
RESEARCH ARTICLE

Ion Channel Expression in the Developing
Enteric Nervous System
Caroline S. Hirst1☯, Jaime P. P. Foong1,2☯, Lincon A. Stamp1, Emily Fegan1,
Stephan Dent1, Edward C. Cooper3, Alan E. Lomax4,5, Colin R. Anderson1, Joel
C. Bornstein2, Heather M. Young1‡*, Sonja J. McKeown1‡

1 Department of Anatomy & Neuroscience, University of Melbourne, Parkville, Victoria, Australia,
2 Department of Physiology, University of Melbourne, Parkville, Victoria, Australia, 3 Department of
Molecular & Human Genetics, Baylor College of Medicine, Houston, Texas, United States of America,
4 Department of Biomedical and Molecular Sciences, Queen's University, Kingston, Ontario, Canada,
5 Department of Medicine, Queen's University, Kingston, Ontario, Canada

☯ These authors contributed equally to this work.
‡HMY and SJMcK are joint senior authors on this work.
* h.young@unimelb.edu.au

Abstract
The enteric nervous system arises from neural crest-derived cells (ENCCs) that migrate cau-

dally along the embryonic gut. The expression of ion channels by ENCCs in embryonic mice

was investigated using a PCR-based array, RT-PCR and immunohistochemistry. Many ion

channels, including chloride, calcium, potassium and sodium channels were already ex-

pressed by ENCCs at E11.5. There was an increase in the expression of numerous ion

channel genes between E11.5 and E14.5, which coincides with ENCCmigration and the first

extension of neurites by enteric neurons. Previous studies have shown that a variety of ion

channels regulates neurite extension andmigration of many cell types. Pharmacological inhi-

bition of a range of chloride or calcium channels had no effect on ENCCmigration in cultured

explants or neuritogenesis in vitro. The non-selective potassium channel inhibitors, TEA and

4-AP, retarded ENCCmigration and neuritogenesis, but only at concentrations that also re-

sulted in cell death. In summary, a large range of ion channels is expressed while ENCCs

are colonizing the gut, but we found no evidence that ENCCmigration or neuritogenesis re-

quires chloride, calcium or potassium channel activity. Many of the ion channels are likely to

be involved in the development of electrical excitability of enteric neurons.

Introduction
The enteric nervous system (ENS) develops from neural crest-derived cells, the majority of
which migrate from the vagal region of the neural tube [1,2]. These enteric neural crest-derived
cells (ENCCs) migrate rostro-caudally along the gut beginning around embryonic day (E) 9.5
in mice, and do not reach the anal end of the gut until E14.5 [3–5]. During their migration, a
sub-population of ENCCs starts to express neuronal markers [6–9]. Furthermore, many neu-
rons begin to extend caudally-projecting neurites that grow in close association with migrating
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ENCCs [10–13]. Many transcription factors, receptors, extracellular ligands and adhesion mol-
ecules that regulate ENCC migration and differentiation have been identified [5,14–16].

A growing body of evidence indicates that ion channels regulate cell motility, neurite out-
growth and axon guidance in a variety of cell types [17–19]. Ion channels regulate cell migra-
tion by mediating changes in cell shape and volume through osmotic activity, and by
interactions with components of the cell migration machinery including the cytoskeleton and
integrins [19–22]. For example, glioma cell migration requires activity of K+ and Cl- channels
[20,23–26], platelet migration requires activity of Ca2+ and K+ channels [27], neuroblast migra-
tion along the rostral migratory stream involves K+ channels [28], and the migration of post-
mitotic granule cells in the cerebellum [29] and trunk neural crest cells in the salamander [30]
are regulated by Ca2+ channels. In growing axons, ion channels can regulate the rate of axon
growth, the response to different guidance cues and target recognition. For example, voltage-
dependent K+ channels have been reported to regulate the rate of growth and guidance of reti-
nal ganglion cell axons [31], activity mediated by voltage-dependent Ca2+ channels regulates
transcription of receptors for axon guidance molecules, which in turn regulates the growth rate
of the neurites [32], Cl- channels are involved in nerve growth factor-induced neurite out-
growth in PC12 cells and cortical neurons [33] and Ca2+ channels can interact with laminin to
inhibit neurite growth after arrival at the target tissue [34].

We have previously shown the expression of several sodium channels in the ENCCs at
E11.5, namely Nav1.3, Nav1.5, Nav1.6, Nav1.7 and Nav1.9 [35]. Other studies have detected ex-
pression of the calcium channel genes Cacng4 [36] and Cacng2 [37] and the chloride channel
Clcn4-2 [36] in E14.5 ENCC. However, there has been no comprehensive study of the expres-
sion of ion channels by ENCCs, and little is known about whether ion channels play roles in
ENCC migration and/or neurite formation during ENS development. Therefore, we first inves-
tigated the expression of ion channels by ENCCs using a PCR-based array. We found that
many ion channels, including Cl-, Ca2+, K+ and Na+ channels are already expressed by ENCCs
at E11.5, and there is an increase in the expression of numerous ion channel genes between
E11.5 and E14.5. As this time period coincides with population of the gut by ENCCs and the
first extension of neurites by enteric neurons, we then examined the effects of pharmacological
inhibition of many of the ion channels on ENCC migration and neurite formation. None of the
Ca2+ or Cl- blockers examined had significant effects on migration or neurite formation. The
non-selective K+ channel blockers, TEA and 4-AP, retarded ENCC migration and inhibited
neurite formation, but only at concentrations that also resulted in significant cell death.

Methods

Animals
Wild-type and Ednrb-hKikGRmice [11], both on a C57Bl/6 background, were used. All
ENCCs in Ednrb-hKikGRmice express the fluorescent protein, KikGR [11]. Mice were bred in
the Biomedical Animal Facility at the University of Melbourne, and were SPF status (free from
common mouse viruses/bacteria and parasites). They were housed at 3–5 mice/cage in Tecni-
plast individually ventilated cages (Green line) with Fybrecycle paper bedding (autoclaved
prior to use) and maintained on a 12/12 light/dark cycle at 21°C. The entire study was ap-
proved by the University of Melbourne Anatomy and Neuroscience, Pathology, Pharmacology
and Physiology Animal Ethics Committee (Permit 1312869).

RNA extraction
Enteric neural crest cells were FACS sorted from freshly dissociated E11.5 and E14.5 Ednrb-
hKikGRmice as described previously [38], between 10 AM – 2PM. FACS sorted cells were
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collected in phosphate buffered saline (PBS), pelleted, excess PBS removed and immediately
frozen at -80°C. The small intestine was isolated from postnatal day (P)0 and adult mice in
sterile DMEM/F12, and the mucosa removed with forceps, between 9 AM—3 PM. The remain-
ing muscle, myenteric plexus and serosa were immediately transferred into 1ml of RNAlater
(Qiagen).

Total RNA was extracted from approximately 1x106 freshly dissociated and purified E11.5
and E14.5 FACS-sorted ENCCs using Qiashredder and RNeasy mini kit (Qiagen), including
the on-column DNase treatment, according to manufacturer’s instructions. Total RNA was ex-
tracted from P0 and adult gut using Trizol (Life Technologies Invitrogen), then purified further
using RNeasy mini columns and on-column DNase treatment (Qiagen), according to manu-
facturer’s instructions. RNA quality and quantity were tested by spectrophotometry using a
NanoDrop 1000 and electrophoresis, and only RNA meeting the criteria detailed by SABios-
ciences RT2 Profiler PCR Array System was used in the arrays.

PCR array
0.2 μg of total RNA was converted to cDNA for each age, using the RT2 First Strand kit (SA
Biosciences). Real time PCR was performed on a 384 well RT2 Profiler PCR array for Mouse
Neuroscience Ion channels and Transporters (PAMM-036, 2011, SA Biosciences) using SA
Biosciences RT2 qPCRMaster Mix, and run on an ABI 7900HT Real time instrument. Three
separate PCRs were performed, in which cDNA from each age was loaded onto 96 wells of the
384 well PCR plate. Real time PCR was run and analysed according to SA Biosciences recom-
mended protocols, and data analysed using the SA Biosciences web portal data analysis.

Reverse transcription-polymerase chain reaction (RT-PCR)
RNA was extracted from E14.5 freshly dissociated and purified ENCCs, and from adult whole
brain as described above. The concentration of total RNA in each sample was measured using
a NanoDrop ND-1000 spectrophotometer. cDNA was synthesised using the iScript Advanced
cDNA Synthesis Kit for RT-qPCR (Bio-Rad); 100-350ng of total RNA was used in a final reac-
tion volume of 20 μl according to the manufacturer’s instructions. Control reactions using no
reverse transcriptase or substituting cDNA with water were run in parallel for each tissue.

RT-PCR was conducted using intron-spanning specific primer pairs (S1 Table) and a touch-
down PCR (TD-PCR) cycling program (S2 Table). A standard RT-PCR protocol was used con-
sisting of MangoTaq (0.2 μl, Bioline), dNTP Mix (0.8 mM, Bioline), MgCl2 (2 mM, Bioline),
and primer pairs (1 μM each) in a final reaction volume of 20 μl. RT-PCR products (5–15 μl)
were resolved by gel electrophoresis on a 1–2% agarose gel, containing either ethidium bromide
(0.06 μg, Sigma) or GelRed (0.5x, Biotium), together with 100 bp DNA Ladder (Life Technolo-
gies) or Ready-to-Use 100 bp DNA Ladder (Biotium) to estimate product size. Control reac-
tions were run in parallel for each RT-PCR reaction.

Drugs
The following drugs were used: bumetanide (200 μM, Sigma-Aldrich, Castle Hill, NSW, Aus-
tralia), 5-Nitro-2-(3-phenylpropylamino) benzoic acid (NPPB, 100 μM, Sigma-Aldrich), ω-
agatoxin IVA (200 nM, Alomone labs, Jerusalem, Israel), ω-conotoxin GVIA (5 μM, Alomone
labs), mibefradil dihydrochloride (1 μM, Sigma-Aldrich,), nicardipine (2.5 μM, Sigma-Al-
drich), tetraethylammonium (TEA, 2 mM, 10 mM or 30 mM, Sigma-Aldrich), 4-aminopyri-
dine (4-AP, 0.1mM or 5 mM, Sigma-Aldrich), BDS-I (2.5 μM, Alomone labs) and linopirdine
(10 μM, Sigma-Aldrich). The concentrations of the drugs used were based on previous publica-
tions [23,31,39–43]. With the exception of NPBB, BDS-I, TEA and 4-AP, all drugs were
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prepared as 1000-fold stock solutions of the highest final concentration used, and diluted to
their final concentration in tissue culture medium (TCM: DMEM/F12 containing 10% fetal bo-
vine serum, 6 mg/ml penicillin/streptomycin and 20 mMGlutaMAX (all from Invitrogen,
Mulgrave, VIC, Australia). TEA was prepared as 80-fold, NPBB and BDS-I as 100-fold, and
4-AP as 400-fold stock solutions of the highest final concentration used.

Catenary culture
Mid and hindgut from E11.5 mice were dissected and strung across a “V” cut into a piece of fil-
ter paper [44]. These catenary cultures were placed into 20 μl of TCM in wells of a Terasaki
plate. The explants were grown for 48 h at 37°C in control TCM or TCM with drugs (selected
at random), and then processed for immunohistochemistry using the ENCC marker, Sox10
[45], and the neuronal marker, Tuj1 [46] (S3 and S4 Tables). The distance migrated was deter-
mined as described previously; in brief the distance between the most caudal Sox10+ cell and
the ileocaecal junction was measured using Fiji software [47]. These experiments were set up at
3–5 PM.

Neurite outgrowth and cell death assays
The small and large intestines were dissected from E14.5 mice, and dissociated as described
previously [38]. Following the addition of TCM and gentle trituration, the cell suspension was
filtered through a 40 μm cell strainer, and centrifuged for 2 min at 2000 rpm. Cells were resus-
pended in TCM and 200 μl aliquots of cells were placed as a drop on sterilised 18 mm round
coverslips within the wells of a 12-well plate at a density of 4x105 cells/well. The cells were left
for 3 h at 37°C to adhere, then the media with any non-attached cells was removed, and re-
placed with either control TCM or TCM containing drug (selected at random). Cultures were
incubated for a further 9 h, and then fixed in 4% paraformaldehyde (PFA) for 15 min before
being processed for Tuj1 immunostaining to identify neurons. Images of randomly chosen
fields of view were taken using a X10 objective lens, and then the proportions of Tuj1+ cell bod-
ies possessing one or more neurites that were>50% of the diameter of the cell body was
counted using the cell counter plug-in on Fiji software. These analyses (imaging and counting)
were all done blinded. Some cultures were also grown in the presence of drugs for 21 h prior to
fixation. To examine apoptosis, gut from E14.5 Ednrb-hKikGRmice was dissociated, the cells
allowed to adhere to coverslips for 3 h and then exposed to drugs for 9 h or 21 h prior to fixa-
tion and processing for immunohistochemistry using antisera to activated caspase-3 (S3 and
S4 Tables). Random fields of view containing KikGR+ ENCCs were imaged and the percentage
of KikGR+ cells that was also activated caspase-3+ determined. Data were analysed using t
tests or one way ANOVAs, as appropriate. These experiments were set up at 7–9 AM.

Immunofluorescence
Wholemount preparations of embryonic gut, cultured explants or cultured cells were processed
for immunohistochemistry as described previously [38,48] using primary and secondary anti-
sera shown in S3 and S4 Tables.

For Kv7.3 immunolabelling [49], embryonic mouse guts distal to the stomach were dissect-
ed quickly, cryopreserved in 20% sucrose and embedded in OCT, which was rapidly frozen in
isopentane. Cryostat sections (10 μm) were thaw-mounted onto Superfrost slides and air dried
for 3 minutes before being immersed in ice-cold acetone for 10 minutes. Sections were then
processed for immunohistochemistry as described above.
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Results

E11.5 and E14.5 ENCCs express a variety of ion channels
We performed a QPCR array and compared the expression of ion channels and transporters in
E11.5 and E14.5 purified ENCCs. Many ion channels were already expressed at E11.5; over 30
were up-regulated more than 3-fold in E14.5 ENCCS compared to E11.5, three were down-reg-
ulated (Table 1), and a further 25 ion channels were expressed at similar levels at both E11.5
and E14.5 (less than 3-fold difference in expression; Table 2). The ion channels that were up-
regulated were predominately K+, Na+ and Ca2+ channels (Table 1), and those expressed at
similar levels at E11.5 and E14.5 included multiple Cl-, K+ and Ca2+ channels and a variety of
transporters (Table 2). We then prioritized several Cl-, K+ and Ca2+ channels that showed sub-
stantial gene expression changes, either up or down, between E11.5 and E14.5, and/or that had
previously been reported to be expressed by or play a role in migrating cells, for further expres-
sion and functional analysis (see below). A number of genes encoding Cl- channels were highly
expressed at both E11.5 and E14.5, so their functional roles in ENCC migration and neurito-
genesis were also examined.

Gene expression levels were also examined in the P0 and adult gut but could not be quanti-
tatively compared to E11.5 or E14.5 ENCCs, because myenteric plexus with attached external
muscle layers and serosa was used for P0 and adult gut for technical reasons. Nonetheless,
most genes that were expressed in P0 and adult tissue were also expressed at both E11.5 and
E14.5 (S5 Table).

Inhibition of Cl- channels does not affect ENCCmigration or neurite
outgrowth
A number of chloride channels were highly expressed at both E11.5 and E14.5 (Table 2). We
verified the expression of most of these channels in FACS-sorted ENCCs using RT-PCR (Fig
1A). Inhibition of Cl- channels impairs the ability of glioma cells to migrate by perturbing their
ability to make the necessary changes in shape and volume required to migrate through small
spaces [23,26,51]. As migrating ENCCs undergo changes in shape to move through the extra-
cellular space between mesenchymal cells and to maintain chain formation [13], we assessed
the effect of chloride channel blockers on the migration of ENCC along intact explants of
E11.5 gut. NPPB is a non-selective Cl- channel blocker, while bumetanide blocks the activity of
NKCC1 and NKCC2 cotransporters, which play a major role in Cl- accumulation [23,52]. Nei-
ther NPPB nor bumetanide had a significant effect on the rate of migration of ENCC in cul-
tured explants of gut cultured for 48 h (Fig 1B).

Neuritogenesis was assessed by dissociating the small and large intestines of E14.5 mice;
after 3 h to allow cells to adhere to the coverslips, the cells were exposed to bumetanide or
NPPB for 9 hours, then fixed and processed for immunohistochemistry using an antibody to
Tuj1 to identify neurons. Blocking Cl- channels did not affect the proportion of Tuj1+ cells ex-
tending neurites in dissociated cultures of E14.5 gut (Fig 1C).

Inhibition of Ca2+ channels does not affect ENCCmigration or neurite
outgrowth
The array showed that some Ca2+ channels were expressed at similar levels by E11.5 and E14.5
ENCCs (Table 2), while others increased expression between E11.5 and E14.5 (Table 1). Of
particular interest was the Cav2.2 subunit of the N-type Ca

2+ channel, which is involved in neu-
ronal migration and axon guidance in some parts of the nervous system [29,34]. Moreover, we
have previously shown that E11.5 enteric neurons respond to electrical field stimulation with
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Table 1. Ion channel genes differentially expressed by purified (FACS-sorted) E14.5 ENCCs compared to E11.5 ENCCs.

Gene
symbol

Gene name Channel
name

Fold
change

Accn #

Genes upregulated at E14.5 compared to E11.5

Kcnq3 Potassium voltage-gated channel, subfamily Q, member 3 Kv7.3 170.0 NM_152923
§Scn5a Sodium channel, voltage-gated, type V, alpha Nav1.5 40.6 NM_021544
§Scn9a Sodium channel, voltage-gated, type IX, alpha Nav1.7 21.1 NM_018852

Kcnc4 Potassium voltage gated channel, Shaw-related subfamily, member 4 Kv3.4 15.9 NM_145922

Kcna2 Potassium voltage-gated channel, shaker-related subfamily, member 2 Kv1.2 15.9 NM_008417

Atp1b1 ATPase, Na+/K+ transporting, beta 1 polypeptide 15.3 NM_009721

Accn1 Amiloride-sensitive cation channel 1, neuronal (degenerin) Asic2 15.1 NM_007384

Kcnb1 Potassium voltage gated channel, Shab-related subfamily, member 1 Kv2.1 14.3 NM_008420

Kcnh1 Potassium voltage-gated channel, subfamily H (eag-related), member 1 Kv10.1 13.0 NM_010600

Scn1a Sodium channel, voltage-gated, type I, alpha Nav1.1 13.0 NM_018733
§Scn3a Sodium channel, voltage-gated, type III, alpha Nav1.3 12.8 NM_018732

Kcnj3 Potassium inwardly-rectifying channel, subfamily J, member 3 Kir3.1 12.7 NM_008426

Kcnj6 Potassium inwardly-rectifying channel, subfamily J, member 6 Kir3.2 12.7 NM_010606

Cacng2 Calcium channel, voltage-dependent, gamma subunit 2 12.4 NM_007583

Kcnq2 Potassium voltage-gated channel, subfamily Q, member 2 Kv7.2 11.5 NM_010611

Cacnb4 Calcium channel, voltage-dependent, beta 4 subunit 11.1 NM_146123

Kcnn3 Potassium intermediate/small conductance calcium-activated channel, subfamily
N, member 3

SK3 10.2 NM_080466

Cacna1g Calcium channel, voltage-dependent, T type, alpha 1G subunit Cav3.1d 9.3 NM_009783

Cacnb1 Calcium channel, voltage-dependent, beta 1 subunit 8.7 NM_031173

Kcnd2 Potassium voltage-gated channel, Shal-related family, member 2 Kv4.2 7.7 NM_019697

Kcna5 Potassium voltage-gated channel, shaker-related subfamily, member 5 Kv1.5 6.9 NM_145983

Kcnd3 Potassium voltage-gated channel, Shal-related family, member 3 Kv4.3 6.8 NM_019931

*Kcnc1 Potassium voltage gated channel, Shaw-related subfamily, member 1 Kv3.1 6.4 NM_008421

Slc18a3 Solute carrier family 18 (vesicular monoamine), member 3 6.4 NM_021712

Kcnn2 Potassium intermediate/small conductance calcium-activated channel, subfamily
N, member 2

SK2 6.3 NM_080465

Kcnq4 Potassium voltage-gated channel, subfamily Q, member 4 Kv7.4 5.3 NM_001081142

Cacna1b Calcium channel, voltage-dependent, N type, alpha 1B subunit Cav2.2 4.7 NM_007579

Cacna1c Calcium channel, voltage-dependent, L type, alpha 1C subunit Cav1.2 4.1 NM_009781

Atp4a ATPase, H+/K+ exchanging, gastric, alpha polypeptide 4.0 NM_018731

Scn8a Sodium channel, voltage-gated, type VIII, alpha Nav1.6 3.7 NM_001077499

Atp6v0b ATPase, H+ transporting, lysosomal V0 subunit B 3.7 NM_033617

Slc6a9 Solute carrier family 6 (neurotransmitter transporter, glycine), member 9 3.6 NM_008135

Cacnb3 Calcium channel, voltage-dependent, beta 3 subunit CAB3 3.3 NM_007581

Genes downregulated at E14.5

Kcna1 Potassium voltage-gated channel, shaker-related subfamily, member 1 Kv1.1 -5.6 NM_010595

Clcn5 Chloride channel 5 Clc-5 -4.6 NM_016691

Accn2 Amiloride-sensitive cation channel 2, neuronal Asic1 -3.5 NM_009597

Only genes showing an average cycle length less than 30 at either E11.5 or E14.5 are shown. Expression of some genes was confirmed at E14.5 by

RT-PCR (bold)

§Expression was previously detected in the E11.5 gut [35]

* Expression was not confirmed by RT-PCR at E14.5. Expression of other channels was not examined

doi:10.1371/journal.pone.0123436.t001
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Ca2+ transients that can be blocked by the N-type Ca2+ channel blocker, ω-conotoxin GVIA
[39]. Cacna1b, which encodes Cav2.2, was upregulated 4.7 fold between E11.5 and E14.5
(Table 1). Other Ca2+ channels were also expressed at E11.5 and E14.5, including Cacna1a,
which encodes the P/Q channel Cav2.1 (Table 2). Expression of most of the Ca2+ channels was
confirmed by RT-PCR of sorted ENCCs (Fig 2A). Immunohistochemical studies showed ex-
pression of Cav2.1 (Fig 2B and 2B’) and Cav2.2 (Fig 2C and 2C’) by neurites of cultured E14.5
enteric neurons.

Pharmacological inhibition of N-, P-, L- and T-type Ca2+ channels using ω-conotoxin
GVIA (5 μM), ω-agatoxin IVA (200 nM), nicardipine (2.5 μM) and mibefradil (1 μM) respec-
tively, did not affect ENCC migration in E11.5 gut explants (Fig 2D), nor did it affect neurito-
genesis of dissociated, cultured E14.5 gut cells (Fig 2E). As the IC50 for ω-agatoxin IVA acting

Table 2. Ion channels expressed at similar levels in E11.5 and E14.5 ENCC.

Gene
symbol

Gene name Channel
name

2^-ΔCt Accn #

E11.5 E14.5

Accn3 Amiloride-sensitive cation channel 3 Asic3 0.001115 0.001196 NM_183000

Atp1a1 ATPase, Na+/K+ transporting, alpha 1 polypeptide 0.85963 1.15994 NM_144900

Atp1b2 ATPase, Na+/K+ transporting, beta 2 polypeptide 0.024002 0.055539 NM_013415

Atp2a1 ATPase, Ca++ transporting, cardiac muscle, fast twitch 1 0.000565 0.000822 NM_007504

Atp5b ATP synthase, H+ transporting mitochondrial F1 complex, beta subunit 1.50881 1.542938 NM_016774

Atp6ap1 ATPase, H+ transporting, lysosomal accessory protein 1 0.088185 0.216314 NM_018794

Cacna1a Calcium channel, voltage-dependent, P/Q type, alpha 1A subunit Cav2.1 0.00776 0.02082 NM_007578

Cacna1h Calcium channel, voltage-dependent, T type, alpha 1H subunit Cav3.2 0.135906 0.145067 NM_021415

Clcn2 Chloride channel 2 Clc-2 0.014435 0.037717 NM_009900

Clcn3 Chloride channel 3 Clc-3 0.057997 0.131913 NM_007711

Clcn4-2 Chloride channel 4–2 Clc4-2 0.057945 0.151488 NM_011334

Clcn6 Chloride channel 6 Clc-6 0.004314 0.010636 NM_011929

Clcn7 Chloride channel 7 Clc-7 0.018078 0.01939 NM_011930

Clic1 Chloride intracellular channel 1 0.368632 0.421613 NM_033444

Kcna3 Potassium voltage-gated channel, shaker-related subfamily, member 3 Kv1.3 0.004298 0.005646 NM_008418

Kcna4 Potassium voltage-gated channel, shaker-related subfamily, member 4 Kv1.4 0.000608 0.001427 NM_021275

Kcna6 Potassium voltage-gated channel, shaker-related, subfamily, member 6 Kv1.6 0.007826 0.014515 NM_013568

Kcnc3 Potassium voltage gated channel, Shaw-related subfamily, member 3 Kv3.3 0.00548 0.0107 NM_008422

Kcnf1 Potassium voltage-gated channel, subfamily F, member 1 Kv5.1 0.002713 0.004886 NM_201531

Kcnh2 Potassium voltage-gated channel, subfamily H (eag-related), member 2 Kv11.1/ERG1 0.002434 0.005913 NM_013569

Kcnmb1 Potassium large conductance calcium-activated channel, subfamily M, beta
member 1

Slo-beta 0.000842 0.000541 NM_031169

Kcnn1 Potassium intermediate/small conductance calcium-activated channel,
subfamily N, member 1

SK1 0.002357 0.005262 NM_032397

Kcnn4 Potassium intermediate/small conductance calcium-activated channel,
subfamily N, member 4

SK4 0.000535 0.001085 NM_008433

*Kcns1 K+ voltage-gated channel, subfamily S, 1 Kv9.1 0.000794 0.000858 NM_008435

Scn1b Sodium channel, voltage-gated, type I, beta 0.001173 0.001607 NM_011322

Vdac1 Voltage-dependent anion channel 1 0.356825 0.468966 NM_011694

Only genes showing an average cycle length less than 30 at either E11.5 or E14.5 are shown. Expression of some genes was confirmed at E14.5 by

RT-PCR (bold); expression of KCa3.1 (also called IK1 or IKCa), which is encoded by Kcnn4, by ENCCs was also previously reported using

immunohistochemistry [50].

* Expression was not confirmed by RT-PCR at E14.5. Expression of other channels was not examined.

doi:10.1371/journal.pone.0123436.t002
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Fig 1. Expression of chloride channels and the effects of chloride channel blockers on ENCC
migration and neurite outgrowth. A. RT-PCR confirming expression of transcripts encoding 6 chloride
channels in FACS-sorted ENCCs from E14.5 gut. Adult mouse brain (Br) was used as a positive control, and-
RT was a negative control (-). B.Migration assay to assess effects of blocking chloride channels on ENNC
migration. Explants of gut were removed from E11.5 mice, when the wavefront of ENCCs (grey) is just
beyond the caecum, and grown in culture for 48 hours, during which time the ENCCsmigrate into the distal
hindgut. The preparations were fixed and the distance from the ileo-caecal junction to the most distal ENCC
was then measured (dotted line). There was no significant difference in the distance migrated by ENCCs in
explants grown in the presence of bumetanide (n = 9) or NPPB (n = 8) compared to controls (n = 10)
(mean ± SEM; one way ANOVA).C. Effects of chloride channel blockers on neurite outgrowth. The small and
large intestines from E14.5 mice were dissociated, allowed to adhere to coverslips for 3 hours and then
exposed to bumetanide or NPPB for 9 hours. The cells were then fixed and processed for
immunohistochemistry using an antibody to Tuj1. There was no significant difference in the percentage of
Tuj1+ cells that extended neurites between control and drug-treated cultures (one way ANOVA; a minimum
of 1750 Tuj1+ cells was examined from 6 coverslips from 2 experiments).

doi:10.1371/journal.pone.0123436.g001
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Fig 2. Expression of Ca2+ channels and the lack of effect of Ca2+ channel blockers on ENCCmigration and neuritogenesis. A. RT-PCR confirming
expression of transcripts encoding 8 calcium channels in purified (FACS-sorted) ENCCs from E11.5 gut. Adult mouse brain (Br) was used as a positive
control and-RT was a negative control (-). B, C. Immunohistochemistry using antisera to Cav2.1 (B) and Cav2.2 (C) of dissociated E14.5 gut cultured for 48
hours revealed Cav2.1 and Cav2.2 immunostaining of Tuj1+ neurites (arrows). Tuj1+ cell bodies show some Cav2.1 staining, but little, if any, Cav2.2
immunostaining. D. There was no significant difference in the distance migrated by ENCCs in explants grown in the presence of the N-type blocker,ω-
conotoxin GVIA (n = 9), the P/Q-type blocker,ω-agatoxin IVA (n = 10), the L-type blocker, nicardipine (n = 9) or the T-type blocker, mibefradil (n = 10)
compared to controls (n = 11) (mean ± SEM; one way ANOVA; minimum of 2 experiments). E. Effects of calcium channel blockers on neuritogenesis. There
was no significant difference in the percentage of Tuj1+ cells that extended neurites between control and drug-treated cultures of E14.5 dissociated gut (for
controls and each drug, a minimum of 950 Tuj1+ cells was examined from 5 or 6 coverslips from 2 experiments).

doi:10.1371/journal.pone.0123436.g002
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at Q-type Ca2+ channels is 120 nM [53], it is also unlikely that Q-type channels are involved in
neuritogenesis or ENCC migration.

Effects of inhibition of potassium channels on ENCCmigration and
neurite outgrowth
Many potassium channels of various different subfamilies were expressed at E11.5 and most
were upregulated significantly by E14.5, including Kcnq3, upregulated 170-fold, and Kcnc4,
upregulated 16-fold (Tables 1 and 2). RT-PCR confirmed expression of these and other potas-
sium channels at E14.5 (Fig 3A).

Immunohistochemistry was used to localize Kv3.4 (Kcnc4), and Kv7.3 (Kcnq3). Double
staining of wholemount preparations of gut from E11.5, E12.5 and E13.5 mice with antibodies
to Kv3.4 and the neurite marker, Tuj1, showed that most Tuj1+ neurites close to the ENCC mi-
gratory wavefront showed Kv3.4 immunoreactivity (Fig 3B-3B”). However, rostral to the wave-
front, only a small sub-population of Tuj1+ neurites was Kv3.4+. Only rarely was Kv3.4
immunostaining detectable in Tuj1+ cell bodies. Frozen sections of embryonic gut immunos-
tained using antibodies to Kv7.3 revealed that Tuj1+ neurites showed Kv7.3 staining (Fig 3C-
3C”). Most cells in the outer mesenchymal layer were also Kv7.3+, but were less intensely
stained than the neurites (Fig 3C). Studies in the CNS have shown that Kv7.2 and Kv7.3 interact
with ankyrin-G at the axon initial segment [54]. We therefore also examined the immunoloca-
lization of ankyrin-G in the E11.5 and E12.5 gut. Double labelling with the neurite marker,
Tuj1, showed that ankyrin-G immunostaining was present along the entire length of most
neurites, and some nerve cell bodies were also ankyrin-G+ (Fig 3D-3D”).

We examined the effects of the non-selective K+ channel blockers, TEA and 4-AP [55], as
well as the Kv3.4 blocker, BDS-I, and the Kv7 channel blocker, linopirdine, on ENCC migration
and neurite outgrowth. The functional roles of Kv.4.2, Kv4.3, Kv10.1 and Kv11.1 were not exam-
ined in this study.

Previous studies showed that 4 mM 4-AP or 30 mM TEA inhibit the growth of retinal gan-
glion cells into the Xenopus brain [31]. Following exposure to 5 mM 4-AP or 30 mM TEA for
48 h, ENCCs in explants of E11.5 gut halted their caudal migration (Fig 4A), but there was also
a striking decrease in the number of Sox10+ ENCCs (Fig 4B). In dissociated cultures of E14.5
gut grown in the presence of 30 mM TEA or 5 mM 4-AP for 9 h, the proportion of Tuj1+ cells
extending neurites was significantly lower than controls (Fig 4D and 4E). Although there was
no significant change in the proportion of activated caspase-3+ ENCCs in dissociated gut cul-
tures after exposure to 30 mM TEA or 4 mM 4-AP for 9 h, there was a significant increase in
the number of activated caspase-3+ ENCCs after 21 h exposure to the drugs (Fig 4F). The os-
molarity of 30 mM TEA in TCM is ~16% higher than control TCM; however, the toxic effects
of 30 mM TEA is not due to high osmolarity as the migration and survival of ENCCs in intact
explants of E12.5 gut grown in TCM with 19% higher osmolality due to added sucrose did not
differ from explants grown in control TCM (data not shown). Our data are consistent with
very recent studies showing that exposure to high concentrations of TEA (>2 mM) kills HeLa
cells [56] and cultured hippocampal neurons [57]. Lower concentrations of TEA (2 mM,
10 mM) or 4-AP (0.1 mM) had no significant effect on ENCC migration (Fig. 4C), neuritogen-
esis (Fig 4D) or cell death (Fig 4F). Moreover, as in control gut explants, Tuj1+ neurites were
closely associated with the most caudal Sox10+ cells. We could not quantify ENCC migration
in explants exposed to 30 mM TEA or 5 mM 4-AP due to the small number of surviving
Sox10+ cells (see Fig 4A).

Kcnc4 (Kv3.4) is upregulated ~16 fold between E11.5 and E14.5 (Table 1), and is expressed
by newly extended neurites of young enteric neurons (see above). Although the Kv3 subfamily
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of potassium channels is blocked by TEA and 4-AP [55], we also examined the effects of
BDS-I, a specific blocker of Kv3.4 [58]. BDS-I did not retard ENCC migration (Fig 4C) or neur-
ite formation (Fig 4D).

Kcnq3, which encodes Kv7.3, was upregulated 170 fold between E11.5 and E14.5 (Table 1).
The Kv7 subfamily of channels is not blocked by TEA or 4-AP; we therefore examined the ef-
fects of linopirdine, a blocker of Kv7 channels [55], on ENCC migration and neurite extension.
Linopirdine had no significant effect on ENCC migration or neuritogenesis (Fig 4C and 4D).

Discussion
Using a PCR-based array and FACS-sorted ENCCs, we showed that a large number of ion
channel genes are already expressed by ENCCs at E11.5, and expression of many ion channels
increases significantly by E14.5. These ages span the time during which the colon is colonized
by ENCCs and a subpopulation of ENCCs starts to differentiate into neurons and extends
neurites [3,8,59,60].

The PCR array and RT-PCR studies were conducted on the entire population of ENCCs, in-
cluding undifferentiated ENCCs and neurons. We therefore do not know whether particular
ion channels are expressed by subpopulations of, or all, ENCCs. The up-regulation of numer-
ous ion channels between E11.5 and E14.5 correlates with large increases in both the propor-
tion of ENCCs expressing neuronal markers [7] and in enteric neuron density [9], so it is likely
that many of the ion channels upregulated by E14.5 are expressed mainly or exclusively by neu-
rons. This is supported by our immunohistochemical data showing that ion channels encoded
by some of the most highly upregulated genes between E11.5 and E14.5 were localized predom-
inantly to neurites; these include Kv7.3 (Kcnq3, upregulated 170 fold), Kv3.4 (Kcnc4, upregu-
lated 16 fold) and Cav2.2 (Cacna1b, upregulated 5 fold). However, although Cav2.1
immunostaining was also predominantly on neurites, Cacna1a was expressed at similar levels
at both E11.5 and E14.5. The ENS is one of the first parts of the nervous system to exhibit elec-
trical activity [61]. We have previously shown that some ENCCs in the mouse gut express volt-
age-gated Ca2+ and Na+ channels that are involved in the electrical activity of early enteric
neurons [35,39].

Ion channels and ENCCmigration
Ion channel activity is required for the migration of various types of cells, including glioma
cells, platelets, neuroblasts and granule cells in the cerebellum [20,23–29]. Interestingly, there
are some common mechanisms controlling the migration of CNS neural progenitors and the
migration of glioma cells, including roles for several different ion channels [26]. It is thought
that one mechanism by which ion channels facilitate cell migration is by promoting hydrody-
namic volume and shape changes that enable cells to squeeze between small spaces [20,62].
Since ENCCs undergo rapid changes in shape as they migrate [13,63–65], we hypothesized
that ion channel activity might be required for ENCC migration. We found that high concen-
trations of the non-selective K+ channel inhibitors, TEA and 4-AP, halted ENCC migration in
cultured explants, but killed the vast majority of ENCCs. In contrast, addition of drugs that

Fig 3. Expression of potassium channels and ankyrin-G by ENCCs. A. RT-PCR confirming expression of transcripts encoding 21 potassium channels in
purified (FACS-sorted) ENCCs from E11.5 gut. Adult mouse brain (Br) was used as a positive control and-RT was a negative control (-). Dotted lines indicate
different gels. B. Immunoreactivity for Kv3.4 (B) (encoded by Kcnc4) in a wholemount preparation of E13.5 gut overlaps with Tuj1 immunostaining (B’, B”). C.
Frozen transverse section of E14.5 gut: Immunoreactivity for Kv7.3 (encoded by Kcnq3) overlaps with Tuj1 immunostaining of neurites (arrows, C-C”). Kv7.3
staining is also present in outer mesenchymal cells (out mes), but is not detectable in the mucosa (C). D. Immunolocalization of ankyrin-G in the E11.5 gut.
Ankyrin-G immunostaining was present along the entire length of most Tuj1+ neurites (D-D”), and some nerve cell bodies were also ankyrin-G+ (asterisk).

doi:10.1371/journal.pone.0123436.g003
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Fig 4. Effects of K+ channel blockers on ENCCmigration and neuritogenesis. A,B. Explants of E11.5 gut were grown in control conditions or in the
presence of K+ channel blockers for 48 h, and then fixed and processed for immunohistochemistry using antisera to the ENCCmarker, Sox10 (green) and
the neuronal marker, Tuj1 (red). A. In control explants and explants grown in the presence of 2 mM TEA, the most caudal Sox10+ ENCCs (white arrows)
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block the activities of a range of Ca2+, Cl- and K+ channels at concentrations that did not cause
cell death did not perturb the migration of ENCCs in gut explants. The lack of effect of the
channel-blocking drugs on ENCC migration is unlikely to be due to poor penetration of the
drugs as intact E11.5 gut explants are permeable to antibodies and large (250 kDa) toxins
[47,66], and often similar concentrations of drugs are used to affect ENCCs in intact embryonic
gut explants to those used in dissociated ENCCs [64,67]. We had previously shown that tetro-
dotoxin, which blocks voltage-gated sodium channels, and clotimazole, which blocks the inter-
mediate conductance Ca2+-dependent K+ channel (KCa3.1), also do not affect ENCC migration
[50]. It is possible that it is necessary to block multiple ion channels simultaneously to perturb
ENCC migration and/or other types of ion channels not tested are involved in ENCC migra-
tion. For example, Kv11.1 is involved in the migration of some non-neuronal cell types [68],
but its function was not examined in the current study. It is also feasible that ENCCs do not re-
quire ion channel activity but use other mechanisms to migrate through the gut mesenchyme.
For example, blocking matrix metalloproteinase activity has been shown to retard ENCC mi-
gration [69].

Ion channels and neurite extension
At the same time as ENCCs are migrating along the gut, a sub-population of cells starts to dif-
ferentiate into neurons and extends neurites [10,12,59]. During formation of the ENS, it is es-
sential that developing neurons project their axons in the correct direction and to the correct
targets. Little is known about the mechanisms controlling axon extension and navigation in the
developing ENS, although the planar cell polarity (PCP) pathway has been shown to play a role
in the direction in which axons project along the gut in vivo [12], and retinoic acid retards
neurite extension from enteric neurons in vitro [70]. Ion channels, including Ca2+ channels
[32,34], Cl- channels [33] and K+ channels [71], have been reported to regulate axon outgrowth
in a variety of regions of the nervous system.

Many voltage-dependent K+ channels are expressed in the developing Xenopus brain [71],
and Kv3.4 is expressed by pioneer axons in the developing rat forebrain [72]. Similarly, we
showed that Kv3.4 immunoreactivity in the developing gut was most prominent on neurites
close to the migratory wavefront.

were close to the end of the explants. In explants grown in the presence of 30 mM TEA, there were very few Sox10+ ENCCs caudal to the caecum (middle
panel). The red staining in the distal gut of the control explant is non-specific staining of the gut epithelial cells. Scale bars: 200 μm. B. High magnification
images of the pre-caecal regions of E11.5 explants following 48 h in culture. There was a dramatic reduction in the number of Sox10+ cells (green) in gut
explants grown in the presence of 30 mM TEA compared to control explants and explants grown in the presence of 2 mM TEA. Scale bars: 20 μm. C.
Quantification of the location of the most caudal Sox10+ ENCC in E11.5 explants cultured for 48 h. Preparations exposed to 30 mM TEA or 5 mM 4-AP were
not analysed due to the small number of Sox10+ cells in the post-caecal gut. There was no significant difference in the distance migrated by ENCCs in
explants grown in the presence of 2 mM TEA (n = 8), 0.1 mM 4-AP (n = 10), the Kv7 blocker, linopirdine (n = 11) or the Kv3.4 blocker, BDS-I (n = 13)
compared to controls (n = 12 or n = 14 for BDS-I experiments) (mean ± SEM; one way ANOVA; minimum of 2 experiments). The experiments using BDS-I
were done separately from the other experiments and so had separate controls. Measurements were not performed on explants exposed to 30 mM TEA or 5
mM 4-AP due to the small number of surviving Sox10+ cells.D. Effects of potassium channel blockers on neurite outgrowth. The small and large intestines
from E14.5 mice were dissociated, allowed to adhere to coverslips for 3 hours and then exposed to drugs for 9 h. The cells were then fixed and processed for
immunohistochemistry using an antibody to Tuj1. A lower proportion of Tuj1+ cells extended neurites in the presence of 30 mM TEA or 5 mM 4-AP compared
to controls (one way ANOVA followed by Tukeys test; for controls and each drug treatment, a minimum of 680 Tuj1+ cells was examined from 6 coverslips
from 2 experiments). E. Examples of Tuj1+ cells in cultures of dissociated E14.5 gut grown under control conditions, or in the presence of 5 mM 4-AP or
30 mM TEA for 9 h. Under control conditions, most Tuj1+ cells extended neurites, whereas in the presence of 5 mM 4-AP or 30 mM TEA, many Tuj1+ cells
did not possess any neurites (arrows). Scale bar: 20 μm. F.Gut from E14.5 Ednrb-hKikGRmice was dissociated, the cells allowed to adhere to coverslips for
3 hours and then exposed to drugs for 9 h or 21 h prior to fixation and processing for immunohistochemistry using the apoptosis marker, activated caspase-3.
Although there was no difference in the proportions of KikGR+ ENCCs that were also activated caspase-3+ following 9 h exposure to 5 mM 4-AP or 30 mM
TEA (one way ANOVA), there was a significant increase in activated caspase-3+ ENCCs after 21 h exposure to high concentrations of TEA or 4-AP (one way
ANOVA followed by Tukeys test).

doi:10.1371/journal.pone.0123436.g004
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Exposure of dissociated ENCCs to high concentrations of the non-selective K+ channel
blockers, TEA (30 mM) and 4-AP (5mM) for 9 hours resulted in a smaller percentage of Tuj1+
cells extending neurites in vitro. However, although similar concentrations of these drugs have
been used previously in studies of axon growth and guidance in the Xenopus visual system, we
found that TEA and 4-AP at high concentrations caused death of ENCCs; no increase in cell
death (activated caspase-3+ cells) was detectable after only 9 hours exposure to 30 mM TEA or
5 mM 4-AP, but exposure to the drugs for 21 hours did result in a significant increase in cell
death. Furthermore, there was a dramatic reduction in the number of ENCCs in intact explants
of E11.5 gut following exposure to 30 mM TEA or 5 mM 4-AP for 48 h for the ENCC migra-
tion assays (see above). It is therefore highly likely that the decreased neuritogenesis observed
after 9 h exposure to 30 mM TEA or 5 mM 4-AP is due to ENCCs being unhealthy. Other re-
cent studies using HeLa cells and cultured hippocampal neurons have also reported that expo-
sure to high concentrations of TEA for 24 h or more results in cell death [56,57]. Proteomics
analyses of HeLa cells exposed to high concentrations of TEA revealed changes in proteins in-
volved in a variety of biological functions including oxidative stress responses, protein synthe-
sis and degradation, metabolism and signal transduction [56].

Decreased neuritogenesis was observed after 9 hours exposure to high concentrations of
TEA or 4-AP, but no significant cell death was detected at this time point. Although we think
the decreased neuritogenesis observed after 9 hours is most likely due to the cells being un-
healthy, we cannot rule out the possibility that the perturbed neuritogenesis is a primary effect
of exposure to high concentrations of TEA or 4-AP, with prolonged drug exposure then lead-
ing to extra effects and ultimately cell death.

Different neurochemical classes of neurons are present in the E14.5 gut [9,50]. Although
there was an overall reduction in the proportion of Tuj1+ cells extending neurites after 9 hours
exposure to high concentrations of TEA or 4-AP, some neurons still extended neurites (see Fig
4E). As Tuj1 is a pan-neuronal marker, it is possible that different classes of neurons are differ-
entially sensitive to TEA and 4-AP.

Despite numerous studies showing roles for ion channel activity in neurite extension in a
variety of regions of the nervous system, we were unable to demonstrate a role for ion channel
activity in neuritogenesis in cultured embryonic enteric neurons. We also did not observe any
obvious changes to the projections of Tuj1+ neurites in intact explants of gut in the ENCC mi-
gration assays. We cannot rule out the possibilities that other ion channels are involved, that it
is necessary to block multiple ion channels simultaneously to perturb neurite formation or that
ion channels play a role in enteric neuritogenesis (both axon and dendrites) in vivo but not in
vitro. The axons of enteric neurons have to navigate to specific targets, including the external
muscle and other ganglia and it is possible ion channels are involved in axon navigation or
synaptogenesis in vivo. Furthermore, enteric neurons undergo significant morphological
changes in their dendrites during development [41] but the mechanisms underlying these den-
dritic changes are unknown.

Ion channels and electrical excitability
We have previously shown functional roles for several Na+, Ca2+ and K+ channels in the devel-
opment of electrical excitability in early enteric neurons [35,39], and it is possible that the vast
majority of ion channels expressed in the fetal ENS are involved in the excitability of all, or spe-
cific subtypes of, enteric neurons [60].

In the CNS, ankyrin-G is concentrated at axon initial segments and plays an essential role in
the clustering and function of Kv7.2 and Kv7.3 [54]. In the current study, we showed that
ankyrin-G and Kv7.3 were expressed by many embryonic enteric neurons, but appeared to be
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present along the entire length of the neurites. Nav1.6 has been reported to localize to the axon
initial segments of enteric neurons in the colon of adult guinea-pigs [73], but little else is
known about the axon initial segments in the ENS. Even though embryonic enteric neurons
can fire action potentials, our ankyrin-G data suggest that they may not yet possess axon
initial segments.

Conclusions
Our array data showed that many ion channels are expressed early during the development of
the ENS. Many ion channels are likely to be involved in the development of neuronal electrical
excitability, but it remains to be determined which ion channels are expressed by undifferenti-
ated ENCCs and whether they also play functional roles.
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