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Cellular/Molecular

Two Novel DEG/ENaC Channel Subunits Expressed in Glia
Are Needed for Nose-Touch Sensitivity in Caenorhabditis
elegans

Lu Han,' Ying Wang,' Rachele Sangaletti,' Giulia D’Urso,' Yun Lu,? Shai Shaham,? and Laura Bianchi'
'Department of Physiology and Biophysics, Miller School of Medicine, University of Miami, Miami, Florida 33136, and 2Laboratory of Developmental
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Neuronal DEG/ENaC (degenerin and epithelial Na ™ channel) Na™ channels have been implicated in touch sensation. For example,
MEC-4 is expressed in touch neurons in Caenorhabditis elegans and mediates gentle-touch response. Similarly, homologous mammalian
ASIC2 and ASIC3 are expressed in sensory neurons and produce touch phenotypes when knocked out in mice. Here, we show that novel
DEG/ENaC subunits DELM-1 and DELM-2 (degenerin-like channel mechanosensory linked-1 and degenerin-like channel mechanosen-
sory linked-2) are expressed in glia associated with touch neurons in C. elegans and that their knock-out causes defects in mechanosen-
sory behaviors related to nose touch and foraging, which are mediated by OLQ and IL1 sensory neurons. Cell-specific rescue supports that
DELM-1and DELM-2 are required cell-autonomously in glia to orchestrate mechanosensory behaviors. Electron microscopy reveals that
in delm-1 knock-outs, 0OLQ and IL1 sensory neurons and associated glia are structurally normal. Furthermore, we show that knock-out of
DELM-1 and DELM-2 does not disrupt the expression or cellular localization of TRPA-1, a TRP channel needed in OLQ and IL1 neurons
for touch behaviors. Rather, rescue of the delm-1 nose-touch-insensitive phenotype by expression of a K " channel in socket glia and of a
cationic channel in OLQ neurons suggests that DELM channels set basal neuronal excitability. Together, our data show that DELM-1 and
DELM-2 are expressed in glia associated with touch neurons where they are not needed for neuronal structural integrity or cellular

distribution of neuronal sensory channels, but rather for their function.

Introduction

In 1991, our understanding of the molecular basis of touch sen-
sation made a major leap forward with the cloning of the Caeno-
rhabditis elegans ion channel subunit MEC-4 (Driscoll and
Chalfie, 1991). MEC-4 and the mammalian epithelial Na * chan-
nel ENaC (Canessa et al., 1993), were the first two members of an
ion channel class now known as the DEG/ENaCs (degenerins and
epithelial Na ™ channels) (Bianchi and Driscoll, 2002). MEC-4 is
expressed in body-touch neurons in C. elegans and forms a chan-
nel complex with the homologous subunit MEC-10 and acces-
sory subunits MEC-2 and MEC-6 (the MEC channel) (Driscoll
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and Chalfie, 1991; Chalfie, 1993; Huang and Chalfie, 1994;
Huangetal., 1995; Chelur et al., 2002; Goodman et al., 2002). The
MEC channel is closed at rest and gated by mechanical forces
(O’Hagan et al., 2005). The cloning of MEC-4 opened the door
for the molecular identification of mammalian homologs of the
ASIC (acid-sensing ion channel) subfamily that subsequent
knock-out studies have implicated in touch sensation in mam-
mals (Price et al., 2000, 2001; Kang et al., 2012). All the DEG/
ENaC channels implicated to date in touch sensation are
expressed in sensory neurons (Chalfie, 1993; Adams et al., 1998;
Price et al., 2000, 2001; Chatzigeorgiou et al., 2010b; Zhong et al.,
2010; Geffeney et al., 2011).

In mammals, three of the four types of mechanosensors (the
Meissner’s corpuscles, the Pacinian corpuscles, and the Merkel
receptors) are composed of nerve endings and accessory cells.
Recent work has implicated accessory cells of mechanosensors in
touch sensation. For example, Maricich and colleagues using a
mouse model in which Merkel cells do not develop, showed that
Merkel cells are required for the proper encoding of Merkel re-
ceptor responses (Maricich et al., 2009) and Pawson and col-
leagues showed that GABA, released by the lamellar cells in
Pacinian corpuscles, inhibits glutamatergic excitation during the
static portion of sustained pressure (Pawson et al., 2009). How-
ever, the genes expressed in accessory cells that contribute to
touch sensation are still largely unknown.

In C. elegans, 18 of the 30 postulated mechanosensory neurons
(Goodman, 2006) have accessory glial sheath and socket cells
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(Altun and Hall, 2010). Previous studies have shown that glial
cells are important for the function of the sensory neurons that
they ensheath (Bacaj et al., 2008b; Wang et al., 2008, 2012). For
example, Bacaj and colleagues showed that the activity of the
polymodal sensory neuron ASH requires the function of associ-
ated glial sheath cells (Bacaj et al., 2008b). Among the mechano-
sensory neurons whose dendrites are ensheathed by glia are the
OLQ and IL1 neurons. OLQ and IL1 neurons have been impli-
cated in nose-touch avoidance and foraging suppression upon
anterior body touch (Kaplan and Horvitz, 1993; Hart et al., 1995;
Kindt et al., 2007).

We show here that DEG/ENaC channel subunits DELM-1 and
DELM-2 (degenerin-like channel mechanosensory linked-1
and degenerin-like channel mechanosensory linked-2) are ex-
pressed in OLQ and IL1 glial socket cells and are needed cell-
autonomously for nose-touch and foraging-suppression behaviors.
DELM-1 and DELM-2 are not needed for cellular structural integ-
rity or subcellular localization of neuronal sensory channels. Rather
our data support that, by setting the level of neuronal excitability,
DELM-1 and DELM-2 are required for the function of associated
touch neurons. Our results demonstrate that DEG/ENaC channels,
thought to be needed solely in sensory neurons to orchestrate touch
sensation, are also required in glia.

Materials and Methods

C. elegans strains and growth. Nematode strains were maintained at 20°C
on standard nematode growth medium seeded with Escherichia coli
strain OP50 (Brenner, 1974). Wild-type animals were N2 Bristol. All
animals used in this study were hermaphrodites. Males were used for
crosses only. Germline transformation was performed as described pre-
viously (Mello et al., 1991). Mutants were outcrossed three times before
phenotypic analysis, crossing with other strains, and generation of trans-
genic animals. Double and triple mutants were generated by standard
genetic crosses. Mutations were followed through the crosses by PCR.
Molecular biology. We constructed P, ;::RFP by swapping vap-1
promoter in the previously described P, ;::RFP construct (Wang et al.,
2008) with the promoter of DELM-1 (2 kb upstream of the start codon).
Ppm-::GFP and P, »::GFP were generated by subcloning the pro-
moter regions of DELM-1 (2 kb upstream of the start codon) and
DELM-2 (1.4 kb upstream of the start codon) into the pPD95.75 vector
in frame with GFP. To generate P;,,_;::GFP, we replaced the promoter of
DELM-2 in the P, ,::GFP with the promoter of the ITX-1 gene (1.8 kb
upstream of the start codon). To construct P, ,:DELM-1, we ampli-
fied the DELM-1 genomic sequence by PCR and subcloned it into
P 1:RFP vector downstream of delm-1 promoter. To generate
P jeim-2-:DELM-2, DELM-2 genomic sequence was amplified by PCR and
subcloned into P, ,::GFP vector downstream of delm-2 promoter. To
target expression of DELM-1, DELM-2, and ACD-1 in OLQ and IL1
socket glia, we subcloned DELM-1, DELM-2, and ACD-1 (Wang et al.,
2008) cDNA sequences into the P, ,::GFP vector downstream of the
promoter of the ITX-1 gene. DELM-1 and DELM-2 cDNA were cloned
by RT-PCR using the one-step RT-PCR kit Titanium (Clontech) and
gene-specific primers designed according to the DELM-1-predicted and
DELM-2-predicted cDNA sequences available on WormBase (www.
wormbase.org). Total RNA from a C. elegans mixed-age population was
used as template. All PCR products were initially cloned into pCR-2.1-
TOPO vector for sequence verification and amplification. To drive ex-
pression of DELM-1 in sensory neurons and amphid socket glia, we
replaced itx-1 promoter, functional in OLQ and IL1 socket glia, with the
ocr-4 promoter [~4.8 kb from the start codon, OLQ neurons (Tobin et
al., 2002)], the egl-46 promoter [~3 kb from the start codon, FLP and
PVD neurons (Yu et al., 2003)], the dat-1 promoter [~0.8 kb from the
start codon, CEP, ADE, and PDE neurons (Nass et al., 2001)], the sra-6
promoter [~3 kb from the start codon, ASH neurons (Troemel et al.,
1995)], and the itr-1 promoter [~2.3 kb between the end of exon 1 and
the end of exon 2, amphid socket glia (Gower et al., 2001)]. The promoter
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sequences used for the construction of these rescue constructs were ac-
cording to Chatzigeorgiou and colleagues (Chatzigeorgiou et al., 2010a).
We constructed P, ,::GCaMPI.0 for the calcium imaging experiments
by swapping str-2 promoter in the P, ,::GCaMP1.0 construct (Chalasani
et al., 2007) with the promoter of ocr-4 (~4.8 kb upstream of the start
codon). To target expression of IRK-2 in the OLQ and IL1 socket glia, we
subcloned IRK-2 cDNA sequence into pPD95.75 under the control of the
itx-1 promoter. To drive expression of mosquito TRPA1 (AgTRPAI) in
the OLQ neurons, we replaced GCaMP1.0 in the P, ,::GCaMPI1.0 con-
struct with AgTRPA1 (Kang et al., 2011).

C. elegans strains. C. elegans strains used were as follows: RB1177 delm-
1(0k1226), RB1523 delm-2(0k1822), RB1052 trpa-1(0k999), CX10 osm-
9(ky10), Ljex114 TRPA1::GFP. We created the following arrays in this work:
blcEx33 [P,,,.>::GFP], blcEx43 [P 4,,,.,::GFP], blcEx38 [P ., ,::RFP;
P,im-2:GFP], blcEx60 [P, ;::RFP; P, ,;::GFP], blcEx79
[P ot IRK-2;P 1 1., 5::GFP], blcEx89 [P, ,::GCaMP1.0;rol-6]. Strains
made were as follows: BLC100 delm-2(0k1822) L;delm-1(0k1226) IV, BLC
166 delm-2(0k1822) Ldelm-1(ok1226) IV;trpa-1(0k999) IV, BLC113 delm-
1(0k1226) IV;blcEx53 [P, ;:DELM-1; P, ,::GFP], BLC152
delm-1(ok1226) IV;blcEx70 [P, ;::cDELM-1; P,,,,.»::GFP], BLC98 delm-
2(0k1822) LblcEx51 [P, »::DELM-2; P, »::GFP], BLC156 delm-
2(0k1822) L;blcEx72 [P, ;::¢cDELM-2; P,,,, »::GFP], BLC160
delm-1(ok1226) IV;blcEx51 [P, ,::DELM-2; P, ,::GFP], BLC161 delm-
2(0k1822) LiblcEx53 [P, ,:DELM-1; P, ,=GFP], BLC185 delm-
1(0k1226) IV; blcEx85 [P,y 4::cDELM-1; Py, ,::GFP], BLC191
delm-1(0k1226) IV; blcEx86 [P, ;::cDELM-1; P, ,::GFP], BLC192 delm-
1(0k1226) 1V; bIcEx87 [P, ;::¢cDELM-1; P, »::GFP], BLC193 delm-
1(0k1226) 1V; bIcEx88 [P, ,::cDELM-1; P, >::GFP], BLC219
delm-1(ok1226) IV; blcEx99 [P, :cDELM-1; P, ,=GFP], BLC240 trpa-
1(0k999) IV; bIcEx53[P4,1,,-1::DELM-1; P, >::GFP], BLC173 delm-
1(0k1226) IV; blcEx79 [P, »::IRK-2;P ;. »::GFP], BLC207
delm-1(0k1226) 1V; bicEx89 [P, ;:GCaMP1.0;rol-6], BLC226 delm-
2(0k1822) Ldelm-1(0k1226) IV; blcEx79 [P ;. 5::IRK-2;P 4, 5::GFP],
BLC237 delm-1(0k1226) IV; blcEx100(P;,,._,::ACD-1I; P, »::GFP;unc-122],
BLC240 trpa-1(0k999) IV; blcEx53 [P, ;:DELM-1; P, ,=GFP], BLC247
delm-1(0k1226) IV; blcEx102 [P, ,::A§TRPALP,,,,,.»::GFP], BLC249 delm-
1(0k1226) IV;TRPA-1::GFP, BLC250 delm-2(0k1882) I;TRPA-1::GFP,
BLC252 trpa-1(0k999) IV; blcEx102 [P,,, ,::AgTRPALP,,, =:GFP],
BLC256 trpa-1(0k999) IV;blcEx79 [P, IRK-2:P,,1,, 5 GFP],BLC257
delm-1(ok1226) IV;bIcEx89 [P, ;:GCaMP1.0;rol-6]; bIcEx70 [P, ,:
c¢DELM-1; P,,,,.»::GFP], BLC258 trpa-1(0k999) 1V; blcEx89 [P, 4:
GCaMP1.0;rol-6]. DELM-1 and DELM-2 indicate genomic DNA. cDELM-1
and cDELM-2 indicate cDNA.

In the delm-1(0k1226 ) mutant, a ~2 kb fragment from the nucleotide
103 to nucleotide 2093 of the genomic sequence is missing. In the delm-
2(0k1822) mutant, a 1kb fragment, including 568 bp before the start
codon up to part of the fourth exon, is deleted. Since in both strains the
coding regions are lacking multiple exons (see Fig. 2A), the translation of
the full-length proteins is compromised. To verify the homozygosis of
delm-1(0k1226) in the crosses, we used the following primers: 5'-ATGA
ATTCGCCTCCTATATCCCCTTATCATGTTG-3', 5'-CTGATCCTCC
CAAGAACATTCCCATATTTCCAC-3', and 5'-ATGAATCAGTGTGG
ATGCACTCCGG-3'. The size of the amplified delm-1(0k1226) and
wild-type bands are ~400 and ~600 bp respectively. To verify the ho-
mozygosis of delm-2(0k1822) in crosses, we used the following primers:
5'-GGTGTTCACGGGCGTGAG-3', 5'-CCGTAGAACGGGAGACCC
AG-3’, and 5'-ACAATTGCCAATTCGAGCTGCC-3'. The size of the
amplified delm-2(0k1822) and wild-type bands are ~430 and ~620 bp
respectively. Note that we did not detect the WT bands in delm-1 and
delm-2 knock-out strains, suggesting that duplication and insertion else-
where in the genome of DELM-1 and DELM-2 wild-type sequences is
highly unlikely in these strains.

Behavioral assays. All behavioral assays were undertaken blind to the
genotypes following previously described procedures. Briefly, for nose-
touch assays, an eyelash hair was laid on the surface of freshly seeded plate
in front of a forward-moving animal. The animal’s response was re-
corded as “reversal” if the animal backed up and as “head withdrawal” if
the animal moved the head away from the eyelash hair (Kindt et al.,
2007). Data are displayed as responses given by each animal over the total
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of five trials (at least 15 s interval). Means were obtained by averaging
these ratios obtained from different animals. Ten animals per strain were
tested in each experiment. For the foraging suppression assay, forward-
moving animals were touched with an eyelash hair on the anterior part of
the body. The percentage of animals that suppressed foraging when
touched was recorded in each strain. Thirty animals were assayed per
strain in each experiment (Kindt et al., 2007). For the octanol avoidance
assays, we dipped an eyelash hair glued on a toothpick in 30% octanol
and placed it in front of a forward-moving animal on a plate without
food. We recorded the time it took for the animal to respond to the odor
by reversing direction (Troemel et al., 1995). For the SDS-avoidance
assay, a drop of 0.1% SDS solution was delivered ~1 mm anterior to a
forward-moving animal on an unseeded plate (Bargmann et al., 1990;
Hilliard et al., 2002). We scored the response as positive if the animal
moved backward upon encountering the drop. Twenty animals were
assayed per genotype and the percentage of animals responding to the
drop was then calculated. For the osmotic-avoidance assay, a 1 cm diam-
eter ring of 8 M glycerol was made on an unseeded plate (Hart etal., 1999).
Twenty animals were then transferred inside the ring and allowed to
crawl for 8 min. The animals that remained inside the ring were then
counted and expressed as ratio of retained animals.

Fluorescence microscopy. Fluorescent photographs were taken using a
Leica microscope equipped with GFP and rhodamine filters and a Spot
RTslider camera (Diagnostic Instruments) with Spot32 acquisition soft-
ware. For TRPA-1::GFP quantification, photographs were taken using
the same exposure time (200 ms, an exposure time that did not cause
saturation of the camera detector) and quantifications were performed in
Image].

Transmission electron microscopy. Previously described fixation meth-
ods were used (Perens and Shaham, 2005). Ultrathin serial sections (60
nm) were cut using a Reichert Ultra-Cut-E ultramicrotome and collected
on Pioloform-coated single-slot copper grids. Electron microscopy (EM)
images for every other section were acquired using an FEI Tecnai G2
Spirit BioTwin transmission electron microscope operating at 80 kV with
a Gatan 4000 X 4000-pixel digital camera.

Calcium imaging. For nose-touch stimulation and calcium imaging,
we used previously described procedures (Kindt et al., 2007). Animals
were glued on 2% agarose pads prepared using extracellular saline (145
mum NaCl, 5 mm KCl, 1 mm CaCl,, 5 mm MgCl,, 20 mm p-glucose, 10 mm
HEPES, pH 7.2) using surgical glue (Gluture) and immediately im-
mersed in the extracellular saline plus 2 mm serotonin. Serotonin was
added to the extracellular saline because it was reported to enhance nose-
touch avoidance response (Hilliard et al., 2005; Kindt et al., 2007). Ani-
mals were then transferred to a chamber mounted on a Nikon Eclipse
E600FN microscope equipped with GEP filters. The nose-touch stimu-
lator was a glass capillary (outer diameter, 1.5 mm; inner diameter, 0.83
mm) pulled by a micropipette puller. The tip of the glass capillary was
flamed to ~10 wm. The position and the movement of the stimulator
were controlled by a Physik Instrumente M-111.1 DG microtranslation
stage with C-863.10 Mercury DC-motor controller. The tip of the pipette
was placed perpendicularly to the animal’s nose at a distance of 150 um
and then moved forward to indent the animal nose 8 wm. The pipette was
held in place for 2 s and then moved back.

Images were acquired at 5 Hz using TILLvisION v3.3 software and
CCD camera Imago (T.IL.L. Photonics). Typical exposure time was
50-80 ms. The image stacks were then analyzed using Image]. Before
fluorescence intensity determination, images were corrected for move-
ment using ImageJ TurboReg. The fluorescence intensity of the region of
interest was output to a data log file. Data were analyzed and plotted
using Origin.

Xenopus laevis oocytes. DELM-1 and DELM-2 complementary RNAs
(cRNAs) were synthesized using T7 mMESSAGE mMACHINE kit.
cRNAs were then purified and run on denaturating agarose gels for size
and integrity verification. cRNA quantification was performed spectro-
scopically. Stage V-VI oocytes were selected among multistaged oocytes
dissected by 2 h collagenase treatment (2 mg/ml in Ca**-free OR2 solu-
tion) from Xenopus laevis ovaries. Oocytes were injected with 5 ng/oocyte
of cRNA and incubated in OR2 medium, which consists of 82.5 mm
NaCl, 2.5 mm KCl, 1 mm CaCl,, 1 mm MgCl,, 1 mm Na,HPO,, 0.5 g/l
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polyvinyl pyrolidone, and 5 mm HEPES, pH 7.2, supplemented with
penicillin and streptomycin (0.1 mg/ml) and 2 mm Na-pyruvate at 20°C
for 2-3 d before recordings. Currents were measured using a two-
electrode voltage-clamp amplifier (GeneClamp 500B; Molecular De-
vices) at room temperature. Electrodes (0.2—0.5 M{}) were filled with 3 m
KCI, and oocytes were perfused with a solution containing (in mm) the
following: 100 NaCl, 2 KCl, 1 CaCl,, 2 MgCl,, and 10 HEPES, pH 7.2. For
ion selectivity experiments, we substituted 100 mm NaCl with 100 mm
LiCl, 100 mm KCl, and 100 mM N-methyl-p-glucamine (NMDG), re-
spectively. The oocyte membrane was clamped at —30 mV and stepped
from —160 to +60 mV.

Single-channel recordings were obtained from Xenopus oocytes after
manual removal of the vitelline membrane. Oocytes were perfused and
electrodes (1-2 M) were filled with a solution containing (in mm) 100
NaCl, 2 KCl, 1 CaCl,, 2 MgCl,, and 10 HEPES, pH 7.2. Currents were
recorded using a patch-clamp amplifier (Axopatch 200B; Molecular De-
vices) at room temperature. Oocytes were held at 0 mV and stepped from
—160to + 100 mV. We used the pPCLAMP suite of programs (Molecular
Devices) for data acquisition and analysis. Currents were filtered at 200
Hz and sampled at 1 kHz.

Statistics. Data were compared by ANOVA with post hoc Bonferroni
correction or by ¢ test (*p = 0.05; **p = 0.01).

Results

F23B2.3 and C24G7.1 genes encode two DEG/ENaC

channel subunits

Previous work from our laboratory demonstrated that the DEG/
ENaC channel ACD-1 is expressed in C. elegans glial amphid
sheath cells (Wang et al., 2008). Knock-out of ACD-1 in combi-
nation with mutations in the neuronal channels TAX-2 and
DEG-1 impairs chemotaxis to tastants and odors, and avoidance
of acidic solutions, respectively (Wang et al., 2008, 2012). In this
work we sought to identify C. elegans DEG/ENaC subunits with
similarity with ACD-1. There are 28 predicted genes in C. elegans
that encode DEG/ENaC subunits (Goodman and Schwarz,
2003). We focused on F23B2.3 and C24G?7.1, renamed DELM-1
and DELM-2, which share high similarity with ACD-1 (67%
identity, 78% similarity; and 70% identity, 83% similarity, re-
spectively) (Fig. 1A—C). DELM-1 and DELM-2 share lower ho-
mology with C. elegans mechanosensitive channel subunit
MEC-4 and mammalian « ENaC and ASICla subunits (Fig.
1B,0).

DELM-1 and DELM-2 are expressed in C. elegans glia
associated with touch neurons

To establish DELM-1 and DELM-2 expression patterns, we gen-
erated transgenic animals expressing fluorescent proteins under
the control of the promoters of DELM-1 and DELM-2 (Fig. 2A).
We first generated transgenic animals expressing P, ;::GFP
and P,,,, »::GFP separately. We found that the GFP signal was
localized in cells in the head of C. elegans that appeared to be
strikingly similar (Fig. 2B, first row). To test whether these were
the same cells, we generated transgenic animals coexpressing
P opm1:RFP and Pg,,, ,::GFP. Colocalization of RFP and GFP
signals confirmed that indeed DELM-1 and DELM-2 promoters
are functional in the same cells (Fig. 2 B, second row). Based on
the position and shape of these cells, we hypothesized that they
might be OLQ and IL1 glial socket cells, which ensheath the den-
drites of OLQ and IL1 sensory neurons. We thus generated trans-
genic animals expressing P,,;,,,_,::RFP and GFP under the control
of the promoter of the ITX-1 gene, expressed in OLQ and IL1 glial
socket cells (Haklai-Topper et al., 2011). The overlapping of GFP
and RFP signals supported that DELM-1 and DELM-2 are ex-
pressed in OLQ and IL1 glial socket cells (Fig. 2 B, third row).
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The C. elegans DEG/ENaC channels DELM-1 and DELM-2 share similarity with glial channel ACD-1. A, Dendrogram showing similarity between known C. elegans and human DEG/ENaC

channel subunits. B, Percentage of identity between DELM-1, DELM-2 and C. elegans ACD-1and MEC-4, and human o ENaCand ASIC1a. €, DELM-1and DELM-2 protein sequences and alignment with
ACD-1, MEC-4, o ENaC, and ASIC1a. Identical and similar amino acids are in black and gray backgrounds respectively. Gray boxes TM1and TM2 indicate the transmembrane domains. The blue box
and skull indicate the residue that, when mutated to a bulky amino acid, induces hyperactivation of some of the neuronal DEG/ENaCs (Driscoll and Chalfie, 1991; Champigny et al., 1998; Darboux et

al., 1998; Garcia-Afoveros et al., 1998; Brown et al., 2007).

Knock-out of DELM-1 and DELM-2 causes touch defects

OLQ and IL1 sensory neurons are implicated in nose-touch
avoidance response and suppression of foraging upon anterior
body touch (Kaplan and Horvitz, 1993; Hart et al., 1995; Alkema
et al., 2005; Kindt et al., 2007). To determine whether DELM-1
and DELM-2 are needed for the function of OLQ and IL1 sensory
neurons, we acquired delm-1 and delm-2 knock-out mutants
(delm-1(0k1226) and delm-2(0k1822); Fig. 2A) and subjected
them to nose-touch and foraging-suppression assays. In the
delm-1(ok1226 ) mutant a ~2 kb fragment from nucleotide 103
to nucleotide 2093 of the genomic sequence is missing. This re-
sults in the deletion of ¥ of the coding region (from amino acid
24 to amino acid 447, which includes part of the N terminus, the
first transmembrane domain, and almost the entire extracellular
domain). In the delm-2(0k1822) mutant, a 1 kb fragment, includ-
ing 568 bp before the start codon up to part of the fourth exon, is

deleted, causing the introduction of a premature stop codon at
nucleotide 492. Since in both strains the coding regions are either
lacking multiple exons (delm-1) (Fig. 2A) or contain premature
stop (delm-2), the translation of the full-length proteins is
compromised.

We found that delm-1 and delm-2 mutants were defective in
nose-touch response (Fig. 3A). Interestingly, the nose-touch sen-
sitivity of delm-1 and delm-2 mutants was comparable to that of
trpa-1 mutants, although the ratio of positive responses was sta-
tistically higher. TRPA-1 is a TRP channel expressed in OLQ and
IL1 neurons and needed for nose-touch responses and foraging-
suppression behavior (Kindt et al., 2007). The nose-touch defec-
tive phenotype of delm-1 and delm-2 mutants was substantially
rescued by expression of DELM-1 and DELM-2 genomic se-
quences in delm- 1 and delm-2 mutants (Fig. 3A). These data support
the idea that the nose-touch defects of delm-1 and delm-2 mutants
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ATG,103 ok1226 2093
ular lesions and not by other underlying e
mutations in these knock-out strains. —
We also found that delm-1 and delm-2 — 1kb
mutants, in contrast with wild-type ani- G2 S—
mals, did not exhibit suppression of for-
aging when touched on the anterior body
(Fig. 3B). The touch suppression of forag- DELM-2
ing defect was also rescued by expression 568,k1820 ATG__ 467
D e EEE  EEEE

of DELM-1 and DELM-2 genomic se-

quences in delm-1 and delm-2 mutants (Fig.
3B). We conclude that knock-out of the

blcEx33 I

DEG/ENaC channels DELM-1 and
DELM-2reduces C. elegans nose-touch sen- B
sitivity and foraging suppression upon ante-

rior body touch, mediated by OLQ and IL1
sensory neurons (Kaplan and Horvitz, 1993;

Hart et al., 1995; Alkema et al., 2005; Kindt

et al, 2007). These data suggest that
DELM-1 and DELM-2 may function in glia

to support the activity of associated sensory
neurons.

Adaptation properties of delm-1 and
delin-2 mutants

The residual nose-touch sensitivity of trpa-1
mutants displays pronounced adaptation
(Kindt et al., 2007). Similarly, we found that
the ratio of animals responding to nose
touch decreased with consecutive touches
more in delm-1 and delm-2 mutants than it
did in wild-type animals (Fig. 3C) (Kindt et
al., 2007). This phenotype was rescued by
expression of DELM-1 and DELM-2
genomic sequences in delm-1 and delm-2
mutants. These results suggest that (1) nose-
touch sensitivity is mediated by at least two
distinct mechanisms (or neurons or both)
with distinct adaptation properties (one
slower and dependent on TRPA-1 and
DELM channels, and one faster indepen-
dent of TRPA-1 and DELM channels) and
that (2) knock-out of DELM-1 and
DELM-2 compromises the same mecha-
nism (or neurons) that is compromised by
knock-out of TRPA-1. These data again
support the idea that that DELM-1 and
DELM-2 are required for the function of
OLQ and IL1 neurons, where TRPA-1 is ex-
pressed.

Figure 2.

Knock-out of DELM-1 compromises OLQ neuronal response
to touch similarly to knock-out of TRPA-1

Our behavioral data suggested that the activity of OLQ and IL1
sensory neurons in response to nose touch is compromised by
knock-out of DELM-1 and DELM-2. To test this directly, we used
the calcium sensor GCaMP to monitor in vivo responses of OLQ
neurons to nose touch. We found that while calcium transients
induced by two consecutive touches in OLQ neurons of wild-type
animals were of similar amplitude, the calcium transient induced
by the second touch was smaller in delmi-1 knock-outs, similarly
to what was seen in OLQ neurons of trpa-1 knock-outs (Fig.
4A-FI) (Kindt et al., 2007). Importantly, the calcium transients

Pgeim.1::GFP (blcEx43)

P yeim-1--RFP (blcEx38)

P yeim-1-RFP (blcEx60)

rectal gland cells

/

P yeim-2-:GFP (blcEx33)

Pdelm-z-':GFP (blcEx33)

P geim.o::GFP (blcEx38)

Pi.1:GFP(blcEx60) merged

DELM-1and DELM-2 expression patterns. 4, Schematic representation of DELM-1and DELM-2 gene structures, of the
location of the deleted region in the knock-outs, and of the fluorescent protein constructs used. Lines and boxes indicate predicted
untranslated and translated regions respectively. Green and red boxes designate GFP and RFP respectively. B, Fluorescent micro-
graphs of transgenic C. elegans expressing GFP and RFP under the control of delm-1, delm-2, and itx- 7 promoters asindicated. In the
second and third rows on the far right, two merged images show overlapping of GFP and RFP signals supporting the idea that
DELM-1and DELM-2 are expressed in 0LQ and IL1 glial socket cells (Haklai-Topper et al., 2011). Except for weak fluorescent signal
in rectal gland cells associated with expression of P,,,_,:GFP (upper far right), we could not detect expression of the fluorescent
proteins under the control of delm-1 or delm-2 promoter in any other cell type.

in response to two consecutive touches were again of similar
amplitude in delm-1 animals in which DELM-1 was expressed in
socket cells using the glial-specific promoter itx-1 (Fig. 4G-I). At
this point, it is not clear why only the Ca** transient upon second
touch is reduced in trpa-1 and delm-1 mutants, while behavioral
defects are apparent at first touch (Fig. 3A). However, this was
observed for trpa-1 by Kindt and colleagues as well (Kindt et al.,
2007). In addressing the inconsistency between the behavioral
and the cellular phenotypes, Kindt and colleagues suggested that
the activity of IL1 neurons may be also compromised in trpa-1
knock-outs, thus contributing to the more severe behavioral phe-
notype. However, no suitable Ca’* sensor line is available to test
this. Alternatively, it is possible that the mechanical stimulation
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Figure 3.  Knock-out of DELM-1 and DELM-2 reduces C. elegans nose-touch sensitivity and
foraging suppression. 4, Ratios of reversals (dark-gray bars) and head withdrawals (light-gray
bars) in wild type (N2, 0.701 = 0.016 and 0.117 = 0.012), delm-1(0k1226) (0.284 = 0.026
and 0.036 = 0.010), delm-2(0k1822) (0.298 = 0.027 and 0.040 = 0.013), delm-1,DELM-1
(0.600 == 0.031and 0.174 = 0.022) and delm-2;DELM-2 (0.501 = 0.028 and 0.214 == 0.024)
(. elegans upon nose-touch stimulation. trpa-1(0k999) mutant was used as a control (0.196 =
0.015 and 0.007). Number of animals assayed was 160, 157, 50, 70, 59, and 69. B, delm-1 and
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used in imaging experiments is harsher than what the animals
experience when bumping into an eyelash hair. Unfortunately,
we were unable to test lower mechanical stimulations because
they generated Ca’" transients too small to be reliably analyzed.
Moreover, we note that there are precedents for partial losses of
neural response having strong effects on behavior (Hilliard et al.,
2005). We also note that in our imaging experiments, the second
touch stimulation was given 5 min after the first one. This proto-
col by Kindt and colleagues was used here to determine whether
knock-out of delm-1 reproduced the cellular phenotype pro-
duced by knock-out of trpa-1 (Kindt et al., 2007). While future
experiments are needed to study Ca*" changes upon temporally
closer and gentler mechanical stimulations, our results support
that knock-out of DELM-1 in glia compromises OLQ neuronal
response to nose touch, similarly to knock-out of TRPA-1.

DELM-1 and DELM-2 channels function cell-autonomously
in glia to orchestrate nose-touch behavior

Although our fluorescent protein reporters indicated that
DELM-1 and DELM-2 are expressed in the OLQ and IL1 glial
socket cells (Fig. 2B), we wondered whether DELM-1 and
DELM-2 in fact act in these cells to orchestrate touch behaviors.
To determine this, we assayed whether nose-touch defects of
delm-1 and delm-2 mutants were rescued by expression of
DELM-1 and DELM-2 cDNA sequences, under the control of the
itx-1 promoter, functional in OLQ and IL1 glial socket cells
(Haklai-Topper et al., 2011). We observed that the nose-touch
defects were significantly rescued in these transgenic strains (Fig.
5A). To establish whether rescue of nose-touch defects could be
achieved by expression of DELM-1 in nose-touch neurons (OLQ,
FLP, CEP, and ASH sensory neurons (Kaplan and Horvitz, 1993;
Kindt et al., 2007; Chatzigeorgiou and Schafer, 2011), we gener-
ated rescue strains in which DELM-1 cDNA sequence was under
the control of promoters that function in these neurons. Thus we
used the promoter of the ocr-4 gene to drive expression of
DELM-1 ¢DNA in OLQ neurons (Tobin et al., 2002), the pro-
moter of the egl-46 gene for expression in FLP neurons (and
PVD) (Yu et al., 2003), the promoter of dat-1 for expression in

<«

delm-2 mutant C. elegans do not suppress head oscillations associated with foraging when
moving backward in response to anterior touch. Ratios of animals responding were as follows:
0.740 = 0.032for N2 (wild type), 0.296 = 0.023 for trpa-1,0.283 = 0.034for delm-1,0.744 £
0.011 for delm-1;DELM-1,0.311 == 0.029 for delm-2, and 0.711 == 0.029 for delm-2:DELM-2.
Number of assays was 9, 9, 4, 3, 3, and 3, with 30 animals tested in each assay. Data are
expressed as means = SE, **p < 0.01 (ANOVA), statistically significant difference with wild
type or between two indicated strains. €, The ratio of animals responding to each of the five
consecutive touches (30 s interval) was calculated for each experiment, averaged, and then
normalized. Number of assays was 16 for trpa-1(0k999), 5 for delm-1(0k1226), 6 for delm-
2(0k1822), 15 for N2 (wild type), 7 for delm-1(0k1226),DELM-1, and 7 for delm-2(0k1822);
DELM-2 with 10 animals tested in each assay. Data are means = SE and are fitted by
exponential decay. The ratio of animals that responded to the first touch, before normalization,
was as follows: 0.38 = 0.06 ** for trpa-1(0k999), 0.6 = 0.08 ** for delm-1(0k1226),0.51 =
0.13 ** for delm-2(0k1822), 0.89 = 0.04 for N2 (wild type), 0.83 == 0.07 for delm-1(0k1226);
DELM-1,and 0.78 == 0.04 for delm-2(0k1822);DELM-2. Data were fitted by single exponential
decay. Tau values were 2.75 for trpa-1(0k999), 2.55 for delm-1(ok1226), 3.13 for delm-
2(0k1822), 26.7 for N2 (wild type), and 20.1 for delm-1(ok1226);DELM-1. Fit for delm-
2(0k1822);DELM-2 with single exponential was not optimal and yielded unusually large tau
values (>>25,000). Nevertheless, data are consistent with slower adaptation in this transgenic
strain compared with delm-2(0k1822). The average normalized ratio of animals that responded
to the fifth touch was 0.468 == 0.09 ** for trpa-1(0k999),0.292 = 0.015 ** for delm-1(0k1226),
0.480 == 0.21 for delm-2(0k1822), 0.852 = 0.05 for N2 (wild type) *, 0.823 = 0.07 for delm-
1(0k1226);DELM-1,and 0.921 == 0.06 for delm-2(0k1822);,DELM-2. *p =< 0.05; **p < 0.01; by
ANOVA. Statistics were by comparison with the first touch.
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Figure 4.  Effect of knock-out of delm-1 on touch-induced calcium transients in OLQ
sensory neurons. A, C, E, G, Representative Ca®™" transients evoked in 0LQ neurons of
wild-type animals and mutants as indicated, following two consecutive touches to the
nose (5 min interval). The arrows point to when the touch was delivered. B, D, F, H,
Quantification of the Ca* transients generated by the first and second touches. Individ-
ual values and averages are shown by filled and open symbols respectively. The average
fluorescence changes (AF/F) were as follows: 17.2 == 3 for the first touch and 16 = 3 for
the second touch (n = 17),in N2 (wild type); 18.7 = 4.4 for the first touch and 7.1 = 1 for
the second touch (n = 11), in trpa-1; 25.8 = 4.9 for the first touch and 12.9 == 2.9 for the
second touch (n = 16),in delm-1;and 18.3 = 3.8 for the first touch and 20.7 = 4.8 for the
second touch (n = 15), in delm-1 rescue (delm-1,Pitx-1::cDELM-T). Note that there is no
statistical difference for calcium transients induced by the first touch between WT and all
the mutants. /, Averages of the ratios of calcium transients generated by the second and
first touches. *p = 0.05 by t test; NS, not significantly different.
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CEP (and ADE and PDE) (Nass et al., 2001), and the promoter of
sra-6 for expression in ASH neurons (Troemel etal., 1995). How-
ever, we found no rescue (Fig. 5A4). We wanted to further test the
function of polymodal ASH neurons, which previous studies
showed to heavily contribute to nose touch (Kaplan and Horvitz,
1993). We found that delm-1 and delm-2 mutants displayed nor-
mal ASH-mediated behaviors, while os#-9 mutants as expected
did not (Colbert and Bargmann, 1997) (Fig. 5B-D). These data
support the idea that DELM-1 does not function in any of the
nose-touch neurons to orchestrate nose-touch sensitivity.

We next wondered whether expression of DELM-1 in glial
amphid socket cells would rescue delm-1 nose-touch defects.
Amphid socket cells are a pair of glial cells located in the head of
C. elegans that wrap around the dendrites of eight pairs of sensory
neurons (Altun and Hall, 2010), including the dendrites of ASH
neurons (Kaplan and Horvitz, 1993). We found no rescue in
delm-1;P;,,_,::cDELM-1 transgenic animals (Fig. 5A), suggesting
that DELM-1 does not function in amphid socket cells.

Previous work has shown that TRPA-1 acts in OLQ sensory
neurons to mediate nose-touch sensitivity (Kindt et al., 2007).
Our data suggest that DELM-1 and DELM-2 function cell-
autonomously in associated glial socket cells to allow or mediate
nose-touch sensitivity. Since TRPA-1 and DELM-1 appear to be
expressed in two different cell types, we hypothesized that over-
expression of DELM-1 in glial socket cells would not rescue the
nose-touch defects of trpa-1 mutants. Indeed, we found that
nose-touch defects were still present in trpa-1;DELM-1 animals
(Fig. 5A). These results again support the idea that TRPA-1 and
DELM-1 act in sensory neurons and glia respectively and are both
needed to orchestrate nose-touch sensitivity.

No structural defects or mislocalization of TRPA-1 in

delm mutants

In C. elegans, amphid sheath cells are required for the elongation
of the dendrites of sensory neurons and for the establishment and
remodeling of their receptive sensory endings, the cilia (Bacaj et
al., 2008a; Yoshimura et al., 2008; Procko et al., 2011). We thus
wondered whether DELM-1 and DELM-2 were needed for neu-
ronal structural development or integrity. EM analysis though
revealed that OLQ and IL1 sensory neurons and associated glia
had normal morphologies in delm-1 mutants (Fig. 6A-D, wild-
type sections not shown).

We next analyzed TRPA-1::GFP expression and cilia localiza-
tion in delm-1 and delm-2 mutants. We found no significant
difference compared with wild type (Fig. 6E-K). Note that RNAi
of DELM-2 was shown to cause axon-guidance defects in DD/VD
motor neuron in C. elegans (Schmitz et al., 2007). We did not
notice abnormal axons in OLQ or IL1 neurons of delm-2;
TRPA-1::GFP animals, and locomotion of delm-2 knock-out an-
imals is normal. These data, combined with the known caveats of
RNAIi experiments using a feeding library (i.e., false-positives;
Kamath et al., 2003), suggest that axon-guidance defects, if they
occur at all in delm-2 knock-out animals, are mild. Nevertheless,
the cell-specific rescue experiments still support the idea that
DELM-2 functions cell-autonomously in OLQ and IL1 socket
glia to control nose-touch behavior. In conclusion, our data sup-
port the idea that knock-out of DELM-1 and DELM-2 affects the
function, rather than the ultrastructure, of touch neurons or the
subcellular localization of neuronal TRPA-1.

DELM-1 shares functional features with glial channel ACD-1
Glial DEG/ENaC channel ACD-1 produces large amiloride-
sensitive currents when expressed in Xenopus oocytes (Wang et al.,
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ENaC family, including glial ACD-1
(Brown et al., 2007; Wang et al., 2008).

DELM-1 and DELM-2 can

function independently

When we expressed DELM-2 in the Xeno-
pus oocytes, we did not detect any current
(Fig. 8A,B). Some DEG/ENaC subunits
are not functional on their own but can
modulate the function of other DEG/
ENaCs (Huang and Chalfie, 1994; Mc-
Donald et al,, 1995; Lingueglia et al.,
1997). We thus tested whether DELM-
2 modulated DELM-1 properties. We

found no significant difference in current

delm-1
(ok1226)

delm-2
(0k1822)

trpa-1
(0k999)

mutant: N2

(0k1226)

delm-1 amplitude (Fig. 8C), amiloride sensitivity

(Fig. 7E), and ion selectivity (Fig. 7F) be-
tween DELM-1 plus DELM-2 compared
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1071, and 105 animals tested for 30% octanol. Data are means = SE. **p << 0.01 (ANOVA).

2008). We found that DELM-1 produced similar currents (Fig. 7A—
D). The concentration of amiloride that inhibited 50% of the current
(Ki) was 120 uM (at —160 mV, Fig. 7E). Amiloride block was voltage
dependent (8 = 0.26, Fig. 7E, inset), suggesting that amiloride inter-
acted within the channel pore. DELM-1 was permeable to Li © and
Na ™, was permeable to a lesser degree to K™, and had a small per-
meability to NMDG * (Py; >> Py, > Py > Pyupe) (Fig. 7F). When
we analyzed single-channel properties, we found that DELM-1 is
open ~50% of the time and has a single-channel conductance of 43
pS (Fig. 7G,H). To conclude, these data show that DELM-1 shares
properties with previously characterized members of the DEG/

itx-1 ocr-4 egl-46 dat-1 sra-6

OLQso OLQ FLP CEP ASH Amph
PVD ADE ASI so

DELM-1and DELM-2 are required cell-autonomously in glia for nose-touch behavior. A, Ratios of reversals (dark gray)
and head withdrawals (light gray) in mutants and transgenic strains as indicated. Ratios of reversals and head withdrawals were
as follow: N2 (wild-type), 0.617 == 0.012and 0.146 = 0.008; trpa-1,0.160 = 0.010 and 0.038 == 0.005; trpa-1,DELM-1,0.200 ==
0.029and 0.056 == 0.014; delm-1,0.280 == 0.039and 0.070 == 0.019; delm-1,Pitx-1::cDELM-1,0.565 = 0.049and 0.185 == 0.033;
delm-2,0.250 = 0.031and 0.110 = 0.021; delm-2,Pitx-1::cDFLM-2,0.485 = 0.032 and 0.156 == 0.026; delm-1,Pocr-4::cDELM-T,
0.250 = 0.022 and 0.105 == 0.027; delm-1;Pegl-46::cDELM-1, 0.295 == 0.036 and 0.120 = 0.022; delm-1,Pdat-1::cDELM-
1,0.295 = 0.029 and 0.060 = 0.016; delm-1,Psra-6::cDELM-1,0.275 = 0.026 and 0.065 == 0.016; and delm-1;Pitr-1::cDELM-1,
0.300 == 0.034and 0.075 == 0.016. Number of animals assayed was 299, 259, 50, 40, 70, 40, 40, 40, 40, 40, 40, and 80. B-D, delm-1
and de/m-2 mutants are repelled by 8 mglycerol (B, ratios of retained animals was 0.902 = 0.027 for N2, 0.243 == 0.028 for osm-9,
0.801 = 0.037 for delm-1,and 0.864 == 0.037 for delm-2), by 0.1% SDS (€, ratios of animals responding was 0.816 == 0.049 for N2,
0.420 = 0.033 for osm-9,0.904 == 0.034 for delm-1,and 0.894 = 0.051 for delm-2), and by 30% octanol (D, time to response was
1.438 = 0.057 s for N2, 3.890 == 0.141 s for osm-9, 1.366 = 0.057 s for delm-1, and 1.209 = 0.044 s for delm-2) to the same
degree as wild-type animals. osm-9(ky10), which abolishes all ASH-mediated sensory responses (Colbert et al., 1997), serves as a
control. Number of assays were 14, 14, 22, and 7 for N2 (wild type), osm-9(ky10), delm-1(0k1226), and delm-2(0k1822) with 20
animals per strain used in each assay for 8 m glycerol, 5 per strain with 20 animals tested in each assay for 0.1% SDS, and 105, 100,

CDELM-1 with DELM-1 alone. The DELM-2 cDNA

used for Xenopus oocytes studies is the
same that rescued nose-touch sensitivity
in vivo (Fig. 5A). This suggests that
DELM-2 is not functional in Xenopus
oocytes, or that it is activated under con-
ditions that were not tested, or that it
modulates features of DELM-1 that we
did not study.

Bearing in mind the caveats of heter-
ologous expression systems, we turned
again to in vivo studies. First, we generated
delm-2;delm-1 double mutants. We found
that the ratio of responses to nose touch of
delm-2;delm-1 double mutants was statis-
tically smaller than those of delm-1 single
mutants (Fig. 8D). This result indicated
that DELM-2 has some residual activity in
the absence of DELM-1, suggesting that
DELM-1 and DELM-2 may function in-
dependently of each other. To test this, we
overexpressed DELM-2 in delm-1, and
overexpressed DELM-1 in delm-2 mu-
tants and indeed found that DELMs could
rescue each other in reciprocal knock-
outs (Fig. 8D). These data show that
DELM-1 and DELM-2 can function inde-
pendently of each other and that perhapsa
certain number of functional DELM
channels are needed in glial socket cells for
normal nose-touch sensitivity. Interest-
ingly though, expression of homologous
glial channel ACD-1 in socket glia did not
rescue delm-1 knock-out touch defects
(Fig. 8D). This result suggests either that specific still unknown
functional features of DELM channels are needed in socket glia,
or that socket glia do not express accessory or regulatory proteins
needed for ACD-1 function in vivo (though not in Xenopus
oocytes). Future experiments should help distinguish between
these possibilities. We also analyzed delm-2;delm-1 trpa-1 triple
mutants and found that their touch deficit was not statistically
different from that of trpa-1 mutants (Fig. 8E). This result con-
firms once more that neuronal TRPA-1 acts downstream of
DELM-1 and DELM-2 in glia.

itr-1

PDE PVQ

30 % octanol

e
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Figure6. Ultrastructure of OLQand IL1 neurons and glia, and TRPA-1::GFP expression and localization in de/m mutants. A-D, EM images show normal structures of OLQ (4, B) and IL1 (C, D) touch
neurons and associated socket glia (So) and sheath glia (Sh) in de/m-7 mutants. Each image has a schematic representation on the right. E-G, Fluorescent micrographs of transgenic C. elegans
expressing TRPA-1::GFP. A representative image is shown for wild type (N2), delm-1, and delm-2 mutants. Arrows point to OLQ and IL1 neurons. Scale bar, 100 .em. H, Quantification of the GFP signal
in TRPA-1::GFP-expressing neurons. Number of animals analyzed was 10, 10, and 9 for N2 (wild type), delm-1, and delm-2 mutants respectively. /, J, Representative photographs of TRPA-1::GFP
localization at the cilia of sensory neurons (arrows) in wild type (N2), delm-1, and delm-2 mutants as indicated. Scale bar, 40 wm. K, Quantification of the level of GFP signal at the cilia of sensory
neurons. Number of animals analyzed was 16, 13, and 11 for N2 (wild type), delm-1, and delm-2 mutants respectively.
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Figure7. Electrophysiological properties of DELM-1 channel expressed in Xenapus oocytes. A, Example of DELM-1 currents elicited by voltage steps from — 160 to -+60 mV from a holding potential at —30
mV. A physiological NaCl solution was used. B, The same oocyte was perfused with a physiological NaCl solution plus 500 v amiloride. €, Washout. D, DELM-1 current—voltage relationships in control (squares,
n=8)andthe presence of 500 v amiloride (triangles, n = 8). The relatively low reversal potential of the current reflected the phenomenon of Na * overload (Goodman etal., 2002; Bianchi et al., 2004; Wang
etal., 2008). E, Amiloride dose—response curves for DELM-1 (n = 7, squares) and DELM-1 plus DELM-2 (n = 6, circles). Data are fitted by sigmoid curves. The Kis were 120 and 190 pum for DELM-1 and DELM-1
plus DELM-2 currents, respectively. Insert shows voltage dependence of amiloride blockade for DELM-1. Data were fitted using a Woodhull model (Woodhull, 1973) (6 = 0.26,n = 7). F, lonic selectivity for
DELM-1 (dark gray) and DELM-1 plus DELM-2 currents (light gray). Currents were recorded at —160 mV (n = 6 for DELM-1;n = 5 for DELM-1 plus DELM-2). G, Example of DELM-1 single-channel currents at
the indicated voltages. H, DELM-1 single-channel current—voltage relationships (n = 3). Data are means = SE.
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Rescue of delm-1knock-out nose-touch A
defects by depolarization of sensory DELM-2
neurons and enhanced excretion of K™
from glia

How may DELM-1 and DELM-2 be

Han et al. « Glial DEG/ENaCs in Touch Sensitivity

()

needed for the activity of OLQ and IL1
sensory neurons? In our previous work,
we showed that homologous glial channel
ACD-1 controls sensory neurons function
by setting their basal excitability or cal- B

cium level (Wang et al., 2012). Given the non-injected

level of similarity between ACD-1 and

DELM channels and the fact that they are

all expressed in glia, we hypothesized a sim-

ilar mechanism. To test this hypothesis, we

expressed the temperature-sensitive cat-

ionic TRP channel from Anopheles gambiae

TPRA1 (AgTRPA1l) in OLQ neurons of D
delm-1knock-out. AGTRPA1 is expressed in 1.0-
distal antennal sensory structures of the ma-
laria mosquito and it functions as a heat de-
tector to guide navigation toward the prey
(Wang et al,, 2009). AgTRPA1 is closed at
temperatures of <25°C and is robustly acti-
vated at temperatures of >28°C (Wang et
al., 2009; Kang et al., 2011). Note that de-
spite the name similarity, contrarily to C. el-
egans TRPA-1, AgTRPAL is not thought to
be activated by mechanical forces. We rea-
soned that if we could switch AGTRPA1 on
and off by changing the temperature, we
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22°C, delm-1;Pocr-4::AgTRPAI animalshad ~ Figure8. DELM-1and DELM-2 can function independently in vivo. A, B, Examples of currents in a Xenapus oocyte injected with
nose-touch defects similar to those of  DELM-2 cRNA (4) and in a noninjected oocyte (B). Currents are elicited by voltage steps from —160 to +60 mV in 20 mV
delm-1 knock-out animals (Fig. 9A), at increments from a holding potential of —30 mV. ¢, Currents measured at —160 mV in oocytes expressing DELM-1 (n = 33,
28°C, when AgTRPAL is open, nose-touch 7.36 £ 0.88 wA), DELM-2 (n = 8,0.41 = 0.04 wA), in noninjected oocytes (n = 7,0.62 = 0.09 A), and DELM-1 plus DELM-2

defects in these animals were substantially
rescued (Fig. 9B). Consistent with the idea
that C. elegans TRPA-1 is part of the mecha-
notransducing machinery in OLQ and IL1

(n=133,6.23 = 0.57 A). D, Ratios of reversals (dark-gray bar) and head withdrawals (light-gray bar) of N2 (wild type, 0.650 ==
0.014 and 0.138 == 0.010), delm-7(0.280 == 0.026 and 0.066 = 0.013), delm-2 (0.260 = 0.028 and 0.052 = 0.016), delm-2;
delm-1 double mutants (0.196 = 0.024 and 0.052 = 0.016), delm-1 mutants overexpressing DELM-2 (0.564 = 0.032 and
0.124 = 0.022), delm-2 mutants overexpressing DELM-1(0.456 == 0.027 and 0.152 = 0.020), and delm-1 mutants expressing
ACD-Tinsocket cells (0.260 = 0.035and 0.125 == 0.021) upon nose-touch stimulation. Number of animals tested was 240, 60, 50,

neurons and that AgTRPAL is not mecha- 5y 50'50 and 4. £, Same as in D for N2 (0.665 + 0.02 and 0.165 = 0.018), trpa-1 (0232 = 0.022 and 0.082 = 0.014) and
nosensitive (Kindt et al., 2007), expression delm-2,delm-1trpa-1(0.257 == 0.020and 0.075 == 0.012) mutants. Number of animals tested was 80 each. Data are means = SE.

of AgTRPAL1 in trpa-1 knock-out animals

did not rescue nose-touch defects (Fig.

9A,B). In summary, our experiments using AgTRPA1 support the
idea that DELM channels regulate OLQ and IL1 function by increas-
ing their basal excitability and/or calcium level, a mechanism that
we have previously described for homologous glial channel
ACD-1 (Wang et al., 2012).

Extracellular K™ concentration is well known to influence
neuronal excitability by setting the neurons’ resting potential.
Thus, to further test our hypothesis that DELM channels in glia
establish the basal level of excitability of OLQ and IL1 neurons,
we expressed a weak inward rectifier K channel in OLQ and IL1
glial socket cells. Weak inward rectifier K * channels are expected
to increase excretion of K* (Ho et al., 1993), thus increasing the
concentration of K * in the extracellular space. We characterized
C. elegans TRK-2 as a weak inward rectifier K™ by heterologous
expression in Xenopus oocytes (Fig. 9C,D). We then expressed it
in OLQ and IL1 socket glia of delm-1 knock-out animals to de-

termine whether it rescued nose-touch defects. We found that it
did (Fig. 9E). Interestingly, expression of IRK-2 in socket cells of
wild-type animals has no effect on nose-touch sensitivity (Fig.
9E). We interpret these results to suggest that this intervention is
not likely to push basal neuronal excitability outside the optimal
range. We also found no rescue by expressing IRK-2 in delm-2;
delm-1 double-mutant animals, suggesting that a minimum
number of DEG/ENaCs is needed in glia to drive K™ excretion
(Fig. 9E) (Gray et al., 2005). Importantly, expression of IRK-2 in
socket glia does not rescue trpa-1 knock-out nose-touch defects
(Fig. 9F), again underscoring the idea that TRPA-1 acts down-
stream of DELM-1 and DELM-2 to orchestrate nose-touch sen-
sitivity. To conclude, our experiments with weak inward rectifier
K™ channel IRK-2 further support the idea that DELM channels
in glia are involved in a molecular mechanism that sets the basal
excitability of associated sensory neurons.
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Figure 9.

Effect of expression of cationic channels in OLQ neurons and K * channels in socket glia on delm-1 knock-out nose-touch defects. 4, Ratios of reversals (dark-gray bar) and head

withdrawals (light-gray bar) assayed at 22°C for N2 (wild type, 0.640 == 0.022 and 0.160 = 0.017), delm-1(0.375 == 0.026 and 0.065 = 0.016), de/m-1 expressing mosquito TRPAT (AgTRPA1) in
0LQ neurons (delm-1(0k1226);Pocr-4::AgTRPAT, 0.430 == 0.030 and 0.070 = 0.019), trpa-1 knock-out (0.290 == 0.025 and 0.045 == 0.013), and trpa-T knock-out expressing AgTRPAT in OLQ
neurons (trpa-1(0k999);Pocr-4::AgTRPAT, 0.265 = 0.029 and 0.065 == 0.016). n = 80, 40, 40, 40, and 40. B, Same as in A except that behavioral assays were conducted at 28°C. N2 (wild type,
0.600 == 0.024 and 0.147 == 0.017), delm-1(0.325 = 0.028 and 0.090 == 0.020), de/m-1 expressing mosquito TRPAT (AgTRPA1) in OLQ neurons (delm-1(0k1226);Pocr-4::AgTRPA1,0.640 = 0.026
and0.100 == 0.017), trpa-1 knock-out (0.235 == 0.028 and 0.050 == 0.013) and trpa-T1 knock-out expressing AgTRPAT in OLQ neurons (trpa-1(0k999);Pocr-4::AgTRPA1,0.235 == 0.032and 0.070 ==
0.018) (n = 80, 40,40, 40, and 40). ¢, Example of ionic currents recorded in an oocyte injected with IRK-2 cRNA and perfused with a solution containing 100 mum KCI. Currents were elicited by voltage
steps from — 160 to -+ 80 mV in 20 mV increments. The dashed line s the zero current level. IRK-2 currents were obtained by subtracting the BaCl, resistant current from the control currents. BaCl,
is a blocker of inward rectifier K ™ channels and was used at the concentration of 1 mu. D, Average IRK-2 current—voltage relationship shows that this channel conducts outward current (n = 12).
E, Ratios of reversals (dark-gray bar) and head withdrawals (light-gray bar) of N2 (wild type), delm-1, delm-1 expressing IRK-2 in socket glia, delm-2,delm- 1 double mutant expressing IRK-2 in socket
glia, and wild type expressing IRK-2 in socket glia (n = 160, 40, 50, and 30, respectively). F, Same as in E for N2 (wild type), trpa-1 knock-out, and trpa-1 knock-out expressing IRK-2 in socket glia

(n = 40 for each). Data are means == SE. **p < 0.01 (ANOVA); NS, nonsignificant.

Discussion

We have shown here that Na™ channel subunits of the DEG/
ENaC family are expressed in glia associated with touch neurons
in C. elegans, where they function cell-autonomously to orches-
trate touch sensation. The C. elegans channel subunit MEC-4 and
all the other homologous channels of the DEG/ENaC family
across species that have been involved to date in touch sensation
are expressed in sensory neurons (Chalfie, 1993; Adams et al.,
1998; Price et al., 2000, 2001; Chatzigeorgiou et al., 2010b; Zhong
et al., 2010; Geffeney et al., 2011). However, recently published
data showing that ASICla, ASIC2, and ASIC3 triple knock-out
mice have enhanced touch sensitivity instead of being touch in-
sensitive, as was predicted, have cast doubts on the direct involve-
ment of neuronal DEG/ENaC channels in touch (Kang et al.,
2012). Our work prompts consideration of non-neuronal DEG/
ENaC channels for their involvement in touch sensation and
suggests that cell-specific knock-out of mammalian DEG/ENaCs
may be necessary to discern the role of neuronal versus glial
channels.

Work from other laboratories has indeed shown that DEG/
ENaC subunits are expressed in glia associated with mechanosen-
sors in mammals. Hitomi and colleagues showed that 8 ENaC is
expressed on the plasma membrane of Schwann cells associated

with Ruffini endings of the rat incisor, while Calavia and col-
leagues demonstrated the expression of ASIC2 in the inner lamel-
lae of human Pacinian corpuscles, which are thought to be of
Schwann cell origin (Hitomi et al., 2009; Calavia et al., 2010).

Interestingly though, not all mechanosensory neurons have
associated cells. For example, in C. elegans the touch neurons that
express MEC-4 are not associated with glia and in mammals hair
follicle endings and most Ruffini endings do not have associated
cells. It is possible that associated cells of certain types of mecha-
nosensors provide an additional layer of modulation, as sug-
gested by Pawson and colleagues (Pawson et al., 2009). The
activity of glial DEG/ENaCs may be modulated by pH (Bianchi
and Driscoll, 2002), extracellular Ca** (de Weille and Bassilana,
2001; Babini et al., 2002; Immke and McCleskey, 2003; Bianchi et
al., 2004), or FMRF-type peptides (Askwith et al., 2000), resulting
in changes in touch neurons’ output.

While our experiments show that DELM channels in glia are
needed to establish basal neuronal excitability, the molecular
mechanism in which DELM channels are involved is still not
clear. However, an appealing model can be suggested. DEG/
ENaC channels expressed in kidney and lung epithelia are known
to establish a favorable driving force for K" excretion through
inward rectifier K* channels (Gray et al., 2005). Importantly,
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epithelial DEG/ENaCs can function in this capacity because they
are open at baseline, like DELM-1 (Fig. 7). Thus, it is possible that
DELM-1 and DELM-2 control touch neuron excitability by al-
lowing excretion of K" in the microenvironment between glia
and neurons. Neuronal excitability is well known to depend on
the concentration of extracellular K ©. However, more attention
has been dedicated so far on understanding the molecular mech-
anisms underlying K * clearing from the extracellular space in the
nervous system, important for maintaining normal excitability
during high neuronal activity (Kofuji and Newman, 2004). If
DELM channels favor K * excretion, which will be established by
future experiments, then this would be a novel mechanism, may
be operational in other parts of the nervous system of C. elegans
and other organisms, thereby extracellular K * is increased above
the basal level to increase neuronal excitability.

Our results also support the findings by Chatzigeorgiou and
colleagues (Chatzigeorgiou and Schafer, 2011). Contrary to what
laser ablation studies had originally suggested (Kaplan and Hor-
vitz, 1993), OLQ sensory neurons play a major role in nose-touch
sensitivity. Chatzigeorgiou and colleagues showed that OLQ (and
CEP) neurons through RIH interneuron-mediated electrical syn-
apses facilitate the activity of FLP neurons when they are active
and inhibit their activity when they are inactive. Moreover, OLQ
and CEP neurons reduce the threshold for touch sensitivity of
FLP neurons (Chatzigeorgiou and Schafer, 2011). The picture
emerging from these studies is quite complex. In C. elegans, nose-
touch neurons are interconnected with each other to allow tuning
of each other’s properties. In addition, associated glia introduce
another level of modulation. Such a system is likely designed to
allow refinement of touch sensation based on external and inter-
nal stimuli. We propose that similar mechanisms may exist in the
somatosensory or nociceptive pathways of the nervous system of
higher organisms.
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