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Specialized Functions of Nav1.5 and Nav1.9 Channels in
Electrogenesis of Myenteric Neurons in Intact Mouse Ganglia

Nancy Osorio,' Sergiy Korogod,? and Patrick Delmas!

'Aix-Marseille-Université, Centre National de la Recherche Scientifique, Centre de Recherche en Neurobiologie et Neurophysiologie de Marseille, Unité
Mixte de Recherche 7286, 13344 Marseille France, and 2International Center for Molecular Physiology (Dnipropetrovsk Division), National Academy of
Sciences of Ukraine, 01024 Kiev, Ukraine

Voltage-gated sodium (Nav) channels play a central role in gastrointestinal physiology because they transmit depolarizing impulses in
enteric neurons, thereby enabling the coordination of intestinal motility. However, little is known about the ion channel machinery that
specifies firing pattern of enteric neurons. Here, we used in situ patch-clamp recording of myenteric neurons from mice to define
functionally the Nav channel subtypes responsible for the electrical signature of myenteric neurons. We found that mouse myenteric
neurons exhibit two types of tetrodotoxin-resistant Na * currents: an early inactivatingNa * current (Iy,;) and a persistent Na * current
(Inap)- Inar Was encountered in all myenteric neurons, whereas I,p was preferentially found in Dogiel type II sensory neurons. Knock-out
mouse studies, in combination with pharmacological assays, indicate that Iy, is carried by the Scn5a-encoded “cardiac” Nav1.5, whereas
I,pis attributed to the Scnlla-encoded Nav1.9. Current-clamp experiments show that Nav1.9 flows at subthreshold voltages, generating
tonic firing. In addition, action potential (AP) clamp reveals that Navl.5 contributes to the upstroke velocity of APs, whereas Nav1.9,
which remains active during the falling phase, opposes AP repolarization. We developed a computational model of a Dogiel type II
myenteric neuron that successfully reproduces all experimentally observed phenomena and highlights the differential roles of Nav1.5 and
Navl1.9 in the control of excitability. Our data illustrate how excitability can be finely tuned to provide specific firing templates by the
selective deployment of Nav1.5 and Nav1.9 isoforms. We propose that Nav-dependent ENS disorders of excitability may play important

roles in the pathogenesis of digestive diseases.
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Introduction

The enteric nervous system (ENS) extends the length of the gas-
trointestinal (GI) tract and regulates digestive functions includ-
ing peristalsis, secretion, and detection of luminal stimuli
(Grundy et al., 2006; Furness, 2012). The importance of the ENS
is emphasized by the life-threatening consequences of certain
ENS neuropathies, including Hirschsprung disease and Chagas
disease. Alteration of the ENS also occurs in inflammatory bowel
disease such as Crohn’s disease or ulcerative colitis (Galligan,
2004; Furness, 2012).

The ENS can function reflexively without input from the CNS. It
is organized in two major plexuses: the submucosal plexus, located
between the mucosa and the circular muscle, and the myenteric
plexus, located between the circular and longitudinal muscle layers
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(Grundy et al., 2006). Enteric neurons include intrinsic primary af-
ferent neurons (IPANs) and a variety of interneurons and motor
neurons (Kunze et al., 1995; Furness et al., 1998, 2004). The central
elements in this network are IPANs, which have been characterized
as sensory neurons that provide input to local intramural reflex
loops to optimize gut function. Inflammation enhances excitability
of IPANSs (Palmer et al., 1998), which makes them major targets for
drug therapies directed at gut disorders.

Sodium channels play a central role in GI physiology because
they transmit depolarizing impulses in the ENS network. Previ-
ous studies have established that myenteric neurons from rat and
guinea pig duodenum express a TTX-resistant (TTX-R) Na™
current, possibly carried by the Nav1.9 a-subunit (Rugiero et al.,
2003; Padilla et al., 2007). A property that distinguishes the
Nav1.9 channel from other isoforms is its propensity to generate
a “persistent” Na * current (Cummins et al., 1999; Dib-Hajj et al.,
2002; Coste et al., 2004). The Navl.9 channel is a target for in-
flammatory mediators and gut neurotransmitters (Baker et al.,
2003; Rush and Waxman, 2004; Maingret et al., 2008; Copel et al.,
2009) and contributes to somatic and visceral pain behaviors
accompanying inflammation (Priest et al., 2005; Amaya et al,,
20065 Leo et al., 2010; Lolignier et al., 2011). Recent findings also
support a role for Nav1.9 in the regulation of gut neural reflexes,
because mice lacking Nav1.9 show motility disturbances (Copel
etal., 2013).
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A major breakthrough was the devel- A
opment of patch-clamp recordings from
intact myenteric ganglia in mice, opening
the way for the use of transgenic mouse
technology in the study of ENS physiology
(Mao et al., 2006; Osorio and Delmas,
2010). Accordingly, in the present study,
we made patch-clamp recordings from
mouse myenteric neurons maintained in
the longitudinal muscle myenteric plexus
preparation (LMMP; Osorio and Delmas,
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2010). We used a combination of electro-

physiological characterization of myenteric
neurons in mutant mice and computer
modeling methods to determine Na™
channel contribution to enteric neurons’
excitability. We demonstrate that Nav1.9
critically regulates excitability and action
potential (AP) waveform of IPANs, mak-
ing of Navl.9 a key player at both sub-
threshold and above-threshold voltages.
Moreover, we demonstrate that IPANs,
motor neurons, and interneurons express
the “cardiac” Navl.5 channel. Navl.5
contributes to the upstroke velocity of
APs of enteric neurons, suggesting that
this channel is crucial for impulse propa-
gation through the ENS. Therefore,
Navl.9 and Navl.5 serve different electro-
physiological functions in mouse myen-
teric neurons and provide potential
neuronal targets for modifying digestive
function.

Figure 1.

Mouse myenteric plexus

In situ patch clamping of mouse myenteric neurons. A, Schematic illustration of the recording chamber for patch
clamping mouse myenteric neurons maintained in situ in the LMMP preparation. The LMMP is continuously superfused with gazed

Krebs' solution to provide steady oxygenation of the tissue. A local superfusion device is positioned near the selected myenteric

Materials and Methods

Animals. Young male mice (2-4 months old)
were used in this study. All animals were used
in accordance with the European Community guidelines for the care and
use of animals (86/609/EEC). WT mice (C57BL/6], 2—4 months old)
were purchased from Janvier. Nav1.9 ~/~ mice were generated by Glaxo-
SmithKline and have been described previously (Maingret et al., 2008).
Homozygous Nav1.9-null (Nav1.9 /7)), heterozygous (Nav1.9 "/~) and
WT (Nav1.9 */*, C57BL/6] strain) mice were maintained and genotyped
by PCR from tail biopsy samples. Mice colonies were genotyped by
PCR from tail biopsy samples. PCR amplification of the WT Scnlla
allele used the FW (5'-tgctttgtagatacgtcttcattgg-3') and RW (5'-accatact
gtgactagcattaatcctc-3') primer pairs and resulted in a 490 bp amplicon.
PCR amplification of the disrupted Scnlla allele used the FM (5'-
aatgggctgaccgettectegtg-3') and RM (5'-caaagctggacaagactcagctatg-3')
primer pairs and yielded a 380 bp fragment product. Mice were killed by
cervical dislocation and decapitation.

Preparation. Experiments were performed on nondissociated myen-
teric neurons of mouse duodenum. The LMMP preparation of mouse
duodenum has been detailed previously (Osorio and Delmas, 2010). In
brief, a 2 cm segment of duodenum was removed from dead mice. The
tissue was opened along the mesentery line and pinned mucosal side up
on the silicon elastomer basis (Sylgard; Dow Corning) of a recording dish
containing oxygenated standard Krebs’ solution. The myenteric plexus
was exposed by dissecting away the mucosa, the submucosal plexus, and
the circular muscle layer. The recording dish was then placed on an
inverted microscope stage and the LMMP preparation was continuously
superfused with Krebs’ solution gassed with 95% O,-5% CO, (Fig. 1).
The upper surface of a ganglion was exposed to 0.02% protease type XIV
(Sigma) for 3—5 min and the surface of neurons was cleaned by sweeping
over the ganglion with a hair fixed at the tip of a microelectrode.

ganglion to ensure rapid application of drugs. B, Whole-mount mouse myenteric plexus labeled with an anti-peripherin antibody.
Some ganglia (arrowheads) and connective bundles (arrows) of the myenteric plexus are indicated.

Table 1. Composition of IM

Ga  CGF o Ka KF Call, EGTA  MgC,  NaCl  HEPES
IM1 140 0 0 0 1 2 2 4 10
M2 110 30 0 0 1 2 2 4 10
IM3 0 0 1m0 30 1 2 2 4 10

Concentrations are expressed in mu. pH was adjusted to 7.4 with CSOH or KOH; ~300 mOsm/L.

The standard Krebs’ solution used to bath the LMMP preparation
consisted of the following (in mm): 118 NaCl, 4.8 KCl, 1 NaH,PO,, 25
NaHCO;, 1.2 MgCl,, 2.5 CaCl,, and 11 glucose and was equilibrated with
95% 0O,-5% CO,, pH 7.4. Atropine (2 uM) and nicardipine (6 um) were
present throughout the experiments to prevent spontaneous muscle
movement.

Whole-cell patch-clamp recordings from intact mouse myenteric ganglia.
Whole-cell patch-clamp recordings were conducted at room tempera-
ture (RT). Extracellular solutions containing drugs were locally applied
via a gravity superfusion system directly onto the myenteric ganglion
under study. The standard extracellular solution consisted of the follow-
ing (in mm): 140 NaCl, 4 KCl, 2.5 CaCl,, 1 MgCl,, 10 HEPES, 11 glucose,
and 0.5 CdCl,, pH 7.3. For recording of TTX-resistant Na ™ currents,
4-AP (1 mm), TEA-CI (5 mm), CsCl (2 mm), and TTX (300 nm) were
added to the extracellular solution.

Patch pipettes were pulled from thick-walled borosilicate glass capil-
laries (Harvard Apparatus) and had a resistance of 2-3 M{). Intracellular
solutions for voltage-clamp and current-clamp experiments are listed in
Table 1. All recordings were made using an Axopatch 200B amplifier
(Molecular Devices), low-pass filtered at 2 kHz, and digitized at 25 kHz.
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The series resistance measured in the whole-cell mode was 5-8 M() and
was compensated by 70—80%. Transient and leakage currents were dig-
itally subtracted using a standard P/6 protocol unless otherwise stated.

Data acquisition and analysis. Data were analyzed using pPCLAMP 9.2

(Molecular Devices) and PRISM 4.0 (GraphPad) software. The I-V curve
was fitted by a modified Boltzmann function: I = G, (V — Ey,)/(1 +
exp(Vy5 — V)/k), where V is the test pulse potential, G,,,, is the maxi-
mum conductance, V,, 5 is the potential of half-maximum activation, and
k is the steepness factor. Conductance-voltage curves were calculated
from the peak current according to the equation Gy, = I\,/(V — Ey,)
where E, is the reversal potential extrapolated from the I-V curve. The
activation curve ( G-V) was fitted using the Boltzmann function: G/G,
1/[1 + exp(V, s — V/k)], where G/G,,,, is the normalized conductance.
Inactivation curves were constructed from normalized currents and fit-
ted according to the Boltzmann function: I/I,, = 1/[1 + exp(V —
V, 5s/k)], where Vis the conditioning pulse potential and V,, 5 is the mem-
brane potential at which half of the channels are inactivated. For the
study of slow inactivation, which required long-lasting recordings, the
measured I, was corrected for run-down (estimated periodically from a
V}, of —120 mV). The concentration-inhibition curves for TTX were
fitted with the Hill equation of the form Y = Y, [TTX]""/(IC5,™" +
[TTX]"), where Yis the percentage inhibition (e.g., 100 X I/Ij11x; = 0.1 o>
IC5, the TTX concentration that produces half-maximal inhibition, and
nH the Hill coefficient.

Results are presented as mean = SEM and n represents the number of
cells examined. When data were normally distributed (Shapiro-Wilk
test), statistical differences between groups were tested using the two-
tailed Student’s ¢ test (unless otherwise stated). p << 0.05 was considered
significant.

Immunostaining of LMMP and confocal imaging. The LMMP prepara-
tion was prepared as described in Preparation, above. Once achieved, the
tissues were bathed in PBS containing 4% sucrose for 30 min and then
incubated for at least 1 h in PBS plus 20% sucrose. LMMP preparations
were transferred to SuperFrostPlus slides (Fisher Scientific), frozen, and
stored at —80°C until processed. Slides with the LMMP preparation were
thawed at RT, washed in PBS, and then incubated for 40 min at RT in
blocking solution containing 3% BSA and 0.1% Triton X-100. Primary
antibodies were diluted in blocking solution and applied to tissues to be
incubated overnight at 4°C in sealed humidified chambers. Primary an-
tibodies used and dilutions were as follows: anti-Nav1.9 L23, 1/100 (rab-
bit polyclonal; Padilla et al., 2007); anti-neurofilament-200, 1/400
(mouse monoclonal; Sigma); anti-peripherin 1/400 (mouse monoclonal;
Millipore); and anti-HuC/D 1/400 (mouse monoclonal; Invitrogen).
Donkey anti-rabbit and donkey anti-mouse secondary antibodies cou-
pled to TRITC (Jackson ImmunoResearch) or Alexa Fluor 488 (Invitro-
gen) were used at 1/400 for visualization of the corresponding primary
antibodies. The anti-Nav1.5 antibody was a gift from Dr P] Mohler (Da-
vis Heart and Lung Research Institute, the Ohio State University Wexner
Medical Center, Columbus). Staining with the anti-Nav1.9 L23 antibody
was abolished in myenteric plexus from Navl.9 /" mice (data not
shown; see also Padilla et al., 2007).

Slices were then washed three times for 15 min in PBS. Secondary
antibodies were applied in 3% BSA-containing PBS for 40 min at RT in
the dark. After six washes in PBS, sections were mounted in PBS 50%
glycerol. Images were acquired using a TCS SP2 laser-scanning confocal
microscope (Leica Microsystems), initially processed using LCS Lite
Confocal Software (Leica), and later exported into Adobe Photoshop for
final processing. No staining was detected in tissues incubated with the
secondary antibodies alone.

Morphology of neurons was examined by intracellular dialysis of bio-
cytin (0.2%) during whole-cell recording. After overnight fixation in PBS
containing 4% paraformaldehyde, the tissue was cleared by two washes in
DMSO followed by three changes of PBS. Visualization of biocytin was
performed with streptavidin—Alexa Fluor 488 (1/100; Invitrogen) over-
night at 4°C.

RT-PCR. Total RNA was extracted from heart, DRGs, and LMMP
preparation with Tri-Reagent (Sigma) according to the manufacturer’s
recommendation. Reverse transcription reactions with oligo(dT),,
primers were performed with the cloned AMV reverse transcriptase fol-
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lowing the manufacturer’s protocol (Invitrogen) using 3 ug of total
RNA. PCR on reverse-transcribed cDNA was performed with specific
primers to mouse TTX-R Nav channels. Nav1.5 primers were 5-forl
(5"-AAACACGGTTCGAGGAAGACAAGC) and 5-revl (5'-GGAGG
TCTGCGGTGTTGGTCATG)m which give a PCR product of 380 or
220 bp, corresponding to the Navl1.5 or Navl.5a isoforms, respectively
(Kerr et al., 2004). Nav1.8 primers were SNS-for3 (5'-TGCCGGTTCCG
TTGGCCCAAGGT) and SNS-rev3 (5'-GATCTCCTCTGGGTCCGGG
CAGT), which give a PCR product of 490 bp (Kerr et al., 2004). Nav1.9
primers were m4+ (5'-GTCTTCAGCATGTTCATTATCTGC) and
m8— (5'-CCACACATTATGAAGTCCTCGC) spanning exons 4-8,
which give a PCR product of 550 bp.

Computer simulation of mouse myenteric neurons. The myenteric neu-
ron was represented by a single-compartment model containing the
channels conducting passive leakage current I, and six voltage-gated
currents described by Hodgkin-Huxley-type equations: three Nav cur-
rents (TTX-sensitive current Iy, 7 and the TTX-resistant currents
Iyan s and Iy, o), the N-type calcium current (I, ), and two Kv cur-
rents (delayed rectifier I;4,-Kv1.1/1.2 and Iy,-Kv7.2/7.3). The reversal
potentials for the leakage, Ca®*, Na*, and K* currents were, respec-
tively, E, = —75mV, E., = +132mV, E, = +62 mV, and Ex = —89
mV. A temperature factor in the equations for voltage-dependent kinetic
variables below was Q,, = 3¢ ~ 229100 (= ] at temperature t = 22°C);
C,, = 1 pFlecm?.

Simulations were performed using NEURON software (Carnevale and
Hines, 2006). These provided numerical solution to the differential equa-
tion relating the current densities per unit membrane area and the trans-
membrane voltage E as follows:

Chn * dE/dt = — Leaw = Ina—17x = Inavis = Inavio = Icaon = Ikar — Ikm

- Istim)

where C,, = 1 uF/cm? is the membrane capacitance and I, is the

stimulating current generated by extrinsic source. The partial currents
with corresponding parameters and equations for the activation/inacti-
vation kinetic variables are listed below.
Passive leakage current (G, = 0.08 mS/cm?):
Ileak = GL : (E - EL)
TTX-sensitive sodium current (Gy, 77y = 4.7748 mS/cm?):
Ina-71x = Gua-rrx © 1+ h + (E — Ey).

Activation variable m : dm/dt = (m., — m)/Ty 7w = Ulam + Bu)

My = Oy * Tt
oy = Qo + 0.061132 + (E + 34.653)/(1 — exp
(— (E + 34.653)/27.197));
B = Qi * 7.3036 + exp( — (E + 34.907)/6.3046).

Inactivation variable h: dh/dt = (h., — W)ty 7 = U, + Bu);

he = ay * T
ay = Qy + 0.07 - exp( — (E + 65.0)/20.0);
Bi = Qio/(1 + exp( — (E + 35.0)/10.0)).
Navl.5 sodium current (G, 5 = 4.7748 mS/cm?):
Inois = Granis * m° = h + (E = Exy).

Activation variable m : dm/dt = (m. — m)/7; 7 = U, + Bu)s

My = Oy * Tyt
am = Qo * 0.549 - (E + 40.0)/(1 — exp
(— (E + 40.0)/13.941));

B = Qu * 21.96 - exp( — (E + 65.0)/6.2065).
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Inactivation variable h: dh/dt = (h. — W)/ 7 = U(aw + Bu)
he = @ * T
a, = Qo * 25.04 - exp( — (E + 65.0)/7.2331);
Brn= Qi *

Nav1.9 sodium current (Gy,_ 1o =

1.445/(1 + exp( — (E — 27.4554)/7.1045)).
1.0 mS/cm?):
m - h-s- (E— Ey).

Inavio = Gavio

Activation variable m : dm/dt = (m. — m)/Ty; 7 = Uaw + Bu)s
Mo = Oy ° Tyt

am = Qy + 0.47/(1 + exp( — (E + 15.426)/10.3));
Bm = QIO .

Fast inactivation variable / : dh/dt = (h., — h)/t; 7, =
he = o * T

exp( — (E + 61.426)/5.7).
(a, + Br);

ap = Qy + 0.091/(1 + exp((E + 97.5095)/18.8));
Br = Qi + 0.03/(1 + exp( — (E + 21.5095)/10.0)).
1/(a, + By
- exp( — (E + 112.65)/17.5);

Slow inactivation variable s : ds/dt = (s. — s)/7g 7, =
a, = Qy * 0.001
B.= Qu - 0.002/(1 + exp( — (E + 1.65)/21.0);

s = 1.029/(1 + exp((E + 68.65)/12.0)).

The parameters of «, B, and s., were determined by applying the “Fit-
ting/Parametrized Function” tool of NEURON to our experimental
data.
N-type calcium current (Gg,—y = 0.47 mS/cm?):
Ieo-n = Geyon = 1%+ b+ (E— Ecy).

Activation variable m : dm/dt = (m. — m)/Ty; 7 = U, + Bu)s
Mo = O * Ty

an = Qy + 0.1(E — 20)/(1 — exp( — (E — 20)/10));

Bm = Q) - 0.4 - exp( — (E + 25)/18).

Inactivation variable h:dh/dt = (h. — W)/t 7 = (e, + Bu)s
he = o * Ty
ay = Qy + 0.01 + exp( — (E + 50)/10);
By = Qi * 0.1/(1 + exp( — (E + 17)/17)).
Delayed rectifier potassium current (Ggg, = 0.25 S/cm?):
Ixgr = Grar * 1' + (E— Eg).
Activation variable n:dn/dt = (n, — n)/Tsn. = o, * 737, = 1/

(o + Bo):
@y = Qi+ 0.002199 + (E + 12.902)/(1 — exp
(— (E + 12.902)/7.5341));
B = Qi * 0.0087407 - exp( — (E + 53.108)/7.4505).

Iim-Kv7 current (Ggy = 0.03 S/cm?):

Ixm = G 1+ (E — Ey)
U(a, + B)
@y = Qi+ 0.00395 - exp((E + 30.0)/40.0);

Activation variable n : dn/dt = (n. — n)l7y; 7, =

B = Q) + 0.00395 + exp( — (E + 30.0)/20.0);

n.. = 1.0/(1 + exp( — (E + 30.0)/6.0)).
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Stimuli were delivered in the current-clamp or dynamic voltage-clamp
mode. In the latter case, the experimentally recorded AP waveforms were
used as the command voltages.

Results

TTX-R Na™* currents define different types of myenteric
neurons in mice

In situ patch-clamp recordings of mouse duodenal myenteric
neurons were made from the LMMP preparation (Fig. 1; Osorio
and Delmas, 2010). Almost all (n = 89/91, 97%) myenteric neurons
from C57BL/6] mice expressed a large TTX-sensitive Na™ current
with amplitude ranging from 2 to 4 nA. TTX-R Na ™ currents
were further isolated using TTX (300 nm) and Cd** (500 um) in
the extracellular solution to block TTX-sensitive Na™ and
Ca**currents, respectively. The properties of TTX-R Na™ cur-
rents were typically determined 11-13 min after achieving the
whole-cell recording mode; that is, once dialysis of internal mi-
lieu (IM) had stabilized (IM2; Table 1).

In marked contrast to guinea pig duodenal myenteric neurons
(Rugiero et al., 2003), nearly all (92%) duodenal mouse myen-
teric neurons (n = 74 of 81) exhibited TTX-R Na™ currents.
However, two types of TTX-R Na™ currents could be encoun-
tered and distinguished by their voltage-dependent kinetics.
Type 1 TTX-R Na ™ current had rapid and complete inactivation
(Fig. 2A,C). We refer to this current hereafter as Iy, which
stands for transient TTX-R Na™ current. Analysis of the -V
relationship showed that I, had a threshold for activation at
~—45 mV and a half-potential of activation (V,5) of —27.1 =
1.0 mV. Mean I, density measured at the peak was —16.4 = 1.7
PA/pF (n = 20; Fig. 2F ). Pure I, was encountered in 34% (25 of
74) of mouse myenteric neurons having a mean membrane ca-
pacitance of 15.3 + 0.8 pF (n = 25; Fig. 2E).

A distinct TTX-R Na ™ current (Type 2) was observed in the
66% of the remaining mouse myenteric neurons (n = 49 of 74;
Fig. 2B, D). In these cells, a feature of Type 2 TTX-R Na * current
was its slow inactivation and prominent persistent component,
which was detectable as a steady inward current at the end of the
depolarizing voltage steps. Type 2 TTX-R Na™ current was
dubbed I,p, which stands for persistent current. I, activated at
relatively negative potentials (~—70 mV) had a V5 of —36.7 =
1.4 mV (n = 25; Fig. 2D) and a mean density of —50.3 * 3.6
PA/pF (n = 39; Fig. 2F).

A detailed exploration of step-evoked currents, however,
showed that I, ,-expressing cells also displayed a rapidly inacti-
vating Na ¥ component, mostly manifest at relatively positive
potentials (Fig. 2B). Therefore, these cells exhibited a mixed
TTX-RNa ™ current composed of a slowly inactivating/persistent
component (I,p) and a rapidly inactivating component (I,r).
The mean capacitance of myenteric neurons having mixed
TTX-R Nav currents was 17.6 = 0.8 pF (n = 48; Fig. 2E), indi-
cating that these neurons displayed slightly larger cell bodies than
those expressing only I, (p < 0.05).

Iy.p and I, distribute differentially in Dogiel type I and
Dogiel type Il neurons

Myenteric plexus comprises several types of neurons morphologically
classified as Dogiel type I (unipolar motoneurons and interneurons
with filamentous cell bodies) and Dogiel type II (pseudo-unipolar
and multipolar “sensory” IPANs; Furness et al., 2004). Morpholo-
gies of neurons expressing the different types of TTX-R Na " cur-
rents were revealed by biocytin-dye filling (n = 14; Fig. 3). Most of
the neurons (80%) expressing only I, possessed Dogiel type  mor-
phology with filamentous somas and one single neurite (Fig. 34, C).
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from mouse heart mRNA. RT-PCR from
mouse LMMP preparations revealed the

smaller Navl.5a isoform (220 bp),

[
80 5omv

whereas both Navl.5 transcripts were
found in heart (Fig. 4A). Because LMMP
preparations contained smooth muscle
cells known to express Navl.5 and
Navl.5a, we cannot make a conclusion
about the expression of Nav1.5 transcripts
in myenteric neurons. Therefore, we
stained LMMP preparations with an anti-
mNavl.5 antibody that labels intercalated
disks, t-tubular membrane and Z-lines of
cardiomyocytes in longitudinal sections
of ventricular muscle (data not shown).

Somas of myenteric neurons and most fi-
bers passing through the ganglion were
immunoreactive for the anti-Nav1.5 anti-
body (Fig. 4B).

RT-PCR on LMMP preparations from
mouse duodenum revealed mRNA for
Navl.9 but not Navl.8, although both
transcripts were amplified from mouse
DRGs (Fig. 4A). We have sought evidence
for the expression of Nav1.9 subunit pro-
tein using a specific polyclonal antibody
raised against the II-IIT intracellular linker

o
00,00 of mouse Nav1.9 (Padilla et al., 2007). Im-
[eXeDg®) .
o600 munolabeling was done on nonfixed, fro-
ﬁ%ﬁ zen tissues. Immunoreactivity for Nav1.9
° 080 was detected in 28% of neurons (27 0f 97)
Q . . . .
080 present in myenteric ganglia as estimated
° from the Hu-positive population. Nav1.9
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Figure 2.

Mouse myenteric neurons express two types of TTX-RNa ™ currents. A, B, Representative recordings of TTX-R Na *
currents in two different mouse myenteric neurons expressing either pure /y,,; (4) or mixed Na ™ currents constituted of /y,,p
and fy,; (B). TTX-R Na ™ currents were evoked by 100 ms test pulses from a holding potential of —80 mV. Note the prominent
persistent Na ™ current component at relatively negative voltages in B. All currents were measured isochronally ~11 min after
breakthrough. €, D, IV relationships for /,; (€) and mixed TTX-R Na ™ currents (I,p + y,r; D). Current amplitudes were
measured either at peak (filled circles) or isochronally at the end of voltage steps (lyq,, filled squares). /-V/ curves were fitted by a
modified Boltzmann function of the form: | = G, (V — £y,)/(1 + exp(V, 5-V)/k). Fits yield V, s of —27.1 = 1.0mV (n = 5) and

labeling was mainly restricted to the soma
of myenteric neurons. Measures of cell
bodies gave averaged long axis of 24 = 1
pm and short axis of 13 = 1 wm versus
17 =1 wm and 10 = 1 um for Navl.9-
negative cells, respectively. Eighteen of 27
Nav1.9-positive somas of myenteric neu-
rons were found to be immunoreactive
for NF200 (Fig. 4C).

Inap + 1

NaP NaT

—36.7 = 1.4mV (n = 25) for fy,; and /y,p + Iy, respectively. Data points are mean == SEM. E, Distribution of the membrane

capacitance of cells expressing pure fy,,; or mixed TTX-RNa * currents (/,p + /) Means = SEMare indicated. F, Current density
distribution of /,,; and /y,p + /y,7- Currents were measured at peak. Means == SEM are indicated.

In contrast, TTX-R Na ¥ currents composed of I, and I, were
preferentially (75%) encountered in neurons with Dogiel type II
morphology; that is, with smooth oval somas and multiaxonal or
pseudo-unipolar projections (Fig. 3 B, D,E).

Navl.5 and Navl.9, but not Navl.8, transcripts are expressed
in mouse myenteric plexus

We determined which genes encoding TTX-R Na™ channel
a-subunits are expressed in the myenteric plexus from mouse
duodenum. We first investigated the presence of Navl.5 tran-
scripts in mouse LMMP using an assay that uses primers span-
ning exons 16—18 of mouse Nav1.5, which allowed amplification
of full-length Nav1.5 and the alternatively spliced Nav1.5a with a
deletion of 159 bp equivalent to exon 18. The amplified frag-
ments span multiple exon-intron boundaries so that the ampli-
cons cannot be mistaken for amplified genomic sequence. As a
test of primers and reactions, PCR amplification was also run

Properties of TTX-R Na™* currents in
Nav1.8 =/~ and Nav1.9 ~/~ mouse
myenteric neurons

We pursued the molecular identity of TTX-R Na™ currents by
recording from mice in which the Scnlla gene coding for the
Navl1.9 a subunit had been inactivated (Maingret et al., 2008;
Lolignier et al., 2011). Using CsF/CsCl-containing IM2 and TTX
(0.3 uMm) in the bath, we compared the amplitude and occurrence
of I,r and Iy,p in KO mice and their WT littermates. I,p was
undetectable in 26 of 26 myenteric neurons recorded from
Nav1.9 '~ mice (Fig. 5A,B). Iy,p density (Iy,,.) measured at
—40 mV in WT neurons averaged —9.3 = 1.7 pA/pF (n = 19),
whereas it could not be discriminated against noise in Nav1.9 ~/~
neurons (—0.2 = 0.1 pA/pF, 15.5 = 1 pF, n = 25; p < 0.001; Fig.
5B). Therefore, only I, was observed in Nav1.9 ~/~ myenteric
neurons, yielding isolation of pure I, in otherwise Navl.9-
expressing neurons (Fig. 5C,D). I,r was found in 92% (23 of 25)
of myenteric neurons from Nav1.9 ~/~ mice. In agreement with
the lack of Nav1.8 transcripts in the mouse LMMP preparation,
no significant changes in either I, or I,p properties could be
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Figure 3.  Differential distribution of /y,; and /y,,p in myenteric neurons. 4, B, Top, Na *

current traces elicited by depolarizing voltage steps in myenteric neurons exhibiting either pure
Iy (4) or mixed Na ™ currents composed of fy,,» and /y,,7 (B). Whole-cell recordings were made
with intracellular biocytin (0.2%) added to the patch pipette solution for further morphological
characterization. Bottom, Morphology of neurons revealed using streptavidin—Alexa Fluor 488.
Note that the neuron expressing only /y,,; () has a Dogiel type | morphology with a single long
axon, whereas the neuron with prominent /y,,, has a Dogiel type Il morphology with multiple
and ramified axons (B). €, D, Examples of morphologies of myenteric neurons with pure /y,,; ()
ormixed Na * current (I, and ly,1; D). E, Percentage of cells with Dogiel type | and Dogiel type
Il morphologies expressing either fy; or y,p + yar-

seen in myenteric neurons from Navl.8 ’~ mice (data not
shown). Therefore, these data identify the molecular basis of Ii,p
as Nav1.9 channels, whereas I, which is present in myenteric
neurons genetically deprived of Nav1.9 subunits, may be carried
by Navl.5 subunits.

Iy.r displays biophysical and pharmacological attributes

of Navl.5

We studied L, in Nav1.9 ~/~ myenteric neurons in the presence
of 300 nM TTX to help assign it to its cloned counterpart. The
voltage dependence of activation was measured by plotting the
normalized conductance against membrane potential and fitting
the activation curve with Boltzmann equation (Fig. 6A). The
membrane potential at half-maximal activation (V,5) was
—30.1 = 0.4 mV and the steepness factor (k) of the curve was
5.4 = 0.4 mV (n = 7). The voltage dependence of the fast inacti-
vation was investigated by holding the cells at prepulse potentials
between —100 and 0 mV before stepping to the test potential
(typically —10 mV; Fig. 6A, inset). Preconditioning pulses (100
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Figure4. Nav1.5and Nav1.9, but not Nav1.8, are expressed in mouse myenteric plexus. 4,
RT-PCRreveals transcripts for Nav1.9 and Nav1.5. cDNAs isolated from mouse LMMP, heart, and
DRGs were amplified using primers to mouse Nav1.5, Nav1.8, and Nav1.9. Products of the
expected sizes for Nav1.5a (220 bp) and Nav1.9 (550 bp) cDNAs were amplified from the LMMP
preparation. Amplification of reverse-transcribed RNA from mouse heart and DRGs was used as
a positive control. As expected, Nav1.5 (380bp) and Nav1.5a amplicons were present in heart
and Nav1.8 (480 bp) and Nav1.9 amplicons were detected in DRGs. Contamination from
genomic DNA was routinely tested by omitting the reverse transcriptase in the templates
(RT—). M, 100 bp-ladder DNA size standard. B, The LMMP preparation was double-labeled
with peripherin (green) and anti-Nav1.5 (red) antibodies. Images are projections of 59 consec-
utive optical sections spanning 6 wm. Middle, inset, Expanded view of a myenteric neuron with
Nav1.5 plasma membrane (pm) labeling. C, The LMMP preparation was double-labeled with
anti-NF200 (red) and anti-Nav1.9 (green) antibodies. Images are projections of 41 consecutive
optical sections spanning 8 um.

Merge

80 um

ms) were used to promote entry of Na* channels into fast inac-
tivation. Data fitted to a single Boltzmann function gave a mid-
point of fast inactivation of —44.9 * 0.5 mV and a steepness
factor of 6.4 = 0.4 mV (n = 10). To determine the extent of slow
inactivation, entry into slow inactivated states was promoted by
long depolarizations (60 s) followed by a 50 ms-step to —100 mV,
during which time recovery from fast inactivation is achieved
(recovery time constant from fast inactivation, 7 = 4.8 * 0.8 ms
at —100 mV, n = 8, data not shown; Fig. 6A, inset). I\, ampli-
tude evoked at —10 mV after conditioning voltage pulses was
thus inversely related to the number of channels accumulated in
the slow inactivated state. The normalized available I, was plot-
ted against conditioning potential and could be fitted by a Boltz-
mann function with midpoint of —72.8 £ 1.9 mV and slope
factor of 8 = 2 mV (n = 5-9; Fig. 6A).
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Figure5. Lack oy, in Scna77-deficient mouse myenteric plexus. 4, TTX-RNa ™ currents recorded from WT and Nav1.9 ~/~
mouse myenteric neurons. Current traces were evoked at —40 mV and —20 mV from a holding potential of —80 mV. B,
Scatterplot showing the amplitude of the peak (/y,pe4 Circle, test pulse to —20 mV) and persistent (/gg,,,,, Squares, test pulse to
—40mV) components of the TIX-RNa ™ currents. | ,p.,, density averaged —43.7 = 4.8 pA/pFin WT myenteric neurons (n = 19)
component averaged —9.2 = 1.7
pA/pF in WT myenteric neurons (n = 19) and —0.1 == 0.1 pA/pF in Nav1.9 ~/~ myenteric neurons (n = 25). Open symbols
represent individual values and bars indicate the mean amplitude == SEM. ***p << 0.001. C, Families of current traces elicited in a
Dogiel type Il Nav1.9 ~/~ myenteric neuron evoked by 100 ms depolarizing voltage steps from —55to 0 mV in 5 mV increments
from a holding potential of —80 mV. Inset, Current trace expanded to highlight the rapid kinetics of inactivation. D, /I-V/ relation-
5hips for fy,peay (Circles) and fyg,. (squares) recorded in WT (filled symbols) and Nav1.9 '~ (open symbols) mouse myenteric

and —20.2 == 2.3 pA/pF in Nav1.9 ~/~ myenteric neurons (n = 25). The persistent Iy

0ms

neurons. Data points represent mean amplitude =+ SEM for 25 (WT) and 7 (Nav1.9 ~/7) cells.

The biophysical properties of I, are reminiscent of those of
the Navl.5 current in cardiac cells. Nav1.5 is known to be inhib-
ited by TTX with an ICs, of ~5 um (Brown et al., 1981; Renga-
nathan etal., 2002), which is 40- to 50-fold lower than the IC;, for
Nav1.8 and Navl1.9 channels (Coste et al., 2007). We therefore
investigated the sensitivity of Iy, to TTX in Navl.9 '~ myen-
teric neurons. I, evoked at —10 mV was inhibited by increasing
concentrations of TTX, giving an IC5, 0f 4.1 * 1.1 pum (n = 5-10;
Fig. 6 B, C). We confirmed that TTX block of I, was comparable
in WT myenteric neurons (Fig. 6C). The calculated IC;, was
indistinguishable from that in Nav1.9 /" myenteric neurons,
with a mean value of 4.9 = 1 um (n = 9-13). Altogether, our
results suggest that I, in mouse myenteric neurons is mediated
by the “cardiac” Navl.5 a-subunit.

Nav1.9-null myenteric neurons have altered firing pattern

To gain information about the contribution of Navl.9 to the
excitability of mouse myenteric neurons, we performed a series of
current-clamp experiments from WT and Nav1.9 /™ mice using
KF/KCl-based intracellular solution (IM3) and no TTX added. In
a first set of experiments, we compared AP waveforms using brief
depolarizing current injections from resting potential. Figure 7A
shows superimposed representative APs obtained from WT and
Nal.9 ™'~ myenteric neurons. AP threshold and overshoot were

n minimum injected current that evoked
i AP, fast AHP amplitude was at —67.3 =
- 2.1 mV in WT myenteric neurons versus
—80.6 * 2.6 mV in Nav1.9 '~ myenteric
neurons (Fig. 7B, Table 2).

In a second set of experiments, we ex-
amined the ability of myenteric neurons
to fire APs in response to long duration
-50 depolarizing current injection (500 ms).
Figure 7C shows representative examples
of firing patterns in response to increasing
amounts of injected current in WT and
Nav1.9 '~ myenteric neurons. WT my-
enteric neurons fired either tonically (8 of
11) or phasically (3 of 11). Almost no ton-
ically active myenteric neurons were ob-
served in Nav1.9 =/~ mice (Fig. 7C,D). On
average, there was a 3- to 5-fold decrease
in the gain of the frequency—stimulation
relationships in Nav1.9 '~ myenteric
neurons compared with WT neurons. Itis
therefore concluded that Nav1.9 tunes the
AP waveform and provides a depolarizing drive in mouse myen-
teric neurons.

AP clamp reveals differential contribution of Nav1.5 and
Navl.9 in AP upstroke and repolarization

The contribution of Navl.5 and Nav1.9 currents to the AP was
investigated using the AP clamp technique, in which the cell is
voltage clamped using a previously recorded AP waveform as the
command voltage. We first recorded a single AP in a Dogiel type
II myenteric neuron by using short (5 ms) current injection to
generate APs free of the effect of the injected current. We then
used the AP waveform as a voltage command in neurons in which
TTX-RNa ™ currents have been pharmacologically isolated (IM2
and external TTX and Cd*™"). Figure 8 illustrates the TTX-R Na "
current flowing during the prerecorded AP in a neuron in which
only Navl.5 was present (blue trace) and in a neuron in which
both Nav1.5 and Nav1.9 were manifest (red trace). I, activated
during the AP upstroke of the AP. In contrast, I, (Navl.9)
made little contribution to the rising phase of the AP because its
activation kinetics were slower than those of Navl.5 channels
(n =5).Navl.9 channels typically begin to be activated below the
threshold of AP and are largest during the falling phase, when
channels have been opened and the driving force on sodium
increases. We confirmed that the inward current flowing during
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sentations of conductances identified in 0
mouse myenteric neurons, including the 0.1 TTX (uM) 0.1 1 10 100
leak conductance, the TTX-S Na™* con- TTX (UM)

ductance, the Navl.5 conductance, the
Navl.9 conductance, the N-type Ca?"
conductance, the voltage-gated outwardly
rectifying K * conductance (Ip,), and the
KCNQ-like K* conductance (Ig,; un-
published data). The natural AP was then
used as voltage-clamp command in the
simulated neuron to study specific chan-
nel function in AP electrogenesis. Dy-
namic voltage-clamp mode in Figure 9A
shows that Na™ entry through Navl.5
channels constituted the main fraction
of the total Na™ influx during the
abruptinitial rising phase of the AP. The Nav1.9 current rather
flowed at subthreshold voltages, which speeds the approach to
threshold and thereby influences the spike rate and pattern of
firing. This Navl.9 current activates with a voltage depen-
dence (e-fold for 5-7 mV) that is as steep as the voltage depen-
dence of activation of Nav1.5, but with a midpoint ~20 mV
below that of Navl.5. By producing a regenerative depolariz-
ing current in the voltage range between the resting potential
and spike threshold, the Nav1.9 current has a major role in
determining the pattern of firing of enteric neurons. The
model also established that the contribution of Nav1.9 channels
was typically greatest in the later stages of the AP repolar-
ization phase (Fig. 9A). Because of this persistent Navl.9-
dependent Na™ current flowing during the AP falling phase,
blocking Nav1.9 channels resulted in a shortening of the sim-
ulated AP, which is expected from a reduced entry of positively
charged ions (Fig. 9B). This trend is consistent with experi-
mental recordings in which Nav1.9 opposes repolarization at
the end of the spike. Therefore, the model reproduces a range
of experimentally observed phenomena and supports the view
that Navl.5 and Nav1.9 have distinct functions in myenteric
neuron AP electrogenesis.

relative conductance (G/G,,,,

Figure 6. fy,;in Nav1.9 ~/~ myenteric neurons shows properties of Nav1.5. A, Normalized peak currents (//,,,, circles) and
diamonds) of /y,,; in Nav1.9 ~/~ myenteric neurons were plotted against membrane potential and
fitted to single Boltzmann functions. V/, s for activation was —30.1 == 0.4 mV (n = 7). V ; for fast and slow inactivations were
—449 = 0.5mV (n = 10)and —72.8 = 1.9mV (n = 5-9), respectively. Right insets, Protocols for fast and slow inactivations.
Fast inactivation of Na ™ currents was obtained using a 100 ms conditioning voltage pulse immediately followed by a 100 ms test
pulse to — 10 mV. The conditioning voltage was varied from —100to — 10 mV. For slow inactivation, the cell was held at different
conditioning potentials for 1 min and stimulated by a test sequence comprising a 50 ms step to —100 mV (to allow recovery from
fastinactivation) anda 100 ms test pulse to —10mV. B, /,,; recordedinaNav1.9 ~/~ mouse myentericneuron during application
of increasing concentrations of TTX (0.1-30 m). Na * currents were evoked every 5 s by applying 100 ms voltage steps to —10
mV. €, Dose—response analysis of TTX inhibition of /,,; recorded either in Nav1.9 ~'~ myenteric neurons (filled circles) or in WT
myenteric neurons (open circles). The Hill equation was used to fit data and yielded ICs, values of 4.1 = 1.1 um (n = 5-10) and
4.9 £ 1 um (n = 9-13), respectively.

Discussion

Our work offers a detailed understanding of how the expression
of particular Na* channel isoforms underlies the diverse firing
behaviors of myenteric neurons. Mouse myenteric neurons ex-
press two TTX-R Na ¥ currents with different biophysical signa-
tures. This collection of Nav channels allows myenteric neurons
to encode specific information by generating APs with different
shapes, frequencies, and patterns.

Two types of TTX-R Na ™ currents are expressed in mouse
myenteric neurons

The development of patch-clamp methodology applied to whole-
mount myenteric plexus preparations of transgenic mice left us
well poised for the characterization of individual ion channels
that regulate excitability of myenteric neurons. We defined the
properties and distribution of TTX-R Na* currents in mouse
myenteric neurons in an intact ENS using whole-cell patch-
clamp recording. Our work has led to the identification of two
types of TTX-R Na ™ currents that distribute differentially in du-
odenal myenteric neurons. Using mice with a disrupted Scnlla
gene, we unambiguously identified Iy, as being mediated by the
Nav1.9 subunit. I,p had relatively negative activation threshold
and persistent kinetics at negative test potentials, which is consis-
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Navl.9 is a molecular marker of IPANs in
mouse duodenum and may provide a
functional benefit for integrating and en-
coding sensory information.

Conversely, we found that I, was
broadly expressed in the different types of
myenteric neurons, including Dogiel type

tonic II neurons and uniaxonal neurons that
comprise multiple types of interneurons
and motor neurons (Furness et al., 2004).
Four pieces of evidence support the view
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nants of I, . First, I, was still present in
tonic myenteric neurons deficient for Nav1.9 or
phasic  Navl.8 subunits. Second, both Navl.5a

Figure 7.

Nav1.9 ~/~ myenteric neurons (bottom).

Table 2. Intrinsic membrane properties and AP characteristics measured in WT and
Nav1.9 ~/~ mouse myenteric neurons

WT mice Nav1.9 =’ mice

Mean =SEM n  Mean =SEM n p
Membrane capacitance (pF) 14513 17 13218 10 055
Input resistance (M2) 576 =40 17 675+75 10 021
Holding membrane potential (mV) —782+09 17 —757*19 10 0.18
Holding current (pA) 7117 17 —78+12 10 0.73
Current threshold (pA/pF) 9417 9 00+11 10 076
AP threshold (mV) —249+11 17 —-21*=11 10 0N
AP overshoot (mV) 465 17 386+48 10 043
AP half-width (ms) 1.59 £0.07 17 1.09+=0.09 10 0.0001
AHP amplitude (mV) 11121 N 41%23 9 0.0009

Statistical comparisons were made applying the Student’s ¢ test for unpaired data.

tent with the properties of Nav1.9 previously characterized in
mouse nociceptors (Dib-Hajj et al., 2002; Coste et al., 2004;
Maingret et al., 2008) and guinea-pig myenteric neurons
(Rugiero etal., 2003). Iy,p/Nav1.9 was detected in all Dogiel type
II neurons, which are characterized by polyaxonal morphology,
and very occasionally in Dogiel type I neurons, which have a

10 12 14 16
Injected current (pA/pF)

0 2 4 6 8

Scnla gene inactivation shortens AP duration and impairs firing discharge. A, Superimposed APs from WT (black
line) and Nav1.9 ~/~ (gray line) myenteric neurons. AP parameters were measured as indicated and the values are reported in
Table 2. Fast AHP (fAHP) amplitude was measured as the difference between the most negative potential attained on spike
repolarization and the resting potential. B, AP half-width (hW) and fAHP amplitude recorded in myenteric neurons from WT mice
(hW:1.59 == 0.07ms,n = 17 and fAHP: —11.1 = 2.1mV,n = 11) and Nav1.9 ~/~ mice (hW: 1.09 = 0.09 ms, n = 10and fAHP:
—4.1+23mV,n = 9).Open circles indicate individual values and bars indicate the mean amplitude == SEM. ***p < 0.001. (,
Representative firing responses of myenteric neurons from WT (top traces) and Nav1.9 '~ (bottom traces) mice to current
injections (10 pA step increments). D, Firing rate plotted against current intensity for 11 WT myenteric neurons (top) and 10

mRNA and immunoreactivity for the
Navl.5 a-subunit were present in mouse
LMMP preparations. Third, I, has a
midpoint of activation (—29 mV) identi-
cal to that of Navl.5 reconstituted in ex-
pression systems (Sottas et al., 2013). Last,
the IC;, for TTX (4.3 uM) was character-
istic of Nav1.5 recorded in DRG neurons
(2-6 uM, Renganathan et al., 2002) or in
native cardiac myocytes (6 uwM, Brown et
al., 1981). Together, these data support
the conclusion that Iy, is produced by
the Navl.5 a-subunit in mouse myen-
teric neurons. It is the first demonstra-
tion that the Scn5a-encoded “cardiac” Navl.5 channel is
present in myenteric neurons.

Contribution of Nav1.5 and Nav1.9 to myenteric
neuron excitability
Nav1.9 is characterized by relatively hyperpolarized voltage depen-
dence and a broad area of overlap between activation and steady-
state inactivation that promotes a persistent activation at potentials
close to rest (Herzog et al., 2001; Coste et al., 2004; Maingret et al.,
2008). Experiments with Nav1.9 '~ mice demonstrate that persis-
tent Nav1.9 channels give rise to a tonic depolarizing drive that pro-
motes repetitive firing in Dogiel type Il neurons. The combination of
persistent current (Nav1.9) at voltages —60 to —45 mV, together
with significant availability of transient currents (Nav1.5 and possi-
bly Nav1.7; Sage et al., 2007) at these same voltages, constitutes an
intrinsic system for sustained firing. Therefore, Nav1.9, together
with other intrinsic, voltage-dependent conductances, may endow
Dogiel type II neurons with the capacity for persistent firing as long
as the sensory stimulus is maintained.

Both modeling and direct AP clamp experiments provide ev-
idence that the Navl.9-depolarizing envelope regulates spike
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Figure8. AP clampreveals differential activation of Nav1.5 and Nav1.9 during AP. Myenteric
neurons expressing either /,p and /y,; (red trace) or only /y,,; (blue trace). Neurons were sub-
jected to the AP voltage command for recording of spike-elicited sodium currents. A substantial
fraction of /y,p (Nav1.9) was activated during membrane repolarization, whereas /y,, (Nav1.5)
flowed essentially during the upstroke. Note that all inward currents were abolished by iso-
osmotic substitution of Na by sucrose ([Na *]0 =0, black trace).

waveform. AP duration was significantly shortened, whereas
fAHP was significantly enhanced in Scnlla KO myenteric neu-
rons. This effect occurs because Nav1.9 channel inactivation is
incomplete during the falling phase of the spike. If inactivation of
Na* channels is incomplete, the current flowing through noni-
nactivated channels during AP repolarization is larger. Therefore,
the balance between inward currents and K currents will move
toward the former, causing AP broadening and reduced fAHP. It
is well documented that Dogiel type II neurons have broad APs
(Nurgali et al., 2003, 2004), which is due to a component of AP
carried by an inward current resistant to TTX (Furukawa et al.,
1986). Our data therefore indicate that noninactivating Nav1.9
channels contribute to AP broadening of Dogiel type II neurons.
Given that Navl.9 is potentiated by synaptic transmitters and
inflammatory mediators, this raises the possibility that the APs of
Dogiel type II neurons may show some sort of plasticity during
inflammation or pathological conditions of the GI tract (Nurgali,
2009).

In striking contrast to Nav1.9, we found that Na ™ entry from
Navl.5 channels was nearly completely confined to the rising
phase of the AP. Navl1.5 current reaches a maximum during the
upstroke shortly before the peak of the AP. There was very little
Navl.5-dependent Na * current flowing after the peak of the AP,
because nearly all Navl.5 channels are inactivated during the
downstroke. We conclude that, under physiological conditions,
Navl.5, along with other TTX-S Na™ channels (Nav1.7; Sage et
al., 2007), contribute to the upstroke of APs but have little influ-
ence on AP width.

Implications for human GI diseases
Nav1.9 channelopathies have been described recently in humans
(Leipold etal., 2013; Zhangetal., 2013). Specific de novo missense
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Figure 9.  Dissection of AP electrogenesis using computer simulation of Dogiel type Il neu-
rons. A, Nav1.5and Nav1.9 currents evoked in a computational model of a Dogiel type Il neuron
by a prerecorded AP waveform (top). Sodium current through Nav1.5 flows during the upstroke
and reaches a maximum shortly before the peak of the AP. Nav1.9 current was present at
subthreshold voltages. This is followed by a massive second phase of Na * entry on the down-
stroke, reflecting the increase in driving force during repolarization while Nav1.9 channels
remain open. B, Dynamic clamp test in a simulated Dogiel type Il neuron containing gy, 5.
Gnavt.or Inarrxes: can Ikor Gk AN ey TOp, APs are elicited by injection of a 2 ms depolarizing
current step with maximum Nav1.9 conductivity (Gy,,; 5) of = 0.8 mS/cm? (red line) or 0
mS/cm? (black line). Bottom, Conductivity transients for the partial conductances during the
APs. Note that gy, ,, ; maximally activates during the abrupt initial rising phase of the AP,
similarly to gy,rry.s. In contrast, g,.; o reaches a maximum during the falling phase of the AP.
Its termination is due to deactivation of channels that are not still inactivated as the falling
phase progresses. Note that activation of gy, o alters the repolarizing phase of the AP.

mutations in Scnlla have been identified in individuals with the
congenital inability to experience pain (Leipold et al., 2013). Mu-
tant Nav1.9 channels displayed excessive activity at rest, causing
continued depolarization of nociceptors and inactivation of
other pain transmitting ion channels. Importantly, the clinical
history of affected individuals also involves GI disturbances, in-
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cluding diarrhea, constipation, and reduced peristaltic waves in
the small intestine (Leipold et al., 2013). Although the functional
impact of Navl.9 mutation on enteric neuron excitability re-
mains to be determined, these findings strongly support a role for
Nav1.9 in the regulation of gut neural reflexes in humans. These
data are also consistent with the observation that mice lacking
enteric Navl.9 have intestinal dysmotility with altered colonic
migrating motor complexes (Copel et al., 2013).

Mutations in Navl.5 cause a range of human diseases including
type-3 QT syndrome (LQT3) due to gain-of-function mutations
and type 1 Brugada syndrome (BrS1) due to loss-of-function
mutations (Ackerman et al., 2004). In the heart, Nav1.5 channels
allow a fast inward flux of Na ™ ions through the plasma mem-
brane of cardiomyocytes that underlies the initiation and propa-
gation of cardiac APs. LQT3 syndrome is characterized by
defective fast inactivation, enhanced “persistent” Na™ current,
prolonged AP duration, and arrhythmogenic early afterdepolar-
izations. This indicates that alterations in the stability of the fast-
or slow-inactivated states of Navl.5 are the underlying cause of
the congenital disorders. Importantly, it has been shown that
LQTS3 subjects with Nav1.5 mutations were much more likely to
have abdominal pain and other GI symptom complexes than
controls (Locke at al., 2006). More recent data also suggest that
Nav1.5 mutations are found in patients with irritable bowel syn-
drome and could therefore potentially cause GI pathology (Saito
et al., 2009). These observations raise the possibility that Nav1.5
channelopathies may contribute to the pathogenesis of GI symp-
toms. GI symptoms in humans may be linked to the expression of
the “cardiac” Navl.5 in interstitial cells of Cajal (ICC) and circu-
lar smooth muscle cells in the GI tract (Holm et al., 2002; Strege et
al., 2003). Sodium influx through the Nav1.5 channel is known to
regulate membrane potential and slow-wave frequency in ICC,
which are required for coordinated motility (Strege et al., 2003).
However, our data raise the possibility that neuronal Nav1.5 may
play arole in the pathogenesis of GI motility disorders. Given that
Navl.5 is broadly expressed in enteric neurons, together with the
fact that many mutations involved in cardiac diseases caused im-
paired inactivation of Navl.5, one may conjecture that Navl.5
dysfunction influences the entire ENS activity. Based on our data,
we propose that Nav1.5-dependent neuronal disorders of excit-
ability may play important and previously unrecognized roles in
the pathogenesis of digestive diseases.

Conclusion

Our results provide insights into how electrogenesis is specified
in different populations of mouse enteric neurons. The presence
of Navl.9 in Dogiel type II neurons provides an ideal environ-
ment for tonic firing and amplification of incoming signals,
whereas Nav1.5 contributes to fast transmission throughout the
ENS. Channelopathy-associated mutations in Nav1.5 and Nav1.9
are linked to GI symptom complexes, providing evidence that
these channels are appealing targets for the development of ther-
apeutic treatments.
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