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The Neurotoxic MEC-4(d) Na+ Channel Conducts Calcium: Implications for 

Necrosis Initiation 

 
(Supplementary Information) 

 
Supplementary Table I: 

Results of manipulations designed to disrupt potential sources of plasma membrane Ca2+ entry 

on mec-4(d)-induced necrosis 

  
Gene Function 

 
Method 

Effect on mec-4(d)-
induced necrosis 

cax-1 Ca2+ exchanger RNAi No 

ncx-1 Na+/Ca2+ exchanger RNAi No 

nhx-5 Na+/H+ exchanger RNAi No 

gon-2 Ca2+ channel (TRP family)  Mutant (q362) No 

tax-6 Catalytic subunit of calcineurin Mutant (p675) No 

cnb-1 Regulatory subunit of calcineurin Mutant (jh103) No 

plc-1 Phospholipase C, ε type RNAi No 

plc-2 Phospholipase C, β type RNAi No 

plc-3 Phospholipase C, γ type RNAi No 

plc-4 Phospholipase C, δ type Mutant (ok1215) No 

egl-8 Phospholipase C, β type Mutant (n488) No 

crt-1 Calreticulin  RNAi  

Mutant (bz29) 

Yes (27% rescue) 

Yes (92% rescue)1 
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Table I Legend:  mec-4(d) worms were either injected with dsRNA corresponding the genes 

indicated in the Table to induce a RNAi knock-down effect2, or were crossed into the indicated 

mutant to generate double mutants. The percentage of L1 worms with degenerating (1 or 2 

vacuolated neurons) PLM neurons was determined. At least 50 animals were scored in each 

experiment. 

 

Supplemental Figure 1 

Properties of cultured C. elegans touch neurons.  (a) Primary culture of strain bzIs18 which 

expresses yellow cameleon 2.12 (yc2.12) in the mechanosensory neurons. All neurons 

expressing cameleon show neuronal morphology. Scale bar 10 micron. (b) Example of cultured 

touch neuron expressing GFP under the mechanosensory neuron specific promoter pmec-4. On 

the bottom, the same neuron was stained with an antibody raised against acetylated α-tubulin 

(Sigma); a unique modification to touch neurons in vivo3. (c)  C. elegans embryonic cells were 

cultured from Pmec-4::gfp and mec-4(d);Pmec-4::gfp nematodes. Cells were plated at the same 

density (~200,000 cells/cm2) in individual wells and the number of touch neurons/40x field 

(identified as expressing GFP) were counted 24 hours and 4 days after plating. Ten fields per 

sample were counted. (d) Experiment conducted similarly to panel c for WT and mec-4(d) touch 

neurons plus and minus genetic modification (calreticulin null mutant bz29) and pharmacological 

treatments (10 µM dantrolene or 10 µM amiloride).  The number of touch neurons/40x field was 

determined 24 hours after plating. Ten fields per sample were counted.  
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Supplemental Figure 1 discussion: Cultured C. elegans mechanosensory neurons retain 

functional properties of touch neurons 

Muscle and neuronal cells were clearly identifiable within cultured cells 24 hours after plating 

and a subset of the neurons expressed the cameleon protein (Supp-Figure 1a). To determine 

whether mec-4-expressing cultured neurons retained the functional properties of touch neurons in 

vivo, we characterized several key aspects of their physiology and cell biology.  1) The 

morphology of cultured neurons matched the in vivo morphology of mechanosensory neurons; 

these nearly always extend a single major process as do touch neurons in vivo (Supp-Figure 1b); 

2) Neuronal processes stained with an antibody raised against acetylated α-tubulin (Supp-Figure 

1b), a modification unique to the touch neurons3.  Thus, the cytoskeleton of the cultured mec-4-

expressing neurons appeared to be arranged and modified as in vivo, and  3)  In cultures prepared 

from a mec-4(d); pmec-4::GFP strain, fluorescent touch neurons appear initially but then 

degenerate (Supp-figure 1c,d).  After 4 days of culture, while wild-type touch neurons are still 

alive and healthy, mec-4(d) touch neurons had completely disappeared from the culture. mec-

4(d)-induced necrosis can be rescued in vivo by maneuvers that either block the hyperactivated 

MEC-4 channel or that block release of Ca2+ from intracellular stores1. We were able to 

reproduce the same results in vitro (Supp-figure 1d). Taken together, these results indicate that 

mec-4(+ and d)-expressing neurons in culture differentiate and behave similarly to touch neurons 

in vivo. 

 

Supplemental Figure 2 

Calibration of yellow cameleon 2.12 in cultured neurons. (a) Pseudocolor image of cultured 

mechanosensory neurons in low calcium (0 mM Ca2+, 5 mM EGTA) left and high calcium (10 
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mM Ca2+) right. Pseudocolor scale bar indicates the yellow fluorescent protein/cyan fluorescent 

protein (YFP/CFP) emission ratio. (b) Representative trace from cameleon calibration in cultured 

neurons. Prior to recording, cultures were incubated 25-30 minutes in a solution with a defined 

concentration of free calcium in the presence of the calcium ionophore Br-A23187 (10 µM). The 

solution also contained Rotenone (10mM) and 2-deoxy-D-glucose (1.8mM) to block active 

pumps. (c) Yc2.12 calibration curve showing the aggregate results from 4-7 cells measured at 

each of 11 different free calcium solutions. Ratio is normalized to the maximal ratio change for 

the individual cell. A biphasic calcium dependence gave the best fit, with apparent EC50 values 

of 0.4 µM and 40 µM. The maximum/minimum ratio change was 81 ± 2 % (n  = 12). (d) 

Estimate of the intracellular calcium concentration in cultured neurons. Cultured neurons were 

imaged 3 minutes in a standard extracellular saline solution. Five mM EGTA, ionophore, 

Rotenone and 2-deoxy-D-glucose were added to determine the minimum ratio and 10 mM 

CaCl2, ionophore and metabolic blockers added to determine the maximum ratio value. Resting 

ratio in cultured neurons was measured to 22 ±7 % (n = 2, 18 cells) of maximal ratio change 

corresponding to a calcium concentration of approx. 200 nM.  

 

Methods for Supplemental Figure 2 

Optical recordings were performed on a Zeiss Axioscop 2 upright compound microscope with a 

Hamamatsu Orca ER II CCD camera, a Hamamatsu W-view emission image splitter and a 

Uniblitz Shutter (Vincent Associates). Recordings were done on a 1200 MHz Athlon (Advanced 

Micro Devices) computer using the MetaVue 4.6 program (Universal Imaging Corp., 

Downingtown, PA).  Images were acquired at 10 Hz (100ms exposure time) with 4x4 binning, 

using a 63x Zeiss Achroplan water immersion objective. Filter/dichroic pairs were: excitation, 
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420/40; excitation dichroic 455; CFP emission, 480/30; emission dichroic 505; YFP emission, 

535/30 (Chroma). Stacks of images were acquired with MetaVue (Universal Imaging) and 

analyzed with a custom written Java-based program4.  Ratios were further analyzed and plotted 

for visual inspection using custom written analysis scripts in MATLAB R12 (The Mathworks). 

 

Supplemental Figure 2 discussion: In vivo estimation of calcium levels in mechanosensory 

neurons 

We measured the fluorescent ratio changes of cameleon with commercially available calcium 

buffers containing free calcium in the range from 10 nM to 100 µM in the presence of 10 µM of 

the non-fluorescent calcium ionophore Br-A231875.  Rotenone and 2-deoxy-D-glucose were 

added to block the effect of active calcium pumps in the membranes.  After 15-20 minutes of 

equilibration, the cells were transferred into fresh calcium buffer in the recording chamber. We 

measured the fluorescence ratio for 5 minutes at a given calcium concentration followed by 5 

minutes in nominally 0 mM Ca2+ (5mM EGTA) and 5 minutes in high calcium (10 mM Ca2+).  

Supp-figure 2a shows a pseudocolor image of neurons in nominally 0 mM Ca2+ and in high 

calcium. Supp-Figure 2b shows a typical example of a ratio trace, here obtained with a 250 nM 

free calcium buffer. The cameleon calibration curve based on these experiments is shown in 

Supp-figure 2c. The curve was best fit by a biphasic two-site binding curve with apparent EC50 

values of 0.4 µM and 40 µM, although the larger EC50 value was associated with a large 

uncertainty (± 1 order of magnitude). The dynamic range of cameleon in situ was 81 ± 2 % (n = 

12). These values compare well with in vitro calibrations of YC2.12 (95%; data not shown6) and 

the closely related indicator YC2.17.  
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To determine the resting calcium level in cultured mechanosensory neurons, we imaged neurons 

in extracellular saline for three minutes before determining the maximum ratio and minimal ratio 

as above.  The neurons had a resting cameleon ratio of 0.22 ± 0.07 of maximal ratio change, 

corresponding to an apparent free calcium concentration of approximately 200 nM (2 dishes, 18 

cells).  This constitutes the first estimate of the intracellular calcium concentration in C. elegans 

neurons, and the values corresponded fairly closely to the accepted values for vertebrate neurons 

and muscle8.   These calibration results support the notion that the cameleon indicator functions 

properly in cultured neurons and can be used as a reliable measure of changes in calcium 

concentration in this experimental paradigm. 

 

Supplemental Figure 3 

The MEC-4(A713T/G717E) mutant channel exhibits smaller Ca2+ influx, altered sensitivity 

to divalent cations and altered sensitivity to amiloride, suggesting a role for G717 in 

divalent cation interaction and amiloride binding. (a) Average current/voltage relationships 

of Na+ currents generated in oocytes expressing MEC-4(d) + MEC-10(d) + MEC-2 + MEC-6 

(filled squares, n=8) and MEC-4(A713T/G717E) + MEC-10(d) + MEC-2 + MEC-6 (open 

squares, n=6). Data were obtained from the same batch of oocytes and injected with the same 

amount of RNA.  (b) Ca2+-activated Cl- current amplitude at -160 mV from the same oocytes 

shown in panel a. Data are expressed as mean ± SE and ** indicates p<0.01 by t Test. The MEC-

4(A713T/G717E) channel shows strong inward rectification not present in the MEC-4(A713T) 

channel.  (c) Current-voltage relationships of currents recorded from oocytes injected with mec-

4(A713T/G717E)+mec-10(d)+mec-2+mec-6. Oocytes were perfused with a physiological NaCl 

solution (MgCl2 2mM and CaCl2 1 mM, filled squares, n=7) and with a divalent free solution 
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(filled triangles, n=7). (d) Same as in panel a for mec-4(A713T)+mec-10(d)+mec-2+mec-6 

injected oocytes (n=5). (e) Amiloride sensitivity of MEC-4(A713T/G717E). Sensitivity to 10 µM 

amiloride was determined at -160 using the Ca2+-activated Cl- currents as read-out of Ca2+ 

permeation through MEC-4 channels. The value reported for MEC-4(A713T) is obtained from 

figure 3g, (n=5). * designates p<0.05 by t Test. 

 

Supplemental Figure 3 discussion: MEC-4 Structure/function 

Mutant non-toxic subunit MEC-4(A713T/G717E) specifies an outwardly rectifying Na+ 

current that minimizes Ca2+-activated Cl- currents in oocytes 

An intragenic allele identified in our genetic screen for suppressors of mec-4(d)-induced necrosis 

encodes MEC-4(A713T/G717E). The G717E substitution is thought to be positioned near the 

extracellular mouth of, or within, the pore.  We found that the MEC-4(A713T/G717E) subunit 

(+MEC-10(d)+MEC-2+MEC-6), generated an amiloride-sensitive current that displayed a strong 

outward rectification (Supp-figure 3a) not seen in MEC-4(d).  The strong outward rectification 

led to significantly reduced inward Na+ currents (~20 % of the MEC-4(d) current).  We also 

detected a significantly reduced amplitude of the Ca2+-activated Cl- current (~ 30% of the MEC-

4(d), Supp-figure 3b), yet another line of evidence that endogenous Ca2+-activated Cl- currents 

parallel the MEC-4(d) inward Na+ currents.  Our data also further correlate extent of channel 

conductance with in vivo neurotoxicity.   

 

A divalent cation binding site on the MEC-4 subunit also contributes to amiloride binding. 

The outward rectification associated with MEC-4(A713T/G717E) expression is reminiscent of 

the strong divalent cation block observed in many divalent-sensitive ionic currents, including 
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some characterized in DEG/ENaC channels 9-11. To test whether divalent ions inhibit the MEC-

4(d) current, we perfused MEC-4(A713T/G717E)-expressing oocytes with a divalent cation-free 

solution (Supp-figure 3c).  We observed an increase of inward current under these conditions, 

which greatly reduced the strong outward rectification.  We observed a similar effect for MEC-

4(d) channels, although the magnitude of this effect was much smaller (Supp-figure 3d). We 

conclude that divalent cations can inhibit the MEC-4(d) channel.   

 

Since the mutant αENaC subunit S580D (MEC-4 G717 corresponds to αENaC S580) displays 

both an enhanced block by Zn2+ and a reduced sensitivity to amiloride as compared to wild-

type9, we tested if amiloride sensitivity was reduced for MEC-4(A713T/G717E). Indeed, we 

found that 10 µM amiloride blocks only ~ 60% of the current as compared to ~ 90% block in 

MEC-4(d) (Figure 3g) as occurs for S580D-αENaC9. Based on these results, we suggest that 

G717 forms part of the amiloride binding site (as does S580 in α-ENaC9).  

 

Discussion: New insights into structure/activity: modulation of MEC-4 and DEG/ENaCs by 

Ca2+ 

Our studies reveal new insights into structure/function, including identification of Ca2+ inhibition 

of channel activity.  C. elegans degenerin UNC-105, α, β and γ ENaCs, and ASIC channels have 

been shown to be modulated by extracellular Ca2+10,12-14.  It has been proposed that protons may 

open the channel by facilitating release of Ca2+ from a high affinity binding site located on the 

extracellular mouth of the pore12.  We found evidence of a similar effect of Ca2+ on Na+ currents 

through MEC-4(d). 
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To date, DEG/ENaC channels have been found to have at least three binding sites for Ca2+, 

which are situated progressively more deeply in the channel pore (S580, S583 and S589 in the α 

ENaC subunit9).  These sites may help conduct low amounts of Ca2+ ions from the extracellular 

to the intracellular environment and the degree of Ca2+ permeation may be dependent on the 

strength of each single binding site.  Our electrophysiological characterization of MEC-4 mutant 

MEC-4(d)/G717E supports such an arrangement for the MEC-4 channel. The strong outward 

rectification of the MEC-4(d)/G717E channel is due to Ca2+ blockade that is stronger than in 

MEC-4(d) and that resembles divalent block of ENaC subunits substituted at αS5809.  Since 

oocytes expressing MEC-4(d)/G717E also exhibit diminished Ca2+-activated Cl- currents, we 

speculate that the strengthening of the most external Ca2+ binding site reduces the rate of Ca2+ 

permeation through the channel.   
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