCN is widely-expressed in the nervous system. In

cultured hippocampal neurons, it contributes the major

TTX and Cs-resistant Na+ leak at voltages close to the

resting membrane potential. Mice with a targeted

disruption in Nalcn have severely disrupted respiratory

rhythms and die shortly after birth [18]. Mutations in the

NALCN homolog genes in Drosophila melanogaster

and Caenorhabditis elegans lead to defects in

locomotion, anesthetic sensitivity, rhythmic behaviors, and

synaptic function [30-33]. In addition, mutant screening

suggests that nalcn genetically interacts with other genes

such as unc-79 and unc-80, whose mammalian

counterparts are unc79 and unc80, respectively [30, 31,

33]. UNC79 and UNC80 forms a complex with NALCN

in the mouse brain [34].

NALCN has various functions in cellular physiology.

It is activated by muscarinic receptors in a pancreatic -

cell line [35]. NALCN is required for the pacemaker

activity of the adult central pattern generator neurons in

Lymnaea stagnalis [36]. The channel is also regulated

by neuromodulators. In cultured hippocampal pyramidal

neurons, the effect of SubP on NALCN through TACR1

is independent of G-proteins and requires the SFKs [22].

Besides the above-mentioned functions, this study shows

that NALCN is a cation channel involved in the SubP-

induced depolarization in the pacemaking activity of the

murine small intestine.

ICCs generate the electrical pacemaker activity

(slow wave) in GI muscles [1, 2]. Slow waves propagate

within ICC networks, are conducted into smooth muscle

cells via gap junctions, and initiate phasic muscle

contractions (gut motility) by activating Ca2+ entry through

L-type Ca2+ channels. The pacemaker activity in the

murine small intestine is due mainly to periodic activation

of NSCC, TRPC4 or TRPM7 [4, 5] or Cl- channels [6,

7]. Especially, Hwang et al. [37] suggested that anoctamin

(ANO) 1/TMEM16A in ICCs is important for the

pacemaker activity in GI muscles. Tmem16a encodes

ANO1, a Ca2+-activated Cl- channel [38-40], and

immunohistochemical studies have documented

expression of ANO1 protein in ICC [41, 42]. Recent

findings suggest that the 5-lipoxygenase (5-LOX)

inhibitors, NDGA and AA861, are potent blockers of the

TRPM7 channel capable of attenuating TRPM7’s function

[43], making them effective tools for the biophysical

characterization and suppression of TRPM7 channel

conductance. Therefore, we investigated the effects of

5-LOX inhibitors on pacemaking activity in cultured ICC

clusters and single ICC. NDGA and AA861 decreased

the amplitude of pacemaker potentials in ICC clusters,

but the resting membrane potentials displayed little

change. Also, perfusing NDGA and AA861 into the bath

reduced both inward current and outward current in

TRPM7-like current in single ICC [44]. But, they had no

effects on the overexpressed tmen16a, Ca2+-activated

Cl- currents in HEK 293 cells [44]. Therefore, the nature

of molecular candidates involved in the pacemaing activity

in ICCs needs to be further investigated.

Hormones and the enteric nervous system regulate

GI mechanical contractions and electrical activity by

modulating the slow waves [45]. ICCs could thus be

physiological and therapeutic targets for numerous

hormones, neurotransmitters, and drugs. In the enteric

nervous system, numerous neurotransmitters are released

and they regulate GI motility. ICCs are connected to each

other to form a network, and they form gap junctions

with smooth muscles. Therefore, the pacemaker currents

induced by ICCs are directly transmitted to smooth

muscles through gap junctions [3]. In addition, the ICCs

are closely associated with varicosities of the enteric

nerves, which mediate inhibitory and excitatory nerve

signals to smooth muscles [3, 46-48]. Therefore, these

cells play an important role as basic regulators of GI

motility. Moreover, disruptions to these cells, such as a

reduction in their numbers or changes to their

morphological patterns, produce pathological motility

disorders in the GI tract [49-51].

SubP increases the slow wave frequency and

duration and activates a non selective cation channel in

murine pacemaker ICCs [16]. The single channel

conductance is approximately 25 pS and, in the on-cell

configuration, the activity can occur in a rhythmic fashion.

SubP also modulates NSC currents in primary sensory

neurons [52] and in human oesophageal smooth muscle

[53]. Oh et al. [54] investigated the molecular candidate

for the tachykinin-activated NSC currents in sensory
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neurons. In trasfected HEK293 cells, SubP could evoke

TRPC4-mediated inward currents through the NK2

receptors. SubP also activated TRPC3 and/or TRPC7

channels to enhance respiratory rhythm regularity [26].

TRPCs are nonselective cation channels that are

permeable to monovalent and divalent ions [55]. The SubP

receptor could be functionally linked to TRPC channels

[26, 54]. In this study, in Nalcn mutant, the SubP-induced

depolarization was not completely abolished (Fig. 7).

Therefore, activation of TRPC channels might be

responsible for the remaining effects.

ICCs are the pacemakers in GI muscles and also

mediate or transduce inputs from the enteric nervous

system. Because of the central role of ICCs in GI motility,

loss of these cells would be extremely detrimental.

Research into the biology of ICCs provides exciting new

opportunities to understand the etiology of diseases that

have long eluded comprehension. Thus, NALCN could

be a new target for pharmacological treatment of GI

motility disorders.
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